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ABSTRACT
The literature data on fired clay brick and other building materials is limited
in scope, necessitating better data for more accurate modeling. A convective heat
transfer device for measuring the thermal properties of building materials was
designed based on the existing hot box method. This new device is suited to
materials whose heterogeneous structure does not allow the use of existing
devices such as laser flash or transient plane sensor apparatuses. This device,
known as the Modified Hot Box, uses Peltier thermoelectric modules to create a
climate-controlled environment in highly insulated dual chambers. The Modified
Hot Box was calibrated to acquire data that can be used to calculate the thermal
conductivity, heat capacity and thermal diffusivity of materials which have a
thermal conductivity ranging between 0.1 W/m*K to 3.0 W/m*K range. The device
was designed to test samples with dimensions of 20 cm2 by 0.5 - 5 cm thick. Heat
flux transducers in the device were used to measure heat flow through each
specimen, while resistance thermometer detectors monitored the temperature of
the sample faces. Statistical methods, such as linear regression, were used to
calibrate the Modified Hot Box. Component data acquired by the Modified Hot Box
will be used in future research for high resolution computer modeling of wall
systems, allowing for more energy efficient building design.
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CHAPTER I
INTRODUCTION
The Modified Hot Box

In this research, a convective heat transfer device was built for the purpose
of testing building materials to probe thermal conductivity, heat capacity and
thermal diffusivity. The Modified Hot Box acquired data to calculate these thermal
properties through the use of heat flux transducers (HFT’s) and resistance
thermometer detectors (RTD’s).
In addition, the procedures for using this device were also developed
sufficiently to precisely and accurately ascertain the thermal properties of building
materials. The ability to use the device and associated method to ascertain thermal
property data was validated using thermal property data from prior literature
(Valore, Tuluca, & Caputo, 1988). This thesis also includes a discussion of the
sources of measurement error and the limits of the device and method.
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Prelude

The rest of this chapter is broken up into six sections. The first section will
give a brief overview of masonry materials, energy efficiency and measurement
devices. The second section examines the definitions and properties of masonry
materials so that the reader may have a basis for what these materials are. Next,
an overview of heat transfer is mentioned to help familiarize the reader with basic
heat flow that will show up throughout the thesis. In the sections four and five,
steady state and transient state is looked at since much of the thesis requires the
reader to familiar with these concepts. Lastly, heat flux transducers will be
discussed, since the Modified Hot Box uses these for heat flux measurements.
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Overview

Masonry materials have been used to create dwellings for over a thousand
years (Drysdale, Hamid, & Lawrie, 1999), providing humans with walled
enclosures (Wind Science and Engineering Research Center - Texas Tech
University, 2004), pleasing aesthetics and a long life relative to other building
materials (National Association of Home Builders & Bank of America Home Equity,
2007). Masonry technology has changed little over the last 100 years from a visual
standpoint (Brick Industry Association, 2006), but many manufacturers have
changed manufacturing processes used to make brick and mortars. These
changes were made to increase energy efficiency and improve process control
(Brick Industry Association, 2006; Chua, 2014). Brick manufacturers are aware of
environmental concerns. An example of environmental awareness by the brick
industry was written about by the Brick Industry Association in 2006, where brick
manufacturers looked for ways to reduce water consumption (Brick Industry
Association, 2006). Water consumption was reduced by using reclaimed water
from the manufacturing process, in which the water was cleaned and put into
storage tanks for reuse (Brick Industry Association, 2006).
Optimizing energy efficiency in homes and buildings by reducing peak
heating and cooling loads is of great interest to researchers (Al-Sanea, Zedan, &
Al-Hussain, 2012; Kosny et al., 2001). As energy use continues to increase at a
rapid pace, reducing energy consumption where possible is paramount. Figure 1.1
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presents a chart showing residential energy consumption in the US from 1973 to
2016 (U.S. Energy Information Administration, 2016).
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Figure 1.1: Electricity retail sales to the residential sector from January 1973 to
October 2016 (U.S. Energy Information Administration, 2016)
Bricks have advantages in addition to strength, including being a thermal
energy buffer (Kosny et al., 2001). Using a material with significant energy storage
capability can help reduce energy load on heating and cooling if properly utilized
(Kosny et al., 2001). Materials store and release energy due to their heat capacity,
which describes how much energy is needed to produce a change in temperate
for a given amount of material. Proper design of wall systems depends on the
accuracy and scope of the data that designs are based on, and currently, scientific
data on bricks is dated and limited in scope.
4

Much of the thermal property data for building materials exists from a single
literature review by Valore et al., of the U.S. Department of Energy in 1988 (Valore,
Tuluca, & Caputo, 1988). The data from the study has information on many types
of concrete, but it lacks scope for fired clay bricks. It lists thermal conductivity and
respective bulk density values. For most thermal property data that was reported,
sampling methodology was known, however, some was unknown. Heat capacity
and thermal diffusivity data were also largely absent.
Thermal conductivity is a material property, and describes the amount of
energy that will produce a temperature differential between two faces positioned a
unit distance apart. Heat capacity described the amount of energy needed to
change the temperature of a mass or volume of material. Thermal diffusivity is a
measure of the area per time that thermal energy is able to move through a
material. It is the ratio of the thermal conductivity to the product of the bulk density
and heat capacity. These three terms describe heat flow, however, they describe
heat flow in two regimes; steady state and dynamic (transient) conditions. Thermal
conductivity describes the steady state heat flow, which is where heat flux (energy
density) is equal in magnitude between two opposing planes and produces a
temperature differential. Heat capacity and thermal diffusivity describe non-steady
state behavior, where heat flux between two opposing planes is not equal in
magnitude and the temperature distribution within the material is time dependent.
As suggested by Clarke and Yaneske, heat capacity measurements were
less likely to be reported because heat capacity was difficult to consistently
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measure (Clarke & Yaneske, 2009). Heat capacity and thermal diffusivity are
thermal properties that were likely not as relevant in the time frame of the studies
that Valore references. As reported by Kosny et al., all U.S. thermal building
standards, including ASHRAE 90.1, ASHRAE 90.2 and the Mode Energy Code,
are based upon the steady state thermal resistance (R-Value), which does not
accurately reflect dynamic thermal performance of high density building materials
(Kosny et al., 2001). Furthermore, research by Clarke and Yaneske concluded that
ASHRAE used only thermal conductance values for building assemblies because
testing methods were not well suited for dynamic building performance modelling
(Clarke & Yaneske, 2009).
At the time of this writing, energy efficiency and the reduction of greenhouse
gasses have become issues that many people and organizations are working
towards improving. The “United Nations Environment Program” released the
“Buildings and Climate Change Summary for Decision Makers" in 2009, labelling
buildings as one of the best areas for long-term reduction of greenhouse gases
(United Nations Environment Programme, 2009). It was described that as much
as 60% of energy within residential buildings goes towards climate control (United
Nations Environment Programme, 2009). Figure 1.2 presents a chart of energy
use in the residential sector by usage source.
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Figure 1.2: Energy use by source (Arge-Vorsatz, Danny Harvey, Mirasgedis, &
Levine, 2007). Reproduced without permission.
Improving energy efficiency and the reduction of greenhouse gasses can
be achieved by reducing the electricity usage for heating and cooling through
improved building construction techniques. As conveyed by Al-Sanea et al., when
using an optimized amount of thermal mass in a wall system, maximum savings of
about 17 % on cooling loads and 35 % on heating loads were realized (Al-Sanea
et al., 2012). There is a need for further research in building materials in terms of
embodied energy, durability, thermal mass, etc. (United Nations Environment
Programme, 2009).
As reported by Greenfield and Rhee of the Building Code Assistance
Project, the majority of design teams were not using energy modelling to help make
design decisions (Greenfield & Rhee, 2016). Proper integration of masonry
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materials in building construction can help achieve goals outlined by the U.N., so
long as engineers have the proper training and access to improved computer
modelling methods which can take into account more exact component data.
Characterizing the thermal conductivity of building materials is guided by
several methods. The heat flow meter method is described by ASTM Standard C518. It was designed to be applicable to samples that have a thermal resistance
greater than 0.1 m2*K/W and thickness up to 250 mm. The testing must also be
performed at an ambient temperature between 10 °C to 40 °C (ASTM International
C-518, 2015b). An HFM device uses a heat source such as Peltier thermoelectric
modules (TEM) for thermal energy generation. Heat flux transducers transfer the
thermal energy from the TEM to the sample. Temperature is measured at the
surface of the sample. heat flux transducers, sending energy into the sample. They
are most often calibrated by using an insulating material standard provided by the
National Institute of Standards and Technology (NIST), however, high conductivity
applications may use Corning Pyroceram high temperature glass as a reference
material for high conductivity (~3 W/m*K) calibrations.(Salmon & Tye, 2010).
The hotplate method is similar to the heat flow meter method, and is guided
by ASTM Standard C-177. Hotplate apparatuses have been used to acquire
thermal conductivity data between the temperatures of -195 °C to 540 °C at 25 mm
thickness (ASTM International C-177, 2013a). Problems arise when testing
materials that differ from the reference material’s thermal resistance mainly due to

8

the thermal contact resistance. Calibration of a heat flow meter apparatus takes
into consideration the interaction between sensor and the calibration standard.
Thermal heat flux will deflect more or less through the heat flux transducer
depending on the difference in thermal resistance between sensor and sample
(van der Graaf, 1985). This makes the testing of thermal properties challenging
when the material is different than that of the calibration standard. Steady state
devices cannot be used to characterize thermal diffusivity and heat capacity.
To characterize properties like heat capacity and thermal diffusivity, devices
such as a laser/light flash or transient plane source apparatuses are usually
employed, each having pros and cons. Flash apparatuses give reliable information
dependent on the degree of specimen homogeneity (ASTM International E-1461,
2013b; Brunner, 2015). Also, for accurate sample measurements, samples must
be coated in light absorbing coating (Parker, Jenkins, Butler, & Abbott, 1961a).
Another device for testing thermal properties is the transient plane sensor
apparatus. The transient plane sensor (TPS) apparatus has been shown to
accurately measure the thermal properties of building materials and need little
sample preparation (Log & Gustafsson, 1995a). The main drawback with the TPS
method arises from the need to predict the expected thermal properties of the
material beforehand to select a proper amount of energy to pulse into the sample
(Log & Gustafsson, 1995a). For very large samples, a hot box apparatus can give
information on entire wall sections, employing convective heating and cooling to
drive a temperature differential across the wall sections. This method can give
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apparent thermal conductivity information and time lag; a semi-quantitative version
of thermal diffusivity (Van Geem, 1987). A hot box apparatus is a preferred testing
method for assemblies where complicated forms of heat flow take place (Clarke &
Yaneske, 2009).
In summation, there are several devices that have been used to
characterize the steady state thermal properties of building materials to include the
heat flow meter apparatus (ASTM International, 2015b), the laser/light flash
apparatus (Rozniakowski & Wojtatowicz, 1986), the transient plane sensor
apparatus (Al-Ajlan, 2006; Log & Gustafsson, 1995a) and the hot box apparatus
(Van Geem, 1987)
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Definitions and Properties of Masonry Materials and Other Building Materials

While the general public comes in contact with masonry materials on a daily
basis, few engineers can actually describe the range of masonry materials.
Masonry materials have standardized definitions through ASTM Standard C1232,
“Standard Terminology of Masonry”. Clay is an aggregate mineral made up of
hydrous silicates of alumina (ASTM International C-1232, 2015c). Clay may be
further broken down into surface clays and shale, which describe from where the
clay originated (ASTM International C-1232, 2015c). A brick is defined as “a solid
or hollow masonry unit of clay or shale, usually formed into a rectangular prism,
then burned or fired in a kiln; brick is a ceramic product” (ASTM International C1232, 2015c). Bricks are most commonly used in non-loadbearing applications,
but however were commonplace as loadbearing structures in older buildings
(Drysdale et al., 1999). Masonry bricks have fairly regular compositions, and are
about 50-60 wt % silica, 20-30 wt % alumina, 2-5 wt% lime, less than 7 wt% iron
and less than 1 wt % magnesia (Punmia, Jain, & Jain, 2004).
Mortar is the filler material between bricks, forming a hard joint (Drysdale et
al., 1999). There are several different types (Drysdale et al., 1999), with type N
mortar being the mortar of primary interest to this research. A type N mortar is
made from a blended Portland cement, lime, and sand (Drysdale et al., 1999). A
typical x-ray diffraction experiment shows the common phases present after 28
days curing shown in Figure 1.3.
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Figure 1.3: Phase Contents by weight of a Type-N mortar as measured by XRD
Sand, the largest constituent by weight, serves as the aggregate in mortar, while
other constituents make up a small part of the weight by volume.
Concrete masonry units are another masonry material that is commonly
discussed in this thesis. A concrete masonry unit, CMU, is defined by ASTM C1232
as a manufactured masonry unit made of concrete in which the binder is a
combination of water and cementitious material (ASTM International C1232,
2015c). CMU’s are very similar in composition to mortars, with Portland cement,
aggregate and other inert fillers may be included (Drysdale et al., 1999). CMU’s
are commonly used in loadbearing and non-loadbearing applications (Drysdale et
al., 1999).
Finally, extruded polystyrene foam board, XPS, is a rigid board insulation
that is very low in density, around 35 kg/m3 (Incropera, DeWitt, Bergmann, &
Lavine, 2007). XPS has a thermal conductivity around 0.027 W/m*K (Incropera et
al., 2007) and heat capacity around 1250 J/kg*K (Al-Ajlan, 2006).
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Heat Transfer

Heat transfer is the means of one medium’s thermal energy transferring to
another. Heat transfer manifests as a change in temperature in the respective
mediums, propagating through atomic oscillations known as phonons. These
periodic oscillations transfer energy from one atom to another throughout the
material. Thermal diffusion is a measure of how fast lattice vibrations transfer
through a medium and is the ratio of thermal conductivity to the material’s heat
capacity.
Thermal conductivity is of often described as a material’s affinity for how
readily it accepts changes in energy through it. Thermal conductivity is described
as:
1

𝑘𝑘 = 𝐶𝐶𝐶𝐶𝐶𝐶

Eq. 1.1

3

where 𝐶𝐶 is the volumetric heat capacity, 𝑣𝑣 is the average particle velocity and 𝑙𝑙 is
the mean free path of the particle (Kittel, 1996). Thermal conductivity in the onedimensional case is the most simplistic scenario, and is shown in Equation 1.2
(Kittel, 1996). The thermal conductivity along the x-axis is described as:

𝑘𝑘𝑥𝑥 ≡ −

𝑞𝑞𝑥𝑥"

Eq. 1.2

𝜕𝜕𝜕𝜕

�𝜕𝜕𝜕𝜕�
𝜕𝜕𝜕𝜕

where, 𝑞𝑞𝑥𝑥" is the heat flux along the x-axis, and � � is the temperature gradient
𝜕𝜕𝜕𝜕

along the x-axis. Thermal conductivity can arise from any mobile carrier, namely
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phonons and electrons. However, insulators are conductive thermally through
phononic lattice vibrations only (Kittel, 1996).
Energy input into atoms causes them to vibrate. The ability of materials to
store energy is known as heat capacity. Heat capacity is referenced in terms of
constant volume or constant pressure, and for most practical uses constant
pressure is used. Keeping a volume of material constant as temperature changes
requires special equipment along with careful experimental setup. Regulating a
chamber’s atmospheric pressure is necessary to counteract the effects of thermal
strain that arise with constant volume heat capacity (Krause & Swenson, 1980).
Energy input that is added or withdrawn from a medium producing a change in
temperature while at constant pressure describes heat capacity. Equation 1.3
defines heat capacity at constant pressure as (Flik, Choi, & Goodson, 1992):
𝑑𝑑𝑑𝑑

𝑐𝑐𝑝𝑝 = � �

𝑑𝑑𝑑𝑑 𝑃𝑃

Eq. 1.3

where 𝑑𝑑𝑑𝑑 is the change in energy and 𝑑𝑑𝑑𝑑 is the change in temperature.
Thermal diffusivity is seldom used when referencing the thermal
performance of building materials. This property would be beneficial to know
however for accurate modelling of building systems. The thermal diffusivity, 𝛼𝛼,
takes into account the heat capacity, conductivity and density of the material as
described in Equation 1.4:
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𝛼𝛼 = �

𝑘𝑘

𝜌𝜌𝑐𝑐𝑝𝑝

�

Eq. 1.4

where 𝑘𝑘 is the thermal conductivity, 𝜌𝜌 is the material bulk density and 𝑐𝑐𝑝𝑝 is the

constant pressure heat capacity. Thermal diffusivity is often tested using the laser
flash method (Brunner, 2015), however other measurement techniques such as
transient plane method (Log & Gustafsson, 1995b) may be used for testing as well.
A more thorough examination of transient thermal behavior will be examined in
later sections.
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Steady State Measurements of Masonry Materials

Steady state conditions describe a period in time were energy transfer has
reached equilibrium. In terms of thermal property testing, steady state always
references a quasi-steady state condition. Quasi-stead state has been defined
through ASTM C168, “Standard Terminology Relating to Thermal Insulation”,
where the standard deviations between measurements are below a predetermined threshold (ASTM International C168, 2015a). In practical terms, this
means that steady state is never truly achieved, however, if measurements are
consistent to a degree, it can be considered quasi-steady state. Steady state
measurements require measuring heat flow, the temperature gradient across the
specimen and the specimen thickness. Thermal conductivity may be tested in
many manners, of which two are standardized through ASTM C-177, “Standard
Test Method for Steady-State Heat Flux Measurements and Thermal
Transmission Properties by Means of the Guarded-Hot-Plate Apparatus” and
ASTM C-518, “Standard Test Method for Steady-State Thermal Transmission
Properties by Means of the Heat Flow Meter Apparatus”. Thermal conductivity
testing is based on the principal of having a thermal heat flux travel through the
sample, that is equal in magnitude on both faces of the sample. A representation
of steady state heat flow through a specimen may is presented in Figure 1.4.
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Figure 1.4: Generic heat flow through a sample
Steady state measurements are typically used for determining the thermal
conductivity and resistivity of materials. Thermal resistivity is similar to thermal
conductivity, which has been previously defined in Section 1.1, except it is a
sample property. Thermal resistance is the sample’s resistance to thermal change
from an applied heat flux. The guarded hot plate method is standardized through
ASTM C-177, and a schematic of a guarded hot plate apparatus is presented in
Figure 1.5.
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Figure 1.5: A generic guarded hot plate apparatus schematic
(ASTM International C-177, 2013a) Reproduced without permission
A guarded hot plate apparatus typically uses a heater to radiate a known amount
of heat into a sample above and below it, and is considered to be a primary method
(ASTM International C-177, 2013a). The primary guard acts to lessen lateral heat
flow, with secondary guards insulating the edges of the specimen (ASTM
International C-177, 2013a). The cold surface assemblies are used to keep a
constant temperature that creates a temperature gradient across the specimen
(ASTM International C-177, 2013a).
Another device for measuring heat flow is described in ASTM C-518 that
uses heat flux transducers to measure heat flow through a specimen. A heat flow
meter apparatus is presented in Figure 1.6.

18

Figure 1.6: Heat flow meter apparatus (ASTM International C-518, 2015b)
Reproduced without permission
This method differs from the guarded hot plate method in that it is not a primary
method, and is considered a comparative measurement technique since it must
be calibrated with samples of known thermal conductivity (ASTM International,
2015b). Heat flux transducers are used to measure the heat flow travelling through
a specimen. The system is limited to testing specimens of similar thermal
performance and testing conditions to that of the calibration material (ASTM
International C-518, 2015b). Both methods described by ASTM C-177 and ASTM
C-518 have considerations when testing rigid materials, in that the materials being
tested should make as good of contact as possible with heaters and/or sensors
(ASTM International C-177, 2013a; ASTM International C-518, 2015b). Specimens
of higher thermal resistance relative to the thermal contact resistance have less
stringent surface preparation requirements (ASTM International C-177, 2013a;
ASTM International C-518, 2015b).
Heat flow is a complex process, with convective, conductive and radiative
processes all contributing to the measured thermal conductivity of the material
(Salgon, Robbe-Valloire, Blouet, & Bransier, 1997). ASTM C-177 notes that
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convective heat flow patterns can set up within the specimen, which could alter the
measured thermal conductivity (ASTM International C-177, 2013a). There are
various heat transfer mechanisms present in porous materials at different
temperatures that influence thermal conductivity measurements as presented in
Figure 1.7 (Schlegel, Haussler, & Seifert, 2007).

Figure 1.7: “Mechanisms that affect thermal conductivity” (Schlegel et al., 2007)
Figure titles translated from German, original figure reproduced without
permission. Thermal convection and radiation can occur inside pores, affecting
measured thermal conductivity.
As of this writing, the published thermal properties of many dense building
materials are dated and in some cases lacking in scope. In 1988, Valore et al. of
the Oak Ridge National Laboratory wrote a comprehensive literature review
detailing the thermal properties of many building materials (Valore et al., 1988).
This literature review is still the main source of data for the thermal properties of
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fired clay bricks and mortar that is used by the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE, 2013). The authors of the
report found an array of thermal property data that had been acquired over many
decades from many scientists and researchers. Valore et al. noted that thermal
property measurement is extremely technique sensitive, and results can vary
widely based on how the experiment was set up (Valore et al., 1988).
Thermal conductivity is a common measurement to make for building
materials used in wall systems, and in common practice is minimized to achieve
higher energy efficiency (Soylemez, 1999). Thermal conductivity is defined at
steady state, when the temperature distribution through the sample is no longer
time dependant. While steady state thermal performance is of greatest interest to
energy researchers, heat capacity is another pillar that is equally important and
significantly less understood. Heat capacity as mentioned before describes a
material’s ability to store energy. The material property data reported by ASHRAE
referenced fired clay bricks to have a heat capacity of about 800 J/kg*K, and does
not account for various types of brick or density ranges (ASHRAE, 2013).
The thermal properties of bricks have been tested by many researchers
over the last several decades. E. F. Ball produced a paper listing the thermal
properties of building materials in 1968. Ball, a researcher at the Building Research
Station, a then-government funded research facility in Great Britain, reported
thermal conductivity results on 89 different types of building materials, including
two different types of fired clay bricks. Ball’s study was guided by British Standard
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874: 1965 (Ball, 1968). There were two focus areas, which were deemed the most
important factors for determining thermal conductivity. One investigated the link
between thermal conductivity and bulk density and the other was the effect of
moisture on thermal conductivity (Ball, 1968). For instance, a dry sample with
thermal conductivity of 1 W/m*K and contains 1 vol % water would have a
measured thermal conductivity of 1.3 W/m*K. The moisture factor is an
approximation, however, it can be used to help predict the thermal performance of
materials that have been influenced by some degree of water saturation (Ball,
1968). The average thermal conductivities of dried building materials as a function
of density is shown in Table 1.1, while the moisture factor that predicts measured
conductivities of wetted samples is shown in Table 1.2 (Ball, 1968). The moisture
factor in is a multiplication constant.
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Table 1.1: Average thermal conductivity of dried building materials as a function
of density (Ball, 1968)
Density (g/m3)

0.2

0.4

0.6

0.8

1.0

1.2

Conductivity (W/m*K)

0.052

0.067

0.096

0.13

0.18

0.23

Density (g/m3)

1.4

1.6

1.8

2.0

2.2

Conductivity (W/m*K)

0.29

0.36

0.45

0.6

0.8

Table 1.2: Moisture multiplication factor as a function of moisture content
(Ball, 1968)
Moisture
Content
(Vol %)
Moisture
Factor

1.0

2.5

5

10

15

20

25

1.3

1.55

1.75

2.10

2.35

2.55

2.75
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The data presented in Table 1.1 and Table 1.2 from Ball are based upon a model
created by M. Jakob in 1949 (Ball, 1968).
Much of Ball’s data appears to agree with the Jakob model, which was
presented in Tables 1.1. and 1.2. The thermal conductivity of two types of fired
clay bricks are presented in Table 1.3.

Table 1.3: Physical and thermal properties of fired clay bricks (Ball, 1968)
Fired Clay Type

Density
(g/cm3)

Moisture Content
(% Vol)

Thickness
(cm)

Conductivity
(W/m*K)

Triassic-Keuper-Marl

1.76

0.00

5.11

0.62

Carboniferous Shale

2.03

0.00

4.85

0.76

While the two bricks examined have conductivities that are higher than what was
presented in Table 1.1, Ball concluded that for non-organic materials of equal
density, composition and moisture content play the largest factor in the uncertainty
of thermal conductivity predictions (Ball, 1968). The exact compositions of the
bricks were unknown, however they are formed from hydrous silicates of alumina
(ASTM International C-1232, 2015c). The method used by ball is an absolute
method, however, it is unknown if the materials underwent additional preparation
beyond thermal and moisture conditioning prior to testing.
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Valore’s literature review reported the thermal conductivity of brick from
several researchers, as well as the density of the brick (Valore et al., 1988). The
data presented in Figure 1.8 compares thermal conductivity values from Valore’s
literature review of fired clay brick (Valore et al., 1988) and Ball’s data on dried
building material versus density based on the Jakob model (Ball, 1968).

Thermal Conductivity versus Density, Comparison between Valore and Ball
Thermal Conductivity, [k] (W/m*K)

1.8

Valore, 1983
Ball, 1968

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.5

1.0

1.5

2.0

2.5

Density (ρ) [g/cm³]

Figure 1.8: Thermal conductivity values of non-organic materials (Ball) versus
thermal conductivity values of fired clay brick (Valore et al) as a function of
density (Ball, 1968; Valore et al., 1988)
Valore’s data shows a non-linear increase of thermal conductivity with density, as
does Ball’s data. The data presented by Valore suggests that fired clay brick have
a higher thermal conductivity than other building materials of similar density.
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Furthermore, it suggests that there may be other influencing factors that make fired
clay bricks better thermal conductors.
The effects of porosity and pore size in fired clay bricks on the thermal
conductivity was examined by Dondi et al., and little correlation was observed
(Dondi, Mazzanti, Principi, Raimondo, & Zanarini, 2004). A plot of thermal
conductivity versus total porosity is presented in Figure 1.9, while thermal
conductivity versus mean pore size is presented in Figure 1.10.

Thermal Conductivity versus Total Porosity

Thermal Conductivity (k) [W/m*K]

0.65

0.60

0.55

0.50

0.45

0.40
20

25

30

35

40

45

Total Porosity [% vol]

Figure 1.9: Analysis of the effects of total porosity on thermal conductivity of fired
clay bricks (Dondi et al., 2004)
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Thermal Conductivity versus Mean Pore Size

Thermal Conductivity (k) [W/m*K]

0.65

0.60

0.55

0.50

0.45

0.40
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Mean Pore Size [µm]

Figure 1.10: Analysis of the effects of mean pore size on thermal conductivity of
fired clay bricks (Dondi et al., 2004)
Porosity had limited correlation with thermal conductivity and tends to lower the
thermal conductivity with an increase in total porosity (Dondi et al., 2004). He also
examined the effects of pore size on thermal conductivity, which found no
meaningful correlation between the two parameters (Dondi et al., 2004).
The data presented in Table 1.1 (Ball, 1968) suggests that thermal
conductivity is mainly predicted by density, however, other factors such as material
type (Figure 1.8, (Ball, 1968; Valore et al., 1988)) and morphology (Figures 1.91.10, (Dondi et al., 2004)) have an influence on the thermal conductivity of
materials.
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Transient State Measurements

Thermal transient conditions almost always exist in the real world.
Observing transient conditions are therefore important, especially in the context of
building systems where dynamic building performance has largely been neglected
(Clarke & Yaneske, 2009). Transient state is the period in time where thermal heat
flux is not within the quasi-steady state regime. Devices such as laser/light flash
and transient plane source apparatuses have the ability to measure thermal
conductivity, thermal diffusivity and heat capacity in the transient regime (Log &
Gustafsson, 1995b; Parker et al., 1961a). For larger systems, hot box apparatuses
can characterize apparent conductivities and time lag of whole wall systems that
are not measurable using smaller, table-top setups (Van Geem, 1987).
Heat capacity of masonry materials is often underreported due to the
challenges posed in sampling large inhomogeneous samples (Clarke & Yaneske,
2009). By use of Equation 1.4, the heat capacity can be determined if the thermal
conductivity, bulk density and thermal diffusivity are known. A paper written by
W. L. V. Price reported on the use of a method to calculate the thermal conductivity
and thermal diffusivity of asphalt using a transient technique (Price, 1983). This
method was applied by other researchers as well, showing that it was consistent
with real world applications (Tan, Low, & Fwa, 1992). Price’s method used
constant heat flux to heat a surface of the sample, and then monitored the
temperature differential across the two faces of the sample. The derivative of the
temperature differential curve was calculated, and a graph of temperature
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differential versus the derivative was plotted. When the heat flux was steady, it
formed a linear line in which various constants were calculated (Price, 1983). A
constant heat flux experiment was performed on a piece of fiber board by Price,
where the thermal material properties were calculated from the slope of the linear
curve fit line through points on a graph. As presented in Figure 1.10, the
temperature difference versus temperature difference derivative are plotted and
are used to determine the thermal properties of the fiber board (Price, 1983).

Figure 1.11: Temperature difference versus temperature difference derivative
(Price, 1983) Reproduced without permission
Another device used for the determination of thermal properties of materials
is the transient plane sensor apparatus. The transient plane sensor method is
guided by ISO 22007 (International Organization for Standardization, 2015). A
transient plane sensor (TPS) apparatus utilizes a very thin sensor with thickness
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in the range of tens of µm to send a pulse of energy into a sample (Asghari & Anis,
2013). An experimental setup for a thermal property test is shown in Figure 1.12
using the TPS method.

Figure 1.12: Left: A TPS sensor is placed on a sample Right: A TPS device
works best if the sensor is placed between two identical samples (McNamee).
Reproduced without permission
A TPS sensor heats the sample as a DC current is applied to the heating element.
Recording the resistance of the heating element as a function of time can give the
temperature increase of the sensor. Silas Gustafsson reported in a study from
1991 that the TPS method has good accuracy for both thermal conductivity,
thermal diffusivity and volumetric heat capacity (Gustafsson, 1991). When
developing the technique, Gustafsson did assume that the current supplied to the
heater was constant (Gustafsson, 1991). As the heater experiences a temperature
increase there is a change in resistance which allows an estimate of the energy
going into the sample (Log & Gustafsson, 1995b). For the TPS apparatus to record
accurate data, it is necessary to control the probing depth, which should be close
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to the same value as the sensor diameter. Gustaffson defined the probing depth
to be:
∆= 1.42√𝛼𝛼 ∙ 𝑡𝑡

Eq. 1.5

where α is the thermal diffusivity of the test specimen and t is the measurement
time (Gustafsson, 1982). Viability of using the TPS method for use with building
materials was confirmed by Al-Ajlan, and agreed well with the literature (Al-Ajlan,
2006). A table of values measured a TPS apparatus are presented in Table 1.4.
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Table 1.4: Thermal properties of building materials using the TPS method
(Al-Ajlan, 2006) Modified from original table. Reproduced without permission.
Thermal Properties of Insulation Materials Measured at Room Temperature
Thermal
Heat
Density
Diffusivity
Material
Conductivity
Capacity
[kg/m³]
[mm²/s]
[W/m*K]
[J/kg*K]
Molded
Polystyrene
19 ± 1
0.036 ± 0.0002
1280 ± 50
1.480
(EPS)
23 ± 1
0.034 ± 0.0009
1280 ± 50
1.150
38 ± 1
0.033 ± 0.0002
1280 ± 50
0.678
Extruded
Polystyrene
28 ± 1
0.032 ± 0.0003
1280 ± 50
0.893
(XPS)
34 ± 2
0.031 ± 0.0003
1280 ± 50
0.712
Injected
20 ± 2
0.034 ± 0.0004
1280 ± 50
1.330
Polystyrene
34 ± 1
0.033 ± 0.0008
1280 ± 50
0.758
Polyurethane
28 ± 1
0.024 ± 0.0005
1537 ± 39
0.558
Board
33 ± 2
0.022 ± 0.0003
1537 ± 39
0.434
Lightweight
551 ± 3
0.155 ± 0.0031
882 ± 54
0.319
Concrete
Perlite (Loose
94 ± 4
0.054 ± 0.0017
1090
0.527
Fill)
Glass Fiber
30 ± 1
0.042 ± 0.0006
960
1.460
(Axial)
95 ± 1
0.038 ± 0.0008
960
0.417
Rock Wool
50 ± 1
0.042 ± 0.0002
840
1.000
(Axial)
120 ± 1
0.040 ± 0.0010
840
0.397
Glass Fiber
30 ± 1
0.034 ± 0.0012
960
1.180
(Radial)
95 ± 1
0.046 ± 0.0023
960
0.504
Rock Wool
50 ± 1
0.042 ± 0.0016
840
1.000
(Radial)
120 ± 1
0.049 ± 0.0012
840
0.486
Heat capacity values shaded in gray are from ASHRAE
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Laser and light flash thermal property testing method works similarly to the
TPS Method by heating a sample with a pulse of a known amount of energy and
monitoring the resulting temperature increase. The light flash technique was first
characterized by Parker in 1961 (Parker, Jenkins, Butler, & Abbott, 1961b), in
which he used a GE FT524 bulb, producing 400 J to heat the face of a sample,
and recorded the temperature response on the back of the sample with
thermocouples (Parker et al., 1961a). Since the inception of the technique, it has
been refined to use lasers as a source of energy. The laser flash method is
described by ASTM E-1461 “Standard Test Method for Thermal Diffusivity by the
Flash Method” (ASTM International E-1461, 2013b). A typical curve for the
temperature response can is shown in Figure 1.13. The temperature at half-max
denotes the time constant used to determine thermal diffusivity (NETZSCH, 2016).

Figure 1.13: Temperature response of a material tested with the laser flash
technique (NETZSCH, 2016) Original image edited, reproduced without
permission
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The curve that was presented in Figure 1.13 can also be used to determine heat
capacity by comparing it to the temperature response of a known material
(NETZSCH, 2016). Both Laser and Light Flash techniques use a similar test setup
as is demonstrated in Figure 1.14.

Figure 1.14: Typical Test Setup for a Flash Device (NETZSCH, 2016)
Reproduced Without Permission
Rozniakowski & Wojtatowicz used a Laser Flash device to test the thermal
diffusivity of building materials. Samples used for flash analysis are typically small
in size (Blumm, Lindemann, Niedrig, & Campbell, 2007), and in this case were 12
mm in diameter and of a few millimeters thick (Rozniakowski & Wojtatowicz, 1986).
Table 1.5 presents the results of five averaged runs.
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Table 1.5: Thermal diffusivity of building materials characterized by the laser
flash method (Rozniakowski & Wojtatowicz, 1986)

Material

Length
[mm]

Density
[kg/m3]

Thermal
Diffusivity
[mm2/s]

Thermal
Diffusivity
from
References
[mm2/s]

Hardboard

3.05

820

12.9

7.20

PN-82/
B-02020

Asbestos
Powder

4.40

440

30.4

27.8

Singh et al

Brick

5.85

1712

48.8

49.2

Corkboard

3.70

202

26.0

14.6

Gypsum

5.10

954

57.4

53.0

Wisniewski

Gypsum

4.70

454

49.9

53.0

Wisniewski

Reference

PN-82/
B-02020
PN-82/
B-02020

The thermal diffusivities are about an order of magnitude higher than those
presented in Table 1.4. The reported differences in thermal diffusivity can be very
different depending on material type.
Lastly, for very large samples, the hot box method, which is guided by
ASTM C1363 “Standard Test Method for Thermal Performance of Building
Materials and Envelope Assemblies by Means of a Hot Box Apparatus” is primarily
used for steady state measurements. Figure 1.15 presents a photo of a sample
inside a hot box apparatus.
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Figure 1.15: A wall section to be tested in a hot box apparatus. Black plates on
brick and mortar wall are heat flux transducers.
Convective heating transfer occurs by a fluid moving across a sample that
is a different temperature than the material it is in contact with. In a hot box
apparatus, air is used as a thermal energy transfer mechanism. Standards such
as ASTM 1363 have air flow velocity parameters that should be met to standardize
test measurements from system to system (ASTM International C-1363, 2011).
ASTM C-1363 which is the standard for calibrated hot boxes, suggests that air flow
across the sample should be no more than 0.5 m/s (ASTM International C-1363,
2011). Avoiding turbulent airflow is necessary to have uniform heating across a
sample, which is a basic assumption in convective heat flow calculations
(Incropera et al., 2007). This air flow is chosen to compliment natural convective
air flow patterns that will set up within the insulated chambers (ASTM International
C-1363, 2011). In a calibrated hot box, heat flow into the wall is mainly powered
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by convective heat transfer. If there is a breakdown from laminar to turbulent air
flow, the local heat flux will be different since turbulent air flow moves large, highly
irregular, three dimensional parcels of fluid against the test sample, which could
increase the error in calculations (Incropera et al., 2007).
Transient state measurements are important in modelling diurnal heating
cycles. Figure 1.16 presents a photo of such a heating and cooling cycle, known
as the sol-air cycle.

Figure 1.16: Sol-air cycle as measured by a hot box apparatus
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The sol-air cycle has been previously described by Martha van Geem where she
used a sol-air cycle in hot box for testing heat capacity of a wall section (Van Geem,
1987). It was found that the hot box method was able to be modified for heat
capacity measurements, and excels at testing very large samples (Van Geem,
1987).
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Use of Heat Flux Transducers

Heat flux transducers (HFT’s) provide a unique method of capturing data on
the energy density propagating through a material. HFT’s work by using
thermocouples wired in series, imbedded in a substrate of known thermal
resistance, that produce changes in voltage as a function of time. As energy flows
into the plate, it diffuses through the plate and into the sample the HFT is attached
to. Heat flux gradients will set up on the surface of the sample if a thermal mismatch
exists and is graphically shown in Figure 1.17 (Flanders, 1985). There are many
considerations for the causation of error propagation, and these are listed in Table
1.6 (Courville, Bales, & Bomberg, 1985). By defining the methods of error
propagation through the use of HFT’s, it is possible to reduce or negate their
effects.
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Figure.1.17: Theoretical heat flux variations originating from interfacial
differences. Left: Heat flux gradients moving inward due to HFT with infinite
conductivity. Right: Heat flux gradients being repelled around HFT with zero
conductivity. (Flanders, 1985) Reproduced without permission
If heat flow were to be observed on a two dimensional, non-homogenous
plate with isothermal conditions on each face, heat flow would have a larger
magnitude through areas where the thermal resistance is lower. Conversely, equal
heat flow across both faces would create a temperature gradient on the surface of
the plate. Figure 1.17 is the first case, where the temperature is equal across the
face, however, due to thermal mismatch, creates warping in the heat flux across
the surface of the plate.
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Table 1.6: HFT applications-issues and problems (Courville et al., 1985)
Heat Flux Transducer Applications – Issues and Problems
Varying Conditions

Measurement Factors

•

Wall Heat Capacity

•

Added Thermal Resistance

•

Varying External Conditions

•

Disturbed Heat Flow Patterns

•

HFT Surface Conditions, Emittance

•

o

Temperature (Air and Surface)

o

Solar Gain

o

Surface Air Motion (Speed and

•

Disturbed Airflow Patterns

Direction)

•

Wall Temperature Measurement

o

Rain

•

Sensor Temperature Difference

o

Diurnal Cycle

o

Thermocouple, Thermopile

o

Radiation from Surroundings

o

Mounting Pattern and

(Indoor and Outdoor)

Varying Internal Conditions

Technique

o

Temperature (Thermostat)

o

Radiation from Surroundings

Dependence (Change in EMF,

o

Surface Air Motion

Material Changes)

o

•

Output Signal Temperature

Thermal Contact Resistance
o

Electrical Noise on Thermopile
Signal

•

Signal with no Heat Flux

Another significant consideration when using heat flux transducers is the
compounding of errors when using incorrect calibrations. Heat flux transducers
typically come with a calibration certificate that ties them back to a standard.
However, when the sensor’s thermal conductivity differs appreciably from the
reference material’s thermal conductivity, errors will become more significant
(NETZSCH, 2011). According to the literature for the Netzsch HFM 436 Lambda

41

Thermal Conductivity Analyzer, samples tested should be 50% to 200% of the
thermal conductivity of the reference material for accurate measurements within
+/- 5% (NETZSCH, 2011). The method of calibration is taken from ASTM C518,
which uses a reference material of known thermal conductivity and assigns a
calibration constant to obtain a heat flux value. Issues arise however due to a
thermal contact resistance that occurs from the heat flux transducer making
contact with the sample, which can influence the apparent thermal resistivity
(Tleoubaev & Brzezinski, 2008). As the magnitude of the sample’s thermal
resistance differs from the calibration standard, the measured value changes as
well.
Thermal contact resistance can play a significant role in the measured
thermal resistance values. In samples where the thermal resistance (R-value), is
very large relative to the thermal contact resistance (Rc), thermal contact
resistance may be neglected (Tleoubaev & Brzezinski, 2008). This problem was
discussed in detail by Tleobaev where heat flux transducers were calibrated with
different reference materials (Tleoubaev & Brzezinski, 2008). It was found that
using a single thickness specimen had a very large error range, while a two
thickness calibration could accurately account for the thermal contact resistance
(Tleoubaev & Brzezinski, 2008). Contact resistance is known to be dependent
upon several variables. Fletcher described contact resistance to be a function of
the material’s thermodynamic and mechanical properties, contact pressure,
temperature and gaseous contact with the junction (Fletcher, 1988).
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Thermal contact resistance comes about from the true contact area being a
fraction of the apparent contact area, which impedes heat flow between two solids,
and is a function of the geometrical and mechanical properties of the two solids in
contact (Salgon et al., 1997). The true contact area accounts for about 2 % of the
nominal contact area (Mantelli, Yovanovich, & Gilmore, 2002), with actual
thickness of the joint ranging from 0.5 µm for a smooth surface to 60 µm for a
rough surface (Mantelli et al., 2002). A cross section of the heat flow between two
solids is presented in Figure 1.18, while the temperature profile at the joint is
demonstrated in Figure 1.19.

Figure 1.18: Cross Section of Two Solids Showing True Heat Flow Patterns
(Mantelli et al., 2002) Reproduced Without Permission
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Figure 1.19: Temperature drop (DT) at the joint of two materials due to the
thermal contact resistance (Mantelli et al., 2002) Reproduced without permission
Thermal contact resistance can be minimized in practice, and as ASTM C518 suggests, sample preparation should be done to make the heat flux sensor
and sample parallel to each other (ASTM International C-518, 2015b). The effects
of pressure on thermal contact conductance, which is the reciprocal of thermal
contact resistance, is shown in the thermal contact conductance versus contact
pressure plot shown in Figure 1.20. As pressure increases, the thermal contact
resistance decreases (Mikic & Rohsenow, 1966).
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Figure 1.20: Effect of contact pressure on thermal contact conductance of
Stainless Steel 305 (Mikic & Rohsenow, 1966) Reproduced without permission
The thermal contact resistance is important when describing the measured thermal
resistance and becomes larger as sample thickness decreases. (ASTM
International C-177, 2013a; ASTM International C-518, 2015b; Tleoubaev &
Brzezinski, 2008).
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CHAPTER II
RESEARCH OBJECTIVE
The Modified Hot Box apparatus and method was developed in this thesis
to probe the thermal properties of non-homogenous building materials. This new
and novel method will employ a convective heat transfer mode capable of pulsing
energy through a sample creating dynamic heat, as well as maintain steady state
conditions. The Modified Hot Box will use heat flux transducers and temperature
recording devices to record precise and accurate data to measure the heat
capacity, thermal conductivity and thermal diffusivity of the sample. This research
intends to address three fundamental areas:
•

The Modified Hot Box method will be developed sufficiently to precisely and
accurately ascertain the thermal properties of building materials.

•

The Modified Hot Box method will be validated against thermal property
measurement data from literature.

•

Limitations of the Modified Hot Box Method will be examined to define major
sources of measurement error in which root-cause methodology will be used
to overcome it.
With these goals, the Modified Hot Box method will be able show the validity

of using convective heating as an energy transfer method for thermal property
testing and push the limits of heat flux transducer applicability in transient heat flow
conditions.
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CHAPTER III
RESEARCH METHODOLOGY
Prelude

This chapter deals with the research methodology that was used in this
research. The first section introduces the Modified Hot Box, presenting various
details and drawings to introduce the reader to the device. The next two sections
investigate two sources of measurement error. The next two sections deal with the
mathematics used for calculations, where thermal property calculations and
statistical approaches are introduced. In the following section, sample preparation
is discussed for various sample types. The final three sections introduce sample
measurement. First, the techniques and calculations to a calorimetry experiment
are shown, and lastly, the discussion of how calibration and validation experiments
of the Modified Hot Box took place.
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Modified Hot Box Setup

The Modified Hot Box was designed to use convective heat transfer with
certain probes to measure the thermal properties of building materials. Similar to
how thermal conductivity analyzers work by using plates in contact with the surface
of a sample to transfer energy, the Modified Hot Box uses air as a thermal energy
transfer mechanism. The Modified Hot Box was a system comprised a highly
insulated dual chamber design that created an air tight seal around a sample
holder. Climate inside the chambers was controlled independently by solid state
thermoelectric modules creating a temperature controlled environment. The
Modified Hot Box is presented in a photo in Figure 3.1. Figure 3.2 presents a
drawing of the insulated climate chambers, and Figure 3.3 presents a drawing of
the major sample holder, which holds the minor sample holder.

53

Figure 3.1: The Modified Hot Box
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Figure 3.2: Sketch of the Modified Hot Box climate chamber. Top left): View from
above. Bottom Left: View looking into chamber. Bottom Right: As seen from the
side of the chamber.

55

Figure 3.3: Major sample holder. This is what holds the minor sample holder,
which holds the sample for thermal property testing
The chambers, as seen in the photo presented in Figure 3.1, were
designated cold or hot due to optimizations of the PID that have taken place for
the respective chambers. Each chamber was insulated through a layering of one
inch extruded polystyrene foam board, with thickness totaling four inches.
Chambers open up by sliding on rails to facilitate sample accessibility. Each
chamber was thermally controlled by using a Laird 250-watt thermoelectric module
(TEM) that was controlled by a Laird PR-59 PID Regulator. The TEM is presented
in Figure 3.4.
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Figure 3.4: Laird thermoelectric module (TEM). Airflow is driven inward towards
fan, and is blown out from the heat sink fins.
A TEM works by applying a voltage across a junction of two dissimilar alloys
to induce a temperature gradient across the faces of the TEM, which depending
on the direction of current, can make the unit heat or cool. The TEM has fans on
both sides of the unit, which transfer heat to the surrounding atmosphere. The fans
were controlled by the PR-59 Regulator which was used to control the fan voltages
from 24 V at maximum power and 12 V at minimum power. Baffles were set up to
create a laminar air flow that directed air down the face of the sample on the cold
side, and up the face on the hot side to go along with natural convective patterns.
The baffle fit the inside of the chamber and was 24.5 in by 24.5 in by 1 in thick. An
example of the cold side baffle is presented in Figure 3.5.

57

Air

steam
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Figure 3.5: Baffle, cold side of Modified Hot Box. Blue arrows indicate outgoing
airflow, and orange arrows indicate inbound airflow.
To control air-stream velocity, 15 V were supplied to the fans which
correlated to about 0.5 m/s air-stream velocity. The air-stream velocity was
measured at the center of the sample and one inch from the sample surface using
a TSI VelociCheck Anemometer.
Temperature sensing was conducted using 10,000 Ω platinum resistance
thermometer detectors (RTD’s) connected to a Laird PR-59 PID (Proportional-

58

Integral-Derivative) regulator. The regulator interfaced into a custom LabView
program in which it read and recorded heat flux and temperature data. RTD’s had
a polyimide isolative jacket over the sensor and a manufacturer reported accuracy
of ±0.12 % with a response time of 0.4 seconds. The RTD’s were attached directly
to the surface of the sample, which measured temperature and also provided the
PID regulator surface temperature feedback to maintain temperature set points.
Air-stream temperature was recorded as well using T-type thermocouples wired to
a National Instruments 9211 USB Analog to Digital Converter. The T-type
thermocouple was placed in the mouth of the baffle outflow air-stream. Air-stream
temperatures were important to monitor to avoid damaging the Modified Hot Box
TEM’s since a large air temperature differential must be maintained to analyze
samples with a low thermal resistance.
Heat flux transducers (HFT) to monitor heat flux through the sample were placed
offset from the center of the sample as presented in Figure 3.6. The HFT’s were
square in shape, sized at 2 in by 2 in by 1/8 in thick and made of polyimide.

Figure 3.6: Sensor placement on test specimen
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Accuracies of the HFT’s were reported from the manufacturer to be ±3 %
W/m2 with response time of one second. The actual measurement area of the
sensor, however, was about 1.5 inches square which allows mounting attachments
to have negligible influence on the measurements. The HFT’s were wired to an
electrically shielded cable input to NI 9211 and recorded with the aforementioned
LabView Program.
The entire system as shown in Figure 3.1 contains the sample, (2) heat flux
transducers, (2) 10,000 Ω platinum RTD’s, (2) T-type thermocouples and (2)
250 W TEM’s. The PR-59 regulators may be programmed to maintain a
temperature set point for a specified number of hours and cycles. Generally, for
more conductive samples, 3600 seconds per cycle were adequate to achieve a
quasi-steady state condition. However, as materials increase in thermal resistivity,
cycle time could be adjusted as necessary to thermally equilibrate the Modified Hot
Box chamber and test specimen.
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Effects of Air Velocity on Measured Heat Flux and Temperature: Experimental

A semi-quantitative study was performed to examine the influence of air
flow on sample surface heat flux, sample surface temperature, and air-stream
temperature at quasi-steady state conditions. In the experiment, air velocity was
changed by adjusting the voltage supplying the fans on the TEM. The sample used
for the experiment was a concrete masonry unit (CMU). Detailed sample
preparation is described in Section 3.5.3. Fan voltage was varied from 24 V down
to 12 V in 3 V increments. The test matrix is presented in Table 3.1.
Table 3.1: Fan speed manipulation test by Modified Hot Box
Fan Speed Manipulation Test Matrix
Run

Fan Voltage [V]

1

24

2

21

3

18

4

15

5

12

The baseline run with fans powered at 15 V was previously known to produce an
air velocity measured one inch from the middle of the sample surface to be about
0.5 m/s (Section 3.1). The air velocity was chosen because of the standard ASTM
C1363, which suggests the air velocity across the test specimen to be 0.5 m/s
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(ASTM International C-1363, 2011). Fan voltages above 15 V produced a higher
air velocity across the surface of the sample, while voltages below it were lower.
Baffles inside the insulated chambers were positioned to direct air flow, creating a
pattern to compliment natural convective air flow patterns. ASTM literature for hot
box apparatuses have standardized the air flow patterns in these systems, which
was followed in the Modified Hot Box (ASTM International C-1363, 2011). A photo
of the baffle setup was presented in Figure 3.5. Testing the effects of wind speed
on sensor measurements helped define best measurement practices.
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Effects of Contact Pressure on Measured Thermal Conductivity: Experimental

Thermal conductivity measurements were thought to be influenced by the
quality of the contact between the HFT and sample. In this regard, if the sensor
did not rock on the specimen, or the surface of the sample had no visible pores, it
was termed to have good contact quality. Heat sink compound, when applied to
the surface of the sample, was able to fill in visible pores and also to create a
surface that the sensor did not rock on due to surface imperfections. From Section
1.6, it was shown that the contact pressure between two bodies changes the
thermal contact resistance by changing the true contact area. This test was meant
to supplement observations that were reported in Section 4.4, in that it was
believed thermal heat sink compound allowed for more contact between HFT and
sample. The analog of this observation is measuring the thermal conductivity as a
function of pressure.
The effects of contact pressure on the recorded thermal conductivity were
measured using a Netzsch HFM 436 Lambda Thermal Conductivity Analyzer. The
sample used was a 25 mm thick piece of high density polyethylene (HDPE). The
sample is placed horizontally inside the Netzsch HFM 436. The sample in this
study had a thin silicone rubber pad placed on the top and bottom of the sample,
making contact with upper and lower HFT’s. The Netzsch HFM 436 Lambda had
previously been calibrated for testing rigid sample with the silicone rubber pads as
recommended by the manufacturer. The Netzsch HFM 436 Lambda was equipped
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with an LVDT (Linear Variable Differential Transformer) to determine the absolute
position of the heat flux transducers, which was important to determine the
specimen thickness.
The Netzsch HFM 436 Lambda had a preset maximum loading from the
factory that was exerted on the sample which was known to be 21 kN according to
manufacturer specifications. In the case of the HDPE, it was a rigid specimen and
can be assumed that the change in thickness due to strain is negligible. A thermal
conductivity run was performed at each LVDT voltage step so that the most stable
reading of thermal conductivity could be produced.
Thermal stability of the Netzsch HFM 436 Lambda was controlled by an
algorithm that minimized variation in the measurement between sampling points,
which was set at 0.1 % tolerance between 60 second samples. The Netzsch
Lambda 436 was programmed for a 24 °C mean temperature and 20 °C
temperature gradient across the sample. Several runs were performed by stepping
the load manually on the sample from a relative maximum (where the upper HFT
stops when in contact with the sample), to lower levels of force (incrementally
backing the HFT off the sample), which produce a recordable change in voltage
on the LVDT. The LVDT voltage was recorded, as well as the measured thermal
conductivity, and is presented in Table 3.2. Higher LVDT voltages represent
lowered sample contact pressure.
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Table 3.2: Measured thermal conductivity versus LVDT voltage as measured by
Netzsch 436 HFM Lambda
Effects of Measured Thermal Conductivity by Varying LVDT Voltage
Run

LVDT Change in Voltage [mV]

1

0

2

2601

3

6085

4

14807

5

40928

The goal of this experiment was to determine if the measured thermal
conductivity was a function of the contact pressure, and thus contact area between
the sensor and sample. If the measured thermal conductivity decreases with lower
contact pressure between the HFT and sample, it will confirm that heat sink
compound is beneficial for measurement quality.
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Thermal Property Calculations

Calculating the material specific thermal properties require basic
measurements performed to allow computation. Heat flow and temperature define
two parameters that must be measured to allow calculation of thermal conductivity.
Sample specific calculations may need thickness, density or surface area,
depending on the calculation being performed.
Thermal conductivity, a material property, requires measuring the heat flow,
temperature and thickness. The thermal conductivity equation is described as:
𝑘𝑘 =

𝑄𝑄"∗𝑥𝑥
∆𝑇𝑇

Eq. 3.1

where 𝑄𝑄" is the heat flow, 𝑥𝑥 is the distance the heat flow is travelling and ∆𝑇𝑇 is the

temperature differential between 𝑥𝑥1 and 𝑥𝑥2 . In the case of the Modified Hot Box, 𝑥𝑥
is the sample thickness. In this thesis, units are reported as [W/m*K].

Thermal conductance is a sample property, and differs slightly from the
thermal conductivity. The thermal conductance equation is expressed as:
𝐶𝐶 =

𝑄𝑄"

∆𝑇𝑇

=

𝑘𝑘
𝑥𝑥

Eq. 3.2

where 𝑄𝑄" is the heat flow, 𝑥𝑥 is the distance the heat flow is travelling, ∆𝑇𝑇 is the

temperature differential between 𝑥𝑥1 and 𝑥𝑥2 , and 𝑘𝑘 is the thermal conductivity. In this
thesis, the units are reported as [W/m²*K].
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Thermal resistance is the reciprocal of thermal conductance. It is also a
sample property. The thermal resistance equation is expressed as:
𝑟𝑟 =

∆𝑇𝑇
𝑄𝑄

=

1

=

𝐶𝐶

𝑥𝑥

Eq. 3.3

𝑘𝑘

where ∆𝑇𝑇 is the temperature differential between 𝑥𝑥1 and 𝑥𝑥2 , 𝑄𝑄" is the heat flow, 𝑥𝑥 is

the distance the heat flow is travelling, 𝐶𝐶 is the thermal conductance and 𝑘𝑘 is the
thermal conductivity. In this thesis, the units are reported as [m²*K/W].

Measuring heat capacity was carried out in virtually the same manner as
before, with slight variations. Heat capacity at constant pressure is generally
defined as:
𝑐𝑐𝑝𝑝 =

𝑚𝑚∗∆𝑇𝑇

Eq. 3.4

𝑄𝑄𝑇𝑇

where 𝑚𝑚 is the sample mass, 𝑄𝑄𝑇𝑇 is the thermal energy added, and ∆𝑇𝑇 is the
temperature response from adding 𝑄𝑄 thermal energy.

Using HFT’s to measure heat into the sample requires measuring the net

heat added or lost. This requires knowing the heat flux, 𝑄𝑄" and the surface area

exposed to induce temperature change. Some assumptions were made, however,
that heat flux going into the surround was 𝑄𝑄" = 0 W/m². Secondly, equal heat flow
is going into both exposed faces of the sample. The total heat flow going into the
sample is then described as:
𝑡𝑡

𝑡𝑡

𝑄𝑄𝑇𝑇 = 𝑄𝑄1 + 𝑄𝑄2 = 𝑆𝑆𝑆𝑆 ∗ �∫𝑡𝑡 𝑓𝑓 𝑄𝑄1" 𝑑𝑑𝑑𝑑 + ∫𝑡𝑡 𝑓𝑓 𝑄𝑄2" 𝑑𝑑𝑑𝑑�
𝑖𝑖
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𝑖𝑖

Eq. 3.5

where 𝑄𝑄1 is the calculated net heat that went into exposed face one, 𝑄𝑄2 is the

calculated net heat into exposed face two, 𝑄𝑄1" is the heat flux going into exposed

face one, and 𝑄𝑄2" is the heat flux going into exposed face two, 𝑡𝑡𝑖𝑖 is the start time of
the integration, and 𝑡𝑡𝑓𝑓 is the end time of the integration. This calculation also

assumes that the time 𝑡𝑡𝑖𝑖 and 𝑡𝑡𝑓𝑓 mark end points and start points of quasi-steady
state behavior. This thesis reports the heat capacity as [J/kg*K].

Lastly, thermal diffusivity a ratio that describes the area per time that
thermal heat can diffuse through a material. The thermal diffusivity equation is
described as:
𝛼𝛼 =

𝑘𝑘

𝜌𝜌∗𝐶𝐶𝑝𝑝

Eq. 3.6

where 𝑘𝑘 is the thermal diffusivity, 𝜌𝜌 is the bulk density and 𝐶𝐶𝑝𝑝 is the heat

capacity at constant pressure. In this thesis, units are reported as [mm²/s],
however, it is important to note that it is interchangeable with units of [1*10-6 m²/s].
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Statistical Modelling and Considerations

Verification of the Modified Hot Box employed statistical models to correlate
observed measurements with practical, suggested values using regression
techniques. In the case of linear regression, a dependent variable is correlated to
an independent variable. A linear model is usually considered a good predictor of
correlation if the correlation coefficient, R2 approaches unity. Employing a
transformation technique to linearize the relationship can greatly simplify a
statistical model. A common and powerful technique is the Box-Cox
transformation, which transforms a variable to potentially make a linear model
possible. The Box-Cox transformation has the following form:

𝑔𝑔(𝑦𝑦𝑖𝑖 ) =

𝑦𝑦𝑖𝑖𝜆𝜆 −1
𝜆𝜆

Eq. 3.7

where 𝑔𝑔(𝑦𝑦𝑖𝑖 ) is the transformed variable, 𝑦𝑦𝑖𝑖 is the variable to be transformed and

lambda λ is a constant, which is the power of the transform on the response
variable (Buthmann). This technique is useful for taking non-normal data and
transforming it so that is has a normal distribution (Buthmann; Ting & Tetsuya).
The Box-Cox Transformation is used to find an optimal power between -5
and +5 to transform the variable by finding the value of lambda that produces the
smallest residual sum of squares. A non-normal distribution with right skew is
shown in Figure 3.7. By using a Box-Cox Transformation on the data in Figure 3.7,
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an optimal value for lambda can be found by selecting the value for lambda that
produces the smallest standard deviation.

Figure 3.7: Non-normal distribution that is skewed to the right (Buthmann)
In practice, rounded integer values are used for lambda to simplify calculations.
When transforming the dependent variable, the resultant effect on the data can be
a linearized response, however is not a guarantee The standard deviation versus
lambda plot presented in Figure 3.8 shows where the minima occurs. The
optimized data presented in Figure 3.9 shows the transformed data from Figure
3.7, that, through a Box-Cox transformation has been deskewed.
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Figure 3.8: Standard deviation versus lambda for the data presented in Figure
3.5 (Buthmann)

Figure 3.9: Transformed data from Figure 3.5 with lambda=-1 (Buthmann)
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Using the Box-Cox transformation does not guarantee normality, leaving normality
to be checked post transformation.
In validating the Modified Hot Box, different regression techniques such as
linear and multiple linear regression were also investigated. Multiple linear
regression (MLR) was investigated for calibrating transient measurements such as
thermal diffusivity and heat capacity. The MLR model was abandoned due to
complexity and poor fitment when testing heat capacity and thermal diffusivity of
test specimens (non-calibration specimens) Using a single variable linear
regression, however, was much more attractive due to simplicity and intuitiveness.
Most data that was collected did not have a normal distribution, and thus was not
well suited for a single variable linear regression. The Box-Cox transformation was
successfully employed in linearizing thermal diffusivity data, allowing for single
variable calibration. Details are found in Chapter Four.
Another method of regression is the Cauchy linear regression. This
regression technique is considered robust (Liu & Tao, 2014), and is a regression
technique that is best applied when data is noisy (Liu & Tao, 2014). Robustness in
statistics generally defines how well a parameter can resist skew. For instance, the
mean is more susceptible to skew (non-normality in the distribution) than the
median, which is more robust (resistant) against skew. A general linear model has
the form:
𝑦𝑦𝑖𝑖𝑗𝑗 = 𝜇𝜇 + 𝜏𝜏𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑗𝑗
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Eq. 3.8

where µ is the population mean, τ is an effect from population i, and ε is the random
deviation of yij from the jth observation from population i. The random error term ε,
follows a normal distribution, as presented in Figure 3.10. In a Cauchy linear
regression, the error term follows a Cauchy distribution that is presented in Figure
3.11. The Cauchy distribution has a broader curve than the normal distribution,
making it much more robust to outliers (Liu & Tao, 2014).

Figure 3.10: The Normal distribution function (NIST, a)
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Figure 3.11: The Cauchy distribution function (NIST, b)
Statistical software packages such as JMP can perform a Cauchy linear
regression and are acceptable for when the proportion of outlier is less than 50%
(JMP, 2015). Models are only useful if they can predict behavior, and must be used
judiciously, as error propagates rapidly once outside the zone of calibration (Ott &
Longnecker, 2010). As described by Ott and Longnecker, the extrapolation penalty
is a zone of uncertainty around a regression, which is given by:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =

(𝑥𝑥𝑛𝑛+1 −𝑥𝑥̅ )2
𝑆𝑆𝑥𝑥𝑥𝑥

Eq. 3.9

where the term 𝑥𝑥𝑛𝑛+1 is the value of the n+1 term, 𝑥𝑥̅ is the sample mean, and 𝑆𝑆𝑥𝑥𝑥𝑥 is

the sum of sqared deviations. The extrapolation penalty increases with the degree
of extrapolation (Ott & Longnecker, 2010). The extrapolation penalty is why
regression models are limited in their ability to predict significantly outside the
region of the regression.
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Single variable linear regression techniques were chosen over MLR
techniques for simplicity and intuitive use. Using the Box-Cox transformation, the
data was normalized for fitting a linear regression on thermal diffusivity data. The
Cauchy linear regression was successfully fitted on thermal conductance data.
These statistical considerations mark important concepts in the calibration of the
Modified Hot Box and are discussed in detail in Chapter Four.
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Sample Preparation for Testing in the Modified Hot Box

Sample preparation is an important consideration of any technique to
ensure accurate data and repeatability. The types of materials the Modified Hot
Box was designed to test are nearly square in shape, with specimens at most 8
inches square and less than 1.5 inches thick. Most importantly, samples should
have consistent thickness for ideal heat flow sensing by the HFT’s. Specimens
were grouped into four categories for sample preparation. The available,
standardized testing configurations are presented in Table 3.3.

Table 3.3: Specimen groups for preparation
Group

Surface Finish /
Specimen

Sample desirability

A

Rough, monolithic

Good

B

Surface ground, semimonolithic

Better

C

Surface ground,
monolithic

Best

D

Other, special cases

Variable

Specimens were always encased in an appropriately sized holder made from
expanded polystyrene rigid foam board (XPS). The sample holder was at least the
same thickness as the specimen, but in some cases was slightly thicker. Fit around
the specimen was tight and without visible air gaps between the specimen and
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holder. This assisted to create one dimensional heat flow between the exposed
sample faces. A thin bead of hot glue or silicone caulk can be applied at the edges
of the specimen where it makes contact with the holder to minimize any air
leakage. A layer of acrylic tape may also be used in place of the hot glue, however,
hot glue was preferential since it conforms better to imperfections in the boundary
layer between sample and sample holder. The HFTs and RTDs were fixed to the
sample surface using thin strips of fabric tape. This fabric tape is officially known
as gaffer tape and has a light adhesive. This tape was chosen since it does not
damage the finish of the HFT sensors and is easily removable without leaving
residue behind. A drawing of a generic test setup is presented in Figure 3.12.
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16.25”

8”

Figure 3.12: Minor sample holder with test specimen showing sensor placement
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Group A: Preparing a Specimen that is Monolithic with Rough Surface Finish

A concrete masonry unit (CMU) that had a rough surface texture was tested
for thermal conductivity, thermal diffusivity and heat capacity. The sensor setup
presented in Figures 3.6 and 3.12 was used. The CMU had been wet cut with a
diamond saw. The surface was flat to the touch and had some observable
waviness. ASTM C177 and C518 (ASTM International C-177, 2013a; ASTM
International C-518, 2015b) recommend that surface treatments should be
performed to ensure good thermal contact between the HFT and sample. Heat
sink compound was used to help smooth the surface of the sample. The heat sink
compound was a zinc oxide type thermal heat sink compound with a manufacturer
reported thermal conductivity of 0.67 W/m*K (Dow Corning Corporation, 2016).
The thermal heat sink compound was also very viscous, with a manufacturer
reported dynamic viscosity of 542 Pa*s (Dow Corning Corporation, 2016). This
heat sink compound was chosen because it was readily available in the lab. Figure
3.13 presents a photo showing a small and very thin layer of Dow Corning 340
Silicone Heat Sink Compound applied to the CMU sample surface. Figure 3.14
presents a close up photo of the heat sink compound and sample.
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XPS
7”

Heat
Sink
Compound

CMU

Figure 3.13: CMU-A in an XPS holder. Heat sink compound was used to fill
surface pores.
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CMU

1.13”

Heat Sink Compound

Figure 3.14: The heat sink compound created a smoother surface compared to
the untreated CMU surface.
In practice, it was found that HFT was susceptible to scratches. Acrylic tape was
placed over the heat sink compound to act as a protective layer for the HFT. The
acrylic tape was thin, which was assumed to have negligible effect on the
measured thermal resistance of the sample..
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The next step involved mating the HFT to the surface of the acrylic tape.
Thin strips of fabric tape were applied to the edges of the HFT to hold it onto the
sample surface. As presented by the photo in Figure 3.15, a small drop of heat
sink compound was applied to the surface of the CMU next to the HFT, and a
small, circular piece of Kapton tape was applied on top of the heat sink compound.
Kapton tape was used to keep the RTD clean from the heat sink compound, and
was used for its size and availability in the lab. Figure 3.16 presents a photo
showing the specimen with sensors in final placement and the specimen loaded
into the Modified Hot Box.
XPS
7”
HFT

Heat Sink
Compound
under
Kapton
Tape
Kapton
Tape

Fabric
Tape
CMU

Figure 3.15: The Kapton tape is placed where the RTD will be placed
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XPS
7”

CMU

HFT

RTD
Under
Fabric
Tape

Fabric
Tape
Figure 3.16: CMU-A is inserted into the Modified Hot Box with sensors in final
positions
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Group B: Preparing a Specimen that is Semi-Monolithic with Ground Surface
Finish

Group B samples were usually residential fired clay brick that have
geometries that are too small to test independently, thus requiring the most
extensive sample preparation. For standard size residential bricks, the size was
about 2-¼ inches in height by 7-½ inches in width by 4 inches thick. To prepare for
a standardized size, the faces of the brick were cut off to produce a piece about ½
inch in thickness, 2 inches in height and 7 inches in width. Surface grinding the
specimen on the faces and edges produced smooth surfaces that allowed for
acceptable contact between the brick faces and HFT’s, and between the brick
edges. A generic test setup scheme for a Group B test specimen is demonstrated
in Figure 3.17.
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6”

Joint

16.25”

7”

16.25”

Figure 3.17: Generic test setup for a semi-monolithic, Group B specimen
At the joint between bricks, a thin layer of Dow Corning 340 Heat Sink Compound
was applied to create an air tight joint and to aid in one dimensional heat flow The
heat sink compound was smoothed sufficiently to make the joint as thin as
possible, while maintaining a complete seal between the bricks. Figure 3.18
presents a close up photo of the joint
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1.34”

0.65”

Heat
Sink
Compound

Brick Face

Figure 3.18: Heat sink compound on brick joint
The bricks were then stacked together and placed in an extruded
polystyrene foam board (XPS) holder to reduce heat loss through the edges and
force one dimensional heat flow. Fabric tape was wound around the samples to
help hold them in place during insertion into the XPS holder. Similar to the
preparation for CMU A as presented in Figure 3.13, a thin layer of heat sink
compound was spread under acrylic tape. Heat sink compound and Kapton tape
were not applied under the RTD in this setup. The HFT’s were placed staggered
on the middle brick, slightly to the side of the vertical center line. RTD sensors were
placed in the center of the sample on both faces. The final sensor deployment for
a brick sample is shown in the photo presented in Figure 3.19.
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6.3”

HFT

RTD Under
Fabric Tape

6.5”

Joint

Figure 3.19: Sensor placement for a Group B specimen
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Group C: Preparing a Specimen that is Monolithic with Ground Surface Finish

Group C samples were large, monolithic samples that have been surface
ground to produce a smooth surface finish and have a square to near-square
surface geometry. The size of the specimen can approach 8 inches square and up
to 1.5 inches thick. Concrete masonry units and some special fired clay brick types
were put into this category. The CMU seen in the photos presented in Figures
3.13-3.16underwent a surface grinding treatment. The surface grinding treatment
produced a very smooth surface finish. A photo of the surface ground CMU is
presented in Figure 3.20.

XPS

CMU

7”

Figure 3.20: CMU-A post-surface grinding treatment
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Group C specimens were similar to the treatments for group B specimens.
The sensor placement scheme as presented in Figure 3.12 was used. Heat sink
compound was applied to aid in the surface contact with the HFT, while acrylic
tape was applied over the heat sink compound to protect the sensor from
scratches. The sample, CMU C, which had been surface ground, had heat sink
compound and a layer of acrylic tape applied and is presented in Figure 3.21.

CMU
Heat
Sink
Compound

Figure 3.21: CMU-C post surface grinding treatment with heat sink compound
applied
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Group D: Preparing for Special Specimens

Special specimens were samples that may not have ideal geometries and
usually did not require special surface treatments. Fused silica discs, extruded
polystyrene foam board (XPS), acrylic and HDPE sheeting were materials that fell
into this category. All of the samples except XPS had exceptionally smooth surface
finishes and required no special treatments. XPS had unique challenges for testing
due to its very low thermal conductivity (Al-Ajlan, 2006). Since the specimen had
a high thermal resistivity, thermal contact resistance was neglected (Tleoubaev &
Brzezinski, 2008). Surface imperfections caused by the extrusion process were
assumed to be negligible for testing purposes. Other specimens that were less
thermally resistive could not have surface imperfections neglected. The fused silica
was a disc shaped plate, approximately 6 inches in diameter and ½ inch thick with
a very smooth surface. Acrylic and HDPE samples were square in shape, 8 inches
square with consistent thickness and very smooth surfaces. Due to the surface
finishing, stacking of specimens was possible to acquire data with differing
thickness since air was assumed to not be trapped in significant quantities between
specimens. Acrylic and marble samples were tested in a stacked configuration.
Acrylic samples that were stacked were fixed with fabric tape at the edges
to ensure good contact between pieces. A semi-monolithic piece of acrylic was
made by stacking four 5 mm thick pieces of acrylic to create a 20 mm thick sample.
5 mm and 20 mm samples were used as reference materials for the calibration.
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The marble placed in a stacked configuration had a very thin layer of thermal heat
sink compound applied between the surfaces to reduce thermal contact resistance.
This was done mainly because of marble being a porous material. In the case of
the marble sample, thermal contact resistance could not be neglected. The marble
specimen had a thermal conductivity that was higher than most of the other
specimens and was thin. Therefore, it was assumed that the thermal contact
resistance was approaching a value similar to the specimen’s thermal resistance.
As with the acrylic specimens, fabric tape was wound around the edges of the
stacked marble sample to keep the pieces in good thermal contact with each other.
With Group D specimens, a typical sensor mounting scheme as presented
in Figure 3.12 would be used. A very fine surface finish allowed for the HFT
sensors to be directly mounted to the sample surface without any heat sink
compound or acrylic tape. In the case of small samples where the widest face was
less than 7 inches in width, sensor placement was carefully chosen to have
minimal overlap. This was done to minimize warpage of the heat flow at the edges,
aiding in one dimensional heat flow. In summation, some knowledge of the material
beforehand was necessary to know how to treat the sample for testing.
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Heat Capacity Measurement by Calorimetry: Experimental

Heat capacity measurements were obtained on 11 different materials from
103 independent tests. The tests were performed in a climate controlled laboratory
environment at 23 °C. Heat capacity (𝐶𝐶𝑝𝑝 ) was calculated from the equation
𝑄𝑄 = 𝑚𝑚 ∗ 𝐶𝐶𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥

Eq. 3.10

where 𝑚𝑚 is the sample mass, 𝑄𝑄 is the sample energy, and 𝛥𝛥𝛥𝛥 is the change in

temperature. As the sample interacts with the fluid bath, the change in heat of the
fluid bath must equal the change in heat of the sample. By knowing the heat
capacity and mass of the fluid, heat capacity of the sample could be calculated.
Most samples were cut into cubic shapes approximately one cubic inch
(2.53 cm3), with the exception of gypsum, acrylic, and fused quartz samples.
Samples were weighed on a calibrated Sartorius CP224S laboratory scale with
resolution of 0.0001 g. The testing apparatus was a generic calorimeter with an
aluminum cup to hold the sample. The aluminum cup was held in place by retaining
ring made from extruded polystyrene foam board, and encapsulated by an outer
aluminum walled containment vessel. Aluminum cup was not in contact with
anything other than the XPS foam board ring. Samples were heated to 65.0 °C
and 86.0 °C respectively in an uncalibrated laboratory convection oven. Oven
temperatures were verified by a calibrated Omega CL 25 Calibrator-Thermometer
with resolution of 0.1 °C using a T-type thermocouple. Samples that were heated
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in the oven were placed on heated bricks. This was assumed to help maintain
thermal equilibrium of the samples during periods where the oven door was
opened for sample retrieval. Heated samples were moved from the oven and
quenched in a room temperature fluid bath retained in the calorimeter. The time to
transfer a sample from the oven to the fluid bath was estimated to be one second.
Fluid temperature was monitored using a T-type thermocouple attached to the
calibrated Omega CL25 Calibrator Thermometer. The fluid bath was stirred using
a VWR Standard Analog Shaker, set to a speed below half-maximum to
homogenize the fluid temperature in contact with the sample and cup.
Measurements taken to calculate the sample heat capacity involved mass of the
fluid, mass of the sample, temperature of the sample initially, final temperature of
the sample/fluid, and the initial temperature of the fluid. Assumptions were made
in the calculations of heat capacity; First, the cup was aluminum with heat capacity
0.908 J/g°C, Second, the sample was at the set temperature of the oven upon
entering the fluid bath, Third, the fluid and cup are at thermal equilibrium initially,
and lastly, the cup, fluid, and sample had the same final temperature. Pictured in
Figure 3.22 are the Omega CL 25 Thermometer Calibrator, Simple Calorimeter
and the VWR Standard Analog Shaker.
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Figure 3.22: Left: Omega CL25 Thermometer Calibrator, Middle: Simple
Calorimeter, Right: VWR Standard Analog Shaker
To calculate the heat capacity of the materials, a modified version of
Equation 3.10 was used. The modified heat capacity equation is described as:
𝑄𝑄𝐹𝐹 = 𝑄𝑄𝑆𝑆

𝑚𝑚𝐹𝐹 𝐶𝐶𝑃𝑃 𝐹𝐹 𝛥𝛥𝑇𝑇𝐹𝐹 = 𝑚𝑚𝑆𝑆 𝐶𝐶𝑃𝑃 𝑆𝑆 𝛥𝛥𝑇𝑇𝑆𝑆
𝐶𝐶𝑝𝑝 𝑆𝑆 =

𝑚𝑚𝐹𝐹 𝐶𝐶𝑃𝑃 𝐹𝐹 𝛥𝛥𝑇𝑇𝐹𝐹
𝑚𝑚𝑆𝑆 𝛥𝛥𝑇𝑇𝑆𝑆

Eq. 3.11
Eq. 3.12

Eq. 3.13

where 𝑄𝑄𝐹𝐹 is the net heat gained or lost by the fluid, 𝑄𝑄𝑆𝑆 is the net heat gained or lost

by the sample, 𝑚𝑚𝐹𝐹 is the mass of the fluid, 𝑚𝑚𝑆𝑆 is the mass of the sample, 𝐶𝐶𝑃𝑃 𝐹𝐹 is the
heat capacity at constant pressure of the fluid, 𝐶𝐶𝑃𝑃 𝑆𝑆 is the heat capacity at constant

pressure of the sample, 𝛥𝛥𝑇𝑇𝐹𝐹 is the change in temperature of the fluid and 𝛥𝛥𝑇𝑇𝑆𝑆 is
the change in temperature of the sample. Table 3.4 describes some example data.
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Table 3.4: Testing conditions for heat capacity measurements of acrylic with
recorded masses, temperatures and calculated heat capacities
Fluid
Bath

Water

Acrylic (n=20)

Sample
ID/No.
Samples

Fluid
Mass [g]

Sample
Mass
[g]

Fluid
Temp
(Initial) [C]

Sample
Temp
(Initial) [C]

Fluid
Temp
(Final) [C]

Calculated Heat
Capacity (Cp)
[J/kg*K]

Heat Capacity
Variation ±
[J/kg*K]

50.1722

2.9501

23.7

86.0

24.6

1280

124

50.7170

2.9728

23.7

86.0

24.6

1280

124

50.0850

10.6656

23.9

86.0

27.2

1280

124

50.4586

3.5980

23.6

86.0

24.7

1290

102

50.3951

3.7603

23.8

86.0

25.0

1350

97.3

41.9564

2.9501

23.4

86.0

24.5

1350

107

38.3618

2.9728

23.2

86.0

24.5

1470

98.7

57.0031

10.6656

22.8

86.0

26.1

1470

71.2

27.4039

3.5980

23.2

86.0

24.7

1100

64.2

37.2375

3.7603

23.6

86.0

25.1

1330

76.7

36.7680

2.9501

23.2

86.0

24.5

1440

96.4

30.8545

2.9728

23.2

86.0

24.6

1350

84.3

36.8632

10.6656

23.5

86.0

27.9

1430

25.7

45.1222

3.5980

23.6

86.0

25.0

1500

92.7

37.4289

3.7603

23.9

86.0

25.5

1430

77.2

51.4985

2.9501

23.6

65.0

24.2

1310

189

48.3109

2.9828

23.2

65.0

24.0

1630

176

33.5889

10.6656

23.3

65.0

26.5

1460

33.9

54.9691

3.5980

22.9

65.0

23.7

1490

160

38.0326

3.7603

23.5

65.0

24.6

1490
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Initial batches of samples had higher sample mass to fluid volumes ratios.
Optimizations were performed to minimize the spread of measurement error. By
calculating the extreme cases of the measured heat capacity using known or
assumed tolerances, the measurements could be optimized. Table 3.5 lists the
resolutions of the various instruments used in measuring the samples. Water was
the exception to the rule, since there was detailed information in the literature on
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the heat capacity of water at various temperatures (CRC Press, 2005) making
extrapolation possible.

Device

Device Purpose

Resolution or
Assumed
Heat Capacity

Uncertainty

Mettler

Weighing

0.0001 g

(+/-)0.00005 g

Omega CL 25

Thermometer

0.1 C

(+/-)0.05 C

Lab Oven

Sample Heating

1C

(+/-)0.25 C

Cup

Heat Sink

0.908 J/g*K

(+/-)0.1 J/g*K

Fluid-Water

Heat Sink

~4.180 J/g*K

Dynamic, not considered

Fluid-Kerosene

Heat Sink

2.01 J/g*K

(+/-)0.01 J/g*K

The kerosene used was an unknown grade, with an assumed uncertainty
of ± 0.01 J/g K. The calorimeter cup was an unknown grade of aluminum, having
an assumed heat capacity uncertainty of ± 0.01 J/g K. In these measurements, the
amount of fluid used was suspected to be the largest source of measurement error.
With the exception of the acrylic samples, the fluid bath had enough volume to
cover the top of the sample. Due to the geometry of the acrylic pieces, a suboptimal amount of water was necessary for testing. The amount of water used for
the acrylic samples made the sample mass to water volume ratio too high, which
made consistent measurements difficult to attain.
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The calculated heat capacity results were checked against literature values
when possible. Heat capacity values obtained from the calorimeter method were
used as a secondary source for heat capacity, and were not used in calibration
calculations. Gypsum, acrylic, HDPE, fused silica and CMU samples were
compared to literature values. Agreement with values found in the literature were
used to validate the method described in this section.
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Measurement of Known Samples for Calibration Purposes: Experimental

Several different material types were tested by the Modified Hot Box for
calibration purposes. Samples of Acrylic, gypsum, HDPE, fused silica and Carrara
marble were used as reference materials for calibration of thermal conductivity.
For heat capacity calibration, reference materials were acrylic, HDPE, fused silica,
and Carrara marble. The acrylic, HDPE, fused silica and Carrara marble had
exceptionally smooth and reflective surface finishes. For the purposes of
calibration, literature values were used for thermal conductivity and thermal
diffusivity to act as a guide for thermal property data. Tabulated in Table 3.6 are
the measured density, thickness and surface area values for the calibration
specimens. The calibration samples were equilibrated in a climate controlled
environment for a last one day before testing.
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Table 3.5: Calibration specimen physical property data
Material Description

Density
[kg/m3]

Thickness
[m]

Surface Area
[m2]

Specimen
Prep Routine

Acrylic-5 mm

1180

0.00515

0.042

D

Acrylic-20 mm

1180

0.02051

0.041

D

Gypsum-12 mm

626

0.01260

0.044

D

HDPE-10 mm

954

0.00963

0.042

D

HDPE-25 mm

961

0.02540

0.042

D

Fused Silica-12 mm

2200

0.01272

0.018

D

Marble-10 mm

2690

0.00988

0.044

D

Marble-20 mm

2690

0.01985

0.044

D

Samples were prepared for testing based on the specimen preparation
routine as previously described. For thermal property testing, samples were first
subjected to “dynamic cycling” conditions. Dynamic cycling conditions are
described as having the temperature of both chambers stepping from one
temperature to another over a period of time, and having it return back to that initial
temperature over the same length of time. The temperature of the insulated
Modified Hot Box chambers started at 24.0 °C, where it ran for one hour. At the
end of one hour, the temperature stepped from 24.0 °C to 19.0 °C, where it was
held for one hour until the cycle was repeated. Figure 3.23 presents a time plot of
the temperature response of heating and cooling profile curves.
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Figure 3.23: Heating and cooling profile curves. Red curve denotes heating, and
blue curve denotes cooling.
The curve shows that in heating, the sample surface heated from 19 °C to 29 °C
in roughly 500 seconds, while cooling from 29 °C to 19 °C took almost twice as
long. Presented in Table 3.7 are the twelve temperature cycles of the dynamic
cycling conditions.
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Table 3.6: Heat capacity testing cycle for the Modified Hot Box
Modified Hot Box Heat Capacity Testing Cycle
Cycle [n=1]

Hot Side Temp [°C] Cold Side Temp [°C] Duration [s]
24.0

24.0

2

19.0

19.0

n (Odd Cycle)

24.0

24.0

n+1 (Even Cycle)

19.0

19.0

11

24.0

24.0

12

19.0

19.0

3600

1

The dynamic cycling presented in Table 3.7 were used for heat capacity
calculation. Heat flow and temperature as a function of time were measured to
allow calculation of the sample’s heat capacity. Heat flux in heating and cooling
regimes was plotted, and is presented in Figure 3.24.
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Figure 3.24: Measured heat flux as a function of time
Net heat flow into the sample was calculated by integrating the area under the heat
flux curve and multiplying by the surface area of the exposed face of the sample.
Details of these calculations are shown in Section 4.4.2.

Upon completion of the heat capacity measurements, thermal conductivity
testing was performed, and is described as “static cycling”. A temperature gradient
of 10.0 °C across the surface of the sample was used as a set point with a mean
temperature of 24.0 °C across the sample. The thermal conductivity is termed
static cycling because the run is two, one hour cycles with the cold side of the
Modified Hot Box set at 19.0 °C and the hot side set at 29.0 °C. These cycles are
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performed sequentially, with the total time to perform the dynamic cycling and
static cycling runs being 14 hours.
Thermal conductivity testing was chosen to be performed towards the end
of the run, where air-stream temperatures were more extreme and might degrade
adhesion of the fabric tape. Having the fabric tape lose tack can allow the HFT to
come off the sample, leading to possible measurement error. Testing conditions
are carried out in thermally controlled room maintained between 21.0 °C –
23.0 °C.
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Measurement of Test Samples for Calibration Validation: Experimental

Various, test materials were tested with the Modified Hot Box to analyze
their thermal properties. These materials were not used in calibration, and serve
as a check on the calibration of the Modified Hot Box. The materials tested are
listed in Table 3.8.
Table 3.7: Specimen property data for various samples
Density
Thickness Surface Area
Specimen
Material Description
3
2
[kg/m ]
[m]
[m ]
Prep Routine
XPS-25mm

31.0

0.0242

0.1700

D

Veneer Brick

2220

0.0159

0.0280

B

Veneer Brick Mortar

1860

0.0082

0.0170

D

Brick 5

2130

0.0164

0.026

B

CMU A

2000

0.0318

0.033

C

CMU B

2120

0.0318

0.031

C

CMU C

2110

0.0295

0.031

C

CMU D

2130

0.0269

0.031

C

SiC Refractory

2550

0.0256

0.041

B

The XPS sample followed a specimen routine as described by Group D Specimen
Preparation Routine. The surface area was larger than other samples since the
XPS had to fit into the sample holder. The veneer brick mortar also followed a
Group D routine. Thermal heat sink compound was used since the mortar had high
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surface porosity. The veneer brick mortar sample had a small surface area since
it was procured from a brick wall. The Veneer Brick Mortar sample was a Type-N
concrete, which is commonly used for masonry construction. Two separate pieces
were put together similar to what was presented in Figure 3.19. All samples were
tested in the same manner as the calibration specimens, which has been
described in Section 3.7.
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CHAPTER IV
RESULTS AND DISCUSSION
Prelude

The fourth chapter of this thesis introduces the results and discussion of
experiments presented in chapter three. The first two sections present and discuss
the findings of air velocity and contact pressure as a source of measurement
variability. The next section presents the results of the calorimeter experiments.
The next two sections present in depth results and discussion of the calibration
and validation of the Modified Hot Box. Lastly, the final section discusses the
limitations of the Modified Hot Box.
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Effects of Air Velocity on Measured Heat Flux and Temperature: Results

Sample CMU A showed small variations in measurement quality that varied
with the air velocity going over the sample and sensors. Time to heat the sample
decreased with an increase in fan voltage. As presented in the chart contained in
Figure 4.1, the time to reach peak temperature going from 19.0 °C to 29.0 °C was
1072 seconds at a fan voltage of 24 V, and 1512 seconds at a fan voltage of 12 V.

Time to Reach Max Temperature for Steady State
Measurement Regime
1600

1512

1476

Time to Peak Temp [s]

1500
1400

1252
1205

1300
1200

1072

1100
1000
900
800
24

21

18

15

12

Fan Voltage [V]

Figure 4.1: Time to reach peak observed surface temperature versus fan voltage
As the fan speed increased, the time to heat the sample decreased. This is
because as fluid velocity increases, more energy is able to be transferred through
convective heat transfer, leading to a decrease in heating time. Some error must
be attributed to the RTD because it sits on top of the sample surface, protruding

109

very slightly. It will experience a small difference in temperature compared to the
surface of the sample, mainly due to it having different thermal properties and
significantly lower mass than the samples it is measuring.
Heat flow was largely consistent while varying the fan voltage between
12 V and 24 V. As presented in Figure 4.2, a chart of the average measured heat
flow as a function of fan voltage is shown. Presented in Figure 4.3 is a chart of the
standard deviations of measured heat flow as a function of fan voltage.

Average Heat Flow During Steady State Regime
187.05

Fan Voltage [V]

12

198.38

15

197.03

18

200.89

21
191.57

24
180

185

190

195

200

Average Heat Flux (Q") [W/m²]

Figure 4.2: Average heat flow versus fan voltage
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205

Standard Dev. Heat Flux (q) [W/m2]

Standard Deviation of Heat Flux during Steady State
Measurement Regime
3
2.5
2
1.5
1
0.5
0
24

21

18

15

12

Fan Voltage [V]

Figure 4.3: Standard deviation of heat flux at different fan voltages
Minimum observed average heat flow occurred with the fans being supplied
with 12 V, producing a heat flow of 187.05 W/m2, and a surface temperature
differential of 9.82 °C. Maximum heat flow was observed with a supplied voltage
of 21 V, producing 200.89 W/m2, and a surface temperature differential of
10.01 °C. The difference between maximum and minimum heat flow was about 7.4
%. Heat flux stability was found to be minimized if the fans were operated at 18 V.
The stability was found to be consistent across the range of fan voltages at
voltages other than 18 V.
The instability measured by the HFT was also captured by the RTD and
Thermocouple temperature sensors. A chart of the standard deviations of air
stream and surface temperature are presented in Figure 4.4.
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Standard Deviations of Temperature during Steady State
Measurement Regime

Fan Voltage [V]

12

15
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24
0
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0.2

Standard Deviation of Temperature (T) [C]
Air Steam Del T

Surface Del T

Figure 4.4: Standard deviations of temperature measured on the sample surface
and in the air stream
Fans set at 12 V produced relatively high standard deviation of the sample surface
temperature which is comparable to what was observed at 18 V. The air-stream
temperature differential also fluctuated the second highest amount at 12 V, and
reflects what was captured by the RTD sensors on the sample surface. The
observed instability at 18 V was likely due to a transition from laminar to turbulent
flow The high variability at 12 V was most likely caused by insufficient airflow over
the sample, which made the PID unstable, and was not from turbulent airflow.
Air-stream and surface temperature differentials showed that the TEM’s had
to output more energy to meet the requested temperature as the fan voltage
decreased. At 12 V, the sample had a surface differential of 9.82 °C, and took an
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air-stream temperature differential of 38.75 °C to meet set points. At 24 V, the
surface differential was 10.00 °C and took a 33.10 °C temperature differential to
meet set points. As air flow velocity over the sample surface decreases, the TEM
must have a more extreme air-stream temperature differential, and can be seen
from the chart presented in Figure 4.5.

Temperature Differentials between Hot and Cold Sample
Surfaces
9.82
12

38.75

Fan Voltage [V]

10.08
15

38.26
10.04
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36.74
10.01

21

35.48
10.00

24

33.10
0

5

10

15

20
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35

40

Temperature Differential (T) [C]
Surface

Air Stream

Figure 4.5: Comparison of air-stream temperature differential and responding
sample surface temperature
As suggested through Figure 4.5, fan voltages below 15 V were not optimal for
higher conductance samples, as the temperature differential cannot reach set
point, and may risk damaging equipment by producing excessive heat on the hot
side of the Modified Hot Box.
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The changes in fan voltage produced largely consistent results for thermal
conductivity, thermal diffusivity and heat capacity. The results are listed in Table
4.1.

Table 4.1: Measured thermal properties of CMU-A while varying fan voltage
Fan
Voltage [V]

Thermal Conductivity
[W/m*K]

Thermal Diffusivity
[mm2/s]

Heat Capacity
[J/g*K]

12 V

1.33

0.978

884

Baseline
15 V

1.49

1.12

833

18 V

1.42

1.04

872

21 V

1.42

1.06

856

24 V

1.32

0.981

870

The thermal conductivity value at 15 V was in agreement with literature values as
described by the ACI Committee (ACI Committee). The thermal conductivity of
measured values and practical values from the literature are shown in Table 4.2,
with the statistical thermal property variation of the test results shown in Table 4.3.
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Table 4.2: Comparison of thermal properties values, measured versus practical
Source

Density [kg/m3]

Thermal Conductivity [W/m*K]

MeasuredModified Hot Box

2002

1.42

Practical Values

2084 (ACI Committee)

1.26 (ACI Committee)

Table 4.3: Standard deviations of thermal properties from Table 4.1
Sample Standard Deviations of Thermal Properties
Thermal Conductivity
[W/m*K]

Thermal Diffusivity
[mm2/s]

Heat Capacity
[J/kg*K]

0.071

0.059

19.5

The results presented in Table 4.3 suggest that the variation of air flow over
the sample produced minor variation in the corrected values. Overall, the effects
of fan speed seem to play only a minor role in sample measurement variability,
however, they should also produce sufficient air flow over the sample to reduce
peak temperature differentials.
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Effects of Contact Pressure on Measured Thermal Conductivity: Results

As previously mentioned, the use of heat sink compound to produce better
contact between sample and sensor resulted in a higher measured thermal
conductivity when compared with no heat sink compound. The Netzsch HFM 436
Lambda Thermal Conductivity Analyzer was equipped with the ability to move the
upper heat flux plate along the vertical axis to accommodate samples of different
thicknesses. It was observed that as the plate pressure decreased on the sample,
the measured thermal conductivity decreased as well. The results of the
experiment are presented in Figure 4.6.

Thermal Conductivtiy, Measured (k)
[W/m*K]

Measured Thermal Conductivity of HDPE using Netzsch
436 Lambda versus LVDT Voltage
0.3

0.28

0.26

0.24

0.22

0.2
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

Δ LVDT Voltage [mV]

Figure 4.6: Measured thermal conductivity versus LVDT voltage as measured by
Netzsch HFM 436 Lambda. Higher LVDT voltages indicate reduction of contact
with the sample.

116

The results observed in Figure 4.6 suggest that increasing LVDT voltage
corresponds to a decrease in force. This paralleled observed measurements in the
Modified Hot Box when porous samples such as the CMU had heat sink compound
added and when samples did not. Heat sink compound appears to allow increased
contact area between the sample and sensor in the observed test conditions. By
utilizing the Netzsch HFM 436 Lambda in this manner, our observations, along
with the literature, reinforce the importance of good contact between sensor and
sample for accurate measurement of heat flow.
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Heat Capacity Measurement by Calorimetry: Results

Heat capacity measurements were obtained on 11 different materials from
103 independent tests. The tests were performed in a climate controlled laboratory
environment at 23 °C. Heat capacity (𝐶𝐶𝑝𝑝 ) was calculated from the equation
𝑄𝑄 = 𝑚𝑚 ∗ 𝐶𝐶𝑝𝑝 ∗ 𝛥𝛥𝛥𝛥

Eq. 4.1

where 𝑚𝑚 is the sample mass, 𝑄𝑄 is the sample energy, and 𝛥𝛥𝛥𝛥 is the change in

temperature. As the sample interacts with the fluid bath, the change in heat of the
fluid bath must equal the change in heat of the sample. By knowing the heat
capacity and mass of the fluid, heat capacity of the sample could be calculated. A
complete set of results can be found in the Appendix A2. A tabulated version of
the results is presented in Table 4.4.
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Table 4.4: Results of heat capacity testing using calorimeter
Heat Capacity Statistics of Materials using Calorimeter [J/kg*K]
Sample Name

Gypsum

HDPE

Acrylic

Marble

SiC

Quartz

Samples

8

12

20

12

10

3

Avg Cp

1048

1838

1386

818

693

754

Median Cp

1061

1858

1389

819

693

761

St. Dev Cp Avg

89

69

102

21

7

14

Cp:Upper Limit

1095

1875

1486

837

701

777

Cp:Lower Limit

1002

1801

1286

800

684

754

Sample Name

Veneer Brick

Brick 5

CMU
A

CMU
B

CMU
C

CMU
D

Samples

12

12

6

6

6

6

Avg Cp

767

753

802

828

811

817

Median Cp

772

751

805

833

809

821

St. Dev Cp Avg

36

17

31

27

15

19

Cp:Upper Limit

803

776

821

845

828

833

Cp:Lower Limit

731

730

783

802

807

795

Upper and lower limits of the heat capacity measurements were calculated on a
worst case scenario basis. The upper limit of the heat capacity was calculated by
using the precision and tolerances from Table 3.6. As an example, the upper limit
was calculated from the measured change in heat 𝑄𝑄 being a relative maximum,
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the sample mass 𝑚𝑚 being a relative minimum, and the temperature differential 𝛥𝛥𝛥𝛥

being a relative minimum. For instance, the precision of the Omega CL-25
thermometer was 0.1 °C. There is the underlying possibility that a temperature that
reads 25.0 °C could actually be between 24.95 °C, and up to 25.04 °C.
Extrapolating further on this, If the temperature differential 𝛥𝛥𝛥𝛥 was recorded as

2.0 °C, it could actually be a temperature differential anywhere between 1.91 °C
and 2.09 °C, a 0.18 °C spread. These uncertainty calculations did not take into
account evaporation of water from the calorimeter, and do not take into account
instances where the sample did not reach an equilibrium condition.
The “measurement error” describes the proportion of the half range
deviation to the measured heat capacity, and is described as
% 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = �

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝐶𝐶𝑝𝑝
𝐶𝐶𝑝𝑝

+ 1� ∗ 100

1

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = ∗ �𝐶𝐶𝑝𝑝 𝑈𝑈 − 𝐶𝐶𝑝𝑝 𝐿𝐿 �
2

Eq. 4.2

Eq. 4.3

where 𝐶𝐶𝑝𝑝 is the measured heat capacity, 𝐶𝐶𝑝𝑝 𝑈𝑈 is the upper limit heat capacity, 𝐶𝐶𝑝𝑝 𝐿𝐿

is the lower limit heat capacity. Performing a regression found the percent error
equation to be:
% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

1

(1+206.526 𝑋𝑋)

, 𝑋𝑋 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

∗ 100

Eq. 4.4

A plot of the measurement error versus sample to water mass ratio is presented in
Figure 4.7.
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Measurement Error versus Sample/Water Mass Ratio
Error % (+/-) = 1 / (1 + 206.526 * 'Sample/Water Ratio')

Regression
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Figure 4.7: Measurement error for heat capacity samples tested in a calorimeter
versus the sample to water mass ratio
As presented in Figure 4.7, a 95% confidence interval is shown as well as a 95%
prediction interval. A prediction interval is a slight variation of the confidence
interval, and allows for wider deviations from the regression. The prediction interval
was able to capture most of the data points, which are more erratic when the
sample to water ratio was less than 0.4. This suggests using an amount of water
roughly twice the mass of a one-inch cubic sample will give a low measurement
uncertainty.
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Measurement of Known Samples for Calibration: Results

Steady State Calibration

Calibration of the Modified Hotbox required two separate calibrations to be
done; one for thermal conductivity and one for heat capacity. The need for two
separate calibrations was due to having two different heat transfer regimes, steady
state and transient. Sensing of heat flow and temperature are not equal between
steady state and transient, necessitating the two different calibrations. The thermal
conductivity calibration was based off a correction to the thermal conductance of
the sample as opposed to using a thermal resistance correction. A series of steps
were required to conclude this to be the most appropriate method for this
technique. For calibration, practical values were used which were derived from the
literature. In the case of thermal resistance/conductance, being sample properties,
the values calculated used literature values while accounting for the sample
thickness. These values can vary from technique to technique, but are usually
consistent when measuring homogenous materials. A graph of the measured
thermal conductivity data versus the suggested practical thermal conductivity
values is presented in a plot contained in Figure 4.8.
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Figure 4.8: Thermal conductivity, Practical versus Measured. The scale of the
graph is exaggerated to show deviation from linear behavior.
Uncorrected thermal conductivity measurements produced scattered and
non-linear deviation from the practical thermal conductivity values. Materials of the
same type and different thicknesses produced very different measured thermal
conductivities. This made a simple linear correction impossible, necessitating other
approaches to produce a reliable correction. A plot in Figure 4.9 presents the
suggested practical thermal resistance versus the measured thermal resistance.

123

Figure 4.9: Thermal resistance, Practical versus Measured. The Cauchy linear
regression places less weight on the data measured around 0.11 m²*K/W.
The thermal resistance correction equation was found to be:
𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = −.0300 + 1.0551 ∗ 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

Eq. 4.5

where 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the measured thermal resistance.

A Cauchy linear regression was used to correct the measured thermal

resistance value. This regression technique was chosen because of the data
producing a deviation from linear behavior, which is thought to have been caused
by poor sensor placement. The Cauchy linear regression is considered to be a
robust estimator (Liu & Tao, 2014), and places lower weight on data that has a
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high deviation from the regression. A plot was made using the corrected thermal
resistance versus the practical thermal resistance, and is presented in Figure 4.10.
Using this correction to the thermal resistance, the thermal conductivity was plotted
against the practical thermal conductivity values as presented in Figure 4.11.

Figure 4.10: Thermal resistance, practical versus corrected
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Figure 4.11: Plot of R-Value corrected thermal conductivity, practical versus
corrected
With thermal conductivity corrected by the thermal resistance correction,
measurement spread is noticeable, and was not negligible for an accurate
calibration. Rounding errors were suspected of causing uncertainty in the
regression. Since the scale of thermal resistance was between 0 and 0.2, thermal
conductance produces much larger values, up to 3 orders of magnitude greater,
due to the inverse relationship with thermal resistance. Thermal conductance was
then examined to see if a better fit was possible since the statistical software
package would be using large numbers instead of small numbers to produce a
regression fit. The practical thermal conductance values versus the measured
thermal conductance values contained in the plot presented in Figure 4.12 show a
logarithmic (natural log) relationship.

126

Figure 4.12: Plot of thermal conductance, practical versus measured. The
transformed variable is based on the natural logarithm.
A Box-Cox transformation was used to transform the independent variable,
practical thermal conductance. A linear regression was performed to obtain the
corrected thermal conductance equation:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑒𝑒1.3068596207+0.1266721382∗𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

Eq. 4.6

where 𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the measured thermal conductance. By applying the corrected

conductance to the general conductivity equation, the corrected thermal

conductivity equation is then:
𝐾𝐾𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
1
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Eq. 4.7

where 𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the specimen’s thickness across heat flux transducers, and
1

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

is the inverse of the corrected thermal conductance.
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Applying the thermal conductance correction to the thermal conductivity
correction allows for a corrected thermal conductivity plot to be produced. A plot of
the corrected the corrected thermal conductance versus practical thermal
conductance is presented in Figure 4.13. Using the corrected thermal conductance
values of the standards, the corrected conductivity was calculated using Equation
4.6. The results of this calculation are plotted, and are presented in Figure 4.14.
Lastly, a tabulated form of the corrected thermal conductivity values and their
relative difference from the literature values are presented in Table 4.5.

Figure 4.13: Plot of thermal conductance, practical versus corrected
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Figure 4.14: Plot of C-Value corrected thermal conductivity, practical versus
corrected
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Table 4.5: Comparison of thermal conductivity values between practical and
corrected values
Thermal Conductivity Values for Calibration Specimens [W/m*K]
Material Description

Literature

Corrected

Acrylic-5 mm

0.14

Acrylic-20 mm

% Difference

Reference

0.148

(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐿𝐿𝐿𝐿𝐿𝐿)
∗ 100
𝐿𝐿𝐿𝐿𝐿𝐿

5.7%

(Plaskolite)

0.14

0.145

3.8%

(Plaskolite)

Gypsum-12 mm

0.17

0.166

-2.2%

(Incropera et al.)

HDPE-10 mm

0.48

0.495

3.1%

HDPE-25 mm

0.476

0.428

-10.1%

Fused Silica

1.38

1.42

3.14%

Marble-10 mm

2.07

2.03

-1.89%

Marble-20 mm

2.07

2.15

3.69%

(UL
Laboratories)
(Quadrant
Plastics)
(Incropera et al.)
(Peirce &
Willson)
(Peirce &
Willson)

In summation, the thermal conductance correction produced the most
accurate calibration. It was a superior correction over the thermal resistance
correction, which was thought to have been because of rounding limits within the
statistical software package. The measured thermal conductance had a
logarithmic relationship that was presented in Figure 4.12, which most likely came
about from heat flow deflection from the thermal mismatch between sensor and
sample, as well as thermal contact resistance making samples appear more
resistive than they really were. Correcting the thermal conductivity is the first step
for a transient correction, and laid the groundwork for subsequent calibrations.
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Transient State Calibration

Heat capacity measurements were made through a step from one
temperature set point to another. A typical heating and cooling profile curve for a
heat capacity experiment was presented in Figure 3.22. In the Modified Hot Box,
heat flux was a response variable since the apparatus was controlled through
temperature, and was presented in Figure 3.23.
Temperature response was slightly different between heating and cooling
curves, which was probably due to the relative performance of the TEM’s between
heating and cooling modes. Temperature on the faces of the sample were
assumed to be uniform through the one-hour measurement phase.
The temperature and heat flux profile curves of Figures 3.22 and 3.23 were
combined in Figure 4.15, and demonstrate differences between sensed heat flux
and temperature in heating and cooling regimes.
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Figure 4.15: Heat flux and surface temperature curves as measured by the
Modified Hot Box
In heating, the heat flux and temperature peaks occurred at nearly the same time,
while in cooling mode the heat flux was more broad with an offset between
minimum heat flux and temperature curves. The heat flux and temperature curves
contrasted against each other also show the effects of heat capacity. Heating
mode allowed the temperature of the sample to reach set point faster due to a
higher heat flux into the sample. Cooling of the sample had a different curve, yet
both curves were nearly equal in integrated area. The cooling heat flux curve had
an integrated area of -6318 J/m2, while the heating heat flux curve had an
integrated area of 6090 J/m2. The difference in curve shape is due to different
performance of the TEM’s in heating and cooling modes. Ideally, the system would
have equal performance in both regimes. However, unequal performance did not
negatively affect area under the curve between heating and cooling regimes.
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This technique is new in the fact that it uses HFT’s to measure transient
conditions, which historically have been used only for correlating steady state
thermal conditions. By measuring the transient conditions, it is possible to correlate
a measured variable to a corrected variable
Calculation of the thermal properties of a sample were performed using an
algorithm created in MATLAB. A Microsoft Excel file was imported into MATLAB
where it was parsed and stored into a variable. The program then took a precalculated column of data containing the sample’s thermal resistance values as
measured, and took a moving 1000 sample window, calculating the sample
variance and median value for the 1000 sample window at each iteration stored in
a matrix. The looping structure is shown in a graphical format in Figure 4.16.
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Iteration 1

Sample Var(R(1:1000))

Median (R(1:1000))
Iteration 2

Sample Var(R(2:1001))

Median (R(2:1001))
Iteration n

Sample Var(R(n:n+999))

Median (R(n:n+999))

Figure 4.16: Looping structure calculating the sample variance and median of
1000 samples for n iterations. Iteration 1 is for time period 1 through 1000, in
which the sample variance and median thermal resistance values is calculated.
This iteration loops until the last value contained in the matrix has been reached.
When all iterations were completed, the matrix was then sorted to find the
iteration with the smallest sample variance. This usually occurred during the steady
state period, however, in some samples, had occurred during transient regions.
This false-positive requires the operator to manually check for the steady state
condition being satisfied. The region with the smallest variance had the median
thermal resistance value extracted, which was the R-value used for correction.
A matrix containing median R-values, sample variance and beginning time
for a period of 1000 samples was sorted and is presented in Figure 4.17.
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Figure 4.17: Matrix of thermal resistance values. Column 1 contains the median
thermal resistance value while column 2 contains the Sample variance. Column 3
contains the initial start time of the 1000 second window for which the median
and sample variance is calculated.
Row 1, column 1 contained the thermal resistance value with the smallest sample
variance for the time period 50370:51369 seconds, a 1000 sample window. The
thermal resistance value with the lowest sample variance was then entered into a
correction equation that was presented in Equation 4.5, with a modified version
being presented below in Equation 4.7. The thermal conductance correction as
described is:

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑒𝑒

1.3068596207+0.1266721382∗�𝑅𝑅

1

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
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�

Eq. 4.8

where �

1

𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

� is the reciprocal of thermal conductance. The program was then

used to calculate the thermal conductivity by dividing the sample thickness by the
reciprocal of corrected thermal conductance presented in Equation 4.7.
To calculate the heat capacity, the thermal analysis run was programmed
to perform a preset number of one hour cycles and was previously presented in
Figure 3.7. An example step input is presented in Figure 4.18 showing the matrix
entered into the LabView program.

Figure 4.18: LabView step control for transient and steady state measurements
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Transient measurements are performed first since they were found to
produce a uniform air-stream temperature differential. Air-stream temperatures do
not reach levels sufficient to induce loss of adhesion of the fabric tape during a
heat capacity run. This is because there is not an induced temperature differential
across the specimen. In practice, air steam temperatures held for more than a few
hours above 45 °C was found to loosen the tape on the sensors. Steady state
measurements are therefore performed at the end of a run, where corruption of
the run is least likely to occur.
As presented previously in Figure 3.23, heat flux curves were used to
calculate the thermal energy lost or gained by the sample, providing one of the
critical parameters needed to calculate heat capacity. The start of the measured
heat capacity run occurred at 3600 seconds. For integration of the heat flux curve
to be accurate, the curve must be zeroed to minimize cascading of measurement
error. To achieve this goal, an offset was performed to zero out the averaged heat
flux curve. An average heat flux was calculated by averaging the two opposing
heat flux transducer readings. The calculated offset used three separate interval
periods to create a unique offset for every cycle. The period selection algorithm
was based on the number of programmed cycles and is presented in Figure 4.19.
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1
2
3

Median HF, Start of Cycle n
𝐻𝐻𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖
= 𝑚𝑚𝑚𝑚𝑚𝑚(𝑅𝑅𝑅𝑅𝑛𝑛𝑖𝑖 − 𝑅𝑅𝑅𝑅𝑛𝑛𝑠𝑠𝑠𝑠 + 𝑅𝑅𝑅𝑅𝑛𝑛𝐿𝐿 ∗ 𝑛𝑛 + 1: 𝑅𝑅𝑅𝑅𝑛𝑛𝑖𝑖

Median HF, End of Cycle n
𝐻𝐻𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓
= 𝑚𝑚𝑚𝑚𝑚𝑚(𝑅𝑅𝑅𝑅𝑛𝑛𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑛𝑛𝐿𝐿 ∗ 𝑛𝑛 + 1 − 𝑅𝑅𝑅𝑅𝑛𝑛𝑠𝑠𝑠𝑠
+ 1: 𝑅𝑅𝑅𝑅𝑛𝑛𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑛𝑛𝐿𝐿 ∗ 𝑛𝑛 + 1

HF Slope Offset Correction, Cycle n
𝑐𝑐 =

𝐻𝐻𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐻𝐻𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖
𝑅𝑅𝑅𝑅𝑛𝑛𝐿𝐿

Figure 4.19: Cycle offset algorithm. The algorithm loops through each step to
create the heat flux offset correction.
The three interval periods are the run start time (Runi), cycle length time
(RunL) and the steady state time length, which was one-fifth the cycle length time
(Runss). For example, using n=1, the first median-average heat flux, 𝐻𝐻𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 , is

calculated for the first cycle in the first step of the algorithm. Runi, the run start time
is begun at the 3600th second into the run. RunL, the cycle length time, was set at
3600 seconds (one hour). Finally, Runss, the stead state time length is 720
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seconds, or one-fifth RunL. This gives the start of the time period, 3600 – 720 +
(3600 * 1) + 1. This same logic was used for the second portion of time period
calculated to produce 3600 + (3600 * 1), which gives the time period 6481:7200.
Then, the second median-average heat flux value, (𝐻𝐻𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 ), is calculated for the

time period 10081:10800, found by using the second step of the algorithm shown
in Figure 4.19. With the two median heat flux values known, the slope was
calculated for the 3600 second cycle for the n=1 cycle. This continued until the
completion of all heat capacity cycles.
The run start and cycle length times were the same for all runs. A list of the
time periods for the first three cycles (n=0, n=1, n=2) that are sampled for median
heat flux calculation presented in Table 4.6. With the median average heat flux at
the start and end of the cycle calculated, a slope was then possible to calculate.

Table 4.6: Run times for first three cycles for calculation of heat flux offset
Iteration
(n)

Run
Start
(Runi)
[s]

Cycle
Length
(RunL)
[s]

Steady
State
Length
(Runss) [s]

720

3600

1

3600

0

2

139

HF Region for
Start of Cycle
n

HF Region for
End of Cycle n

(2801:3600)

(6481:7200)

(6481:7200)

(10081:10800)

(10081:10800

(13681:14400)

The average heat flux slope formula is described as:
𝑐𝑐 =

�𝐻𝐻𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 �−(𝐻𝐻𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 )
𝑅𝑅𝑅𝑅𝑛𝑛𝐿𝐿

Eq. 4.9

where �𝐻𝐻𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓 � is the median-average heat flux calculated in step two of the

algorithm, (𝐻𝐻𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 ) is the median heat flux calculated in step one of the algorithm,
and 𝑅𝑅𝑅𝑅𝑛𝑛𝐿𝐿 is the cycle length time. This correction was used in a subsequent

correction equation to correct the average heat flux data point-by-point.

The heat flux data was then corrected point by point using the slope
correction presented in Equation 4.9. The exact equation for the heat flux offset
correction is described as:
𝐻𝐻𝐹𝐹𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 (𝑖𝑖) = 𝐻𝐻𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑖𝑖) + 𝑐𝑐 ∗ 𝐻𝐻𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑖𝑖)

Eq. 4.10

where 𝐻𝐻𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑖𝑖) is the uncorrected average heat flux value at time i and 𝑐𝑐 is

the average heat flux slope. The magnitude of the offset correction is usually very
small, since a large offset would indicate a faulty sensor attachment. The offset
correction is shown in Figure 4.20, containing a graph of the uncorrected and
corrected heat flux using the offset equation.
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Figure 4.20: Offset correction applied to heat flux curve
The ultimate purpose of the offset was to help minimize error in the heat capacity
measurement. If the sample is known to be at a quasi-steady state condition, the
average heat flux should be zero. As previously described in Table 1.6, It is known
that heat flux transducers can experience error from electrical noise (Courville et
al., 1985). An offset correction helped ensure that the heat capacity measurement
error had been minimized.
After the heat flux offset had been applied, a trapezoidal integration was
applied on the data and multiplied by the sample surface area. This method
produces the measured net-amount of heat flow that has entered the sample to
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produce a change in temperature. This method for calculating the net amount of
heat flow has been demonstrated in the literature (Telejko, 2004). The net amount
of heat flow into the sample is described as:
𝑖𝑖

𝑄𝑄 = ∫𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐻𝐻𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎

Eq. 4.11

where 𝐻𝐻𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the offset average heat flux and 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is the area
calculated from multiplying the length and width of the sample. Integrating the heat

flux, multiplied by the surface area, produced the net amount of energy put into the
sample The heat capacity was then calculated by taking the net energy input into
the sample, divided by the mass, and multiplied by the median temperature of the
sample for the nth transient cycle. The measured heat capacity is described as:
𝐶𝐶𝐶𝐶 =

𝑄𝑄

𝑚𝑚∗𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (𝑇𝑇)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑇𝑇) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑖𝑖 �

Eq. 4.12

Eq. 4.13

where 𝑄𝑄 is the net heat flow into the sample, 𝑚𝑚 is the mass of the sample and
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (𝑇𝑇) is the median temperature differential recorded over the nth 3600

second cycle.

After the heat capacity of all cycles had been calculated, the median heat
capacity was calculated. Thermal diffusivity was calculated by taking the corrected
thermal conductivity, divided by the sample density, and divided by the median
heat capacity as presented in Equation 4.12. The calculated thermal diffusivity is
described as:
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𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Eq. 4.14

𝜌𝜌∗𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐶𝐶𝐶𝐶)

where 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the corrected thermal conductivity from Equation 4.3, 𝜌𝜌 is the

measured bulk density of the sample, and 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐶𝐶𝐶𝐶) is the median of all heat
capacity cycles calculated through Equation 4.13

Thermal diffusivity was corrected using a Cauchy linear regression. Values
were chosen from literature values to create a correction curve. the thermal
diffusivity correction found from the regression is described as:
∝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (2.47138807𝐸𝐸 − 6 + 13.6070439 ∗∝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ).784263 Eq. 4.15

where ∝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the calculated thermal diffusivity produced from Equation 4.12. A list

of literature values used in the correction, as well as the measured and subsequent
corrected values are presented in Table 4.7.

Table 4.7: Thermal diffusivity values for calibration specimens
Thermal Diffusivity of Calibration Materials
Material

α
Expected [mm2/s]

α
Measured [mm2/s]

α
Corrected [mm2/s]

HDPE 25 mm

0.25

0.340

.278

Marble 20 mm

1.13

1.42

1.14

Fused Silica 12 mm

0.834

1.06

0.822

0.090

0.116

0.080

0.110

Acrylic 20 mm

0.12
Acrylic 5 mm
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Reference
(Nunes dos
Santos,
Nicolau dos
Santos,
Mummery,
& Wallwork)
(Peirce &
Willson,
1900)
(Incropera
et al.)
(Touloukian,
Powell, Ho,
& Nicolaou)

The corrected and uncorrected thermal diffusivities were plotted to show the
change and relative scatter, and is presented in Figure 4.21.

Figure 4.21: Thermal diffusivity, plots of practical values and measured values
The plot presented in Figure 4.21 contains a comparison of corrected and
uncorrected thermal diffusivity data. Crosses represent the corrected points, while
circles represent the uncorrected data. This plot, along with the data presented in
Table 4.7 suggest a satisfactory calibration to thermal diffusivity was achieved.
Lastly, the corrected heat capacity was calculated by taking the corrected
thermal conductivity divided by the density times corrected thermal diffusivity. This
formula for the corrected heat capacity is described as:
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𝐶𝐶𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Eq. 4.16

𝜌𝜌∗𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

where 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the corrected thermal conductivity from Equation 4.3, 𝜌𝜌 is the

measured bulk density of the sample and 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the corrected thermal diffusivity

from Equation 4.15.

Presented in Figure 4.22 is a comparison of the data acquired from the
Simple Calorimeter and the Modified Hot Box. Table 4.8 presents a tabular form
of the data presented in Figure 4.22.

Heat Capacity of Materials, Calorimeter versus MHB Method
Cp_BC = - 202.4 + 1.333 Cp_MHB

Heat Capacity, Calorimeter, (Cp) [J/kg*K]

2000

Regression
95% CI

1800

S
R-Sq
R-Sq(adj)

1600

126.158
93.7%
92.2%

1400
1200
1000
800
600
600

800

1000
1200
1400
1600
1800
Heat Capacity, MHB Corrected (Cp) [J/kg*K]

2000

Figure 4.22: Heat capacity, calorimeter versus Modified Hot Box corrected
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Table 4.8: Tabular heat capacity values comparing calorimeter and Modified Hot
Box values
Tabular Heat Capacity Values for Comparison
Specimen

Calorimeter [J/kg*K]

MHB [J/kg*K]

HDPE-25mm

1860

1620

Acrylic-20mm

1390

1110

Acrylic-5mm

1390

1070

Marble-10mm

819

807

Fused Silica

761

781

Veneer Brick

772

770

A linear regression of the expected heat capacity versus corrected heat
capacity suggests that calculating heat capacity values from a correction to thermal
diffusivity can produce acceptable results for ceramic samples was presented in
Figure 4.22. One point, corresponding to the acrylic 5 mm sample, fell outside of
the 95% confidence interval. The 5 mm acrylic sample was the thinnest sample of
all calibration standards. All other points fell inside the 95 % confidence interval.
The thermal resistance and thermal conductance regressions were based
off of a selection of 1000 points per material sample during a quasi-steady state
region. The steady state region was examined using a looping algorithm to select
1000 points from the measured thermal resistance values having the smallest
sample variance. The 1000 points were taken from a window of 7200 points, which
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equates to two hours of steady state measurement. This criterion was used to
standardize the process and mark the optimal data for calibration. As the
measurement quality of the sample increased, the sample variance decreased.
Sample variance was found to increase with sample thickness as the thermal
resistance increased. In the case of the HDPE calibration sample, the 25 mm
sample had a variance about half an order of magnitude greater than the 12 mm
piece, however, also had a thermal resistance double what the thin piece had. This
suggests that sample variance of thermal resistance is a function of at least two
parameters; material type and thickness.
Error of the conductivity measurements were thought to have been
introduced in a few ways. Most issues were traced back to sensors having a poor
thermal contact with the surface, which arose from fabric tape loosening from the
surface. In the case of RTD’s not adhering well to the surface, this caused the PID
controllers to react erroneously. Poor thermal contact causes the PID controllers
to respond surface temperatures that are not indicative of the true surface
temperature. This manifests as a lower observed heat flux with the HFT’s, a lower
temperature differential, or some combination of the two. This could make the
sample appear more resistive than it really was and increases the error of the
conductivity and heat capacity measurements. This was remedied through
improving attachment along the sensors, as well as standardizing the detailed
sample preparation that was presented in Section 3.6.
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Sample variance among measurements also depends on the amount of
heat flux and the temperature gradients across the sample. Figure 4.23 presents
a plot of the sample variance of conductance versus the corrected thermal
conductance.

Sample Variance of Conductance (C²)
[(W/m²)/K]²

Sample Variance of Conductance versus Measured Conductance by
Miniature Hot Box
1000
100
Marble 10mm
10

Fused Silica
HDPE 10mm

1

HDPE 25mm
Gypsum 12mm

0.1

Acrylic 20mm
0.01

Acrylic 5mm
Marble 20mm

0.001
1

10
100
Thermal Conductance, Corrected (C) [(W/m²)/K]

1000

Figure 4.23: Sample variance of thermal conductance versus the corrected
thermal conductance
From the data presented in Figure 4.23, it is apparent that as a sample increases
in thermal conductance, so does the measurement spread. A positive correlation
exists when the sample conductance is plotted against the sample variance of the
sample conductance. It was found that there is roughly a cubic relationship
between the two variables. This suggests that it becomes more difficult to
accurately measure materials of higher thermal conductance.
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Measurement of Test Samples for Calibration Validation: Results

Several samples as described in Table 4.9 had thermal conductivity, heat
capacity and thermal diffusivity calculated, with results presented in Tables 4.10,
4.11 and 4.12. The thermal conductivity values shown were calculated by using
Equation 4.3 and were calculated from a period of 1000 seconds during a two-hour
long window that produced the smallest sample variance.

Table 4.9: Properties of test specimens
Material Description

Density [kg/m3]

Thickness [m]

Surface Area [m2]

XPS-25mm

31

0.0242

0.1701

Veneer Brick

2219

0.0159

0.0284

Veneer Brick Mortar

1855

0.0082

0.0169

Brick 5

2125

0.0164

0.0256

CMU A

2002

0.0318

0.0330

CMU B

2120

0.0318

0.0310

CMU C

2110

0.0295

0.0312

CMU D

2128

0.0269

0.0313

SiC Refractory

2551

0.0256

0.0412
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The Expanded Polystyrene (XPS) and SiC samples represent extreme
samples that test the limits of the calibration. The XPS was chosen due to its low
thermal conductivity and relatively high heat capacity (Al-Ajlan, 2006). The SiC
refractory was chosen due to its very high thermal conductivity (KT Refractories).
The SiC refractory brick was also unique due to its hardness. As previously
described, hardness affects the thermal contact resistance (Khorunzhii et al.,
2002).

Table 4.10: Thermal conductivity of test specimens
Thermal Conductivity Measurements (k) [W/m*K]
Material Description

Literature

Corrected

Secondary
Measurement

Reference

XPS-25mm

0.03

0.10

0.031

(Al-Ajlan)

Veneer Brick

0.92

1.27

1.262

Veneer Brick Mortar

0.73

0.71

N/A

Brick 5

0.92

1.09

1.292

(ACI
Committee)
(ACI
Committee)
(ACI
Committee)

CMU A

1.42

N/A

CMU B

1.46

1.602

CMU C

1.36

N/A

CMU D

1.33

N/A

9.32

N/A

(1.4-1.6)

SiC Refractory

18

(ACI
Committee)

(KT
Refractories)

1) Netzsch HFM 436 Lambda 2) Hotdisk TPS 2500
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Table 4.11: Heat capacity of test specimens
Heat Capacity Measurements (Cp) [J/kg*K]
Material Description Literature Corrected

Secondary
Measurement

Reference

XPS-25mm

1280 ±50

7836

N/A

(Al-Ajlan)

Veneer Brick

800

716

7721/6832

(ASHRAE)
(ACI

Veneer Brick Mortar

837

914

N/A

Brick 5

800

748

7511/6012

CMU A

856

8051

CMU B

841

8331/9502

CMU C

849

8091

CMU D

876

8211

SiC Refractory

173

6931

837

Committee)
(ASHRAE)

(ACI
Committee)

N/A

1) Calorimeter 2) TPS 2500S

The XPS and SiC both had large errors in the heat capacity measurements
compared to literature values or secondary methods. The thermal conductivity of
the XPS, as presented in Table 4.10, was significantly higher than expected, when
compared to the literature values. Secondary measurements of the XPS using the
Netzsch HFM 436 Lambda Thermal Conductivity Analyzer measured the thermal
conductivity to be 0.03 W/m*K, which was in line with literature values. The
Modified Hot Box was most likely under-reporting the thermal conductivity of the
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SiC Refractory. Manufacturer thermal conductivity values are available at high
temperature (KT Refractories), and are about double what was calculated when
measured by the Modified Hot Box found testing at mean temperature of 24.0 °C.
Currently, it is unknown how much wider the thermal conductivity testing range
could be pushed, however, the current calibration may be considered adequate for
the sampling of non-insulative building materials.
The Veneer Brick, Brick 5 and CMU B samples had been tested
independently by an outside lab using a Hotdisk TPS 2500S Transient Plane
Sensor device. Thermal conductivity values obtained by the Modified Hot Box
Method were found to be within 9 % of the Hotdisk Method for CMU B, and were
within 1.6 % of the Hotdisk Method for the Veneer Brick. The thermal conductivity
found by both methods was higher than what was found in the literature (Valore et
al., 1988).
Large fluctuations of the apparent heat flow were observed between
samples with and without heat sink compound, resulting in marked differences in
the corrected thermal conductivity. The observed differences in corrected thermal
conductivity between samples, with and without heat sink compound, are
presented in Figure 4.24.
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Conductivity, Corrected (k) [W/m*K]

Comparison of Thermal Conductivity Measurements by
Varying Surface Treatment
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1.24

0.89

0.8
0.6
0.4
0.2
0

Veneer Brick
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CMU D

Sample
Heat Sink Compound

None

Figure 4.24: Comparison of the corrected conductivity between samples with
and without heat sink compound as measured
Depending on the surface treatment, corrected thermal conductivity values
differed as much as 38 % of the Veneer Brick, and as little as 7 % in the case of
the CMU D, however increased thermal conductivity was observed in all samples.
The addition of the heat sink compound helps to fill in the surface porosity since it
is a liquid, allowing a higher observed heat flow through the sensor. As the contact
area between the HFT and sample increases, the heat flow increases as well. The
use of heat sink compound is believed to allow more contact between the HFT and
sample. Calibration samples had no observable surface porosity, which was in
contrast to the observable surface porosity of the surface ground bricks and CMU
samples.
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Thermal diffusivity of the test samples was measured from the thermal
conductivity and heat capacity measurements and is presented in Table 4.12. The
Veneer Brick, Brick 5 and CMU B were also tested by the TPS method as a
secondary method.

Table 4.12: Corrected thermal diffusivity of test specimens by the Modified Hot
Box apparatus, and where applicable, a secondary measurement by the Hotdisk
TPS 2500S transient plane sensor device
Thermal Diffusivity Measurements (α) [mm2/s]
Material Description

Corrected

Hotdisk TPS 2500S

XPS-25mm

.414

N/A

Veneer Brick

.800

.823

Veneer Brick Mortar

.420

N/A

Brick 5

.683

.955

CMU A

.830

N/A

CMU B

.820

.797

CMU C

.759

N/A

CMU D

.712

N/A

SiC Refractory

21.2

N/A

The results between the two devices agree with each other, except with the sample
“Brick 5”, which saw some differences in the thermal diffusivity and heat capacity
measurements as well.
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Device Limitations

The Modified Hot Box apparatus does have known limitations currently to
the range of materials that can be tested. From Table 4.9-4.11, the data presented
shows that the calibration is reliable for ceramic building materials such as brick,
concrete and mortar. Size limitations of the device are limited by the sample holder,
power of the TEM’s and the range of the calibration. The Modified Hot Box is also
limited by temperature due to the operating range of the TEM’s.
The major sample holder (Figure 3.3) was designed to hold a 16.25 in by
16.25 in minor sample holder. The minor sample holder has a maximum thickness
of 2 in. The current calibration utilized 8 in by 8 in samples, which was chosen due
to power limitations of the TEM’s.
The TEM’s were rated for 250 W, however, the efficiency of the devices was
not 100 %, and favors heating mode over cooling mode. For steady state testing,
the calibration used a temperature differential across the surface of the faces of 10
°C with mean temperature 24 °C. In the case of the SiC refractory sample, the cold
side TEM was unable to produce a surface temperature of 19 °C. Due to the
conductance of the SiC refractory sample, the TEM’s were not able to sustain a 10
°C temperature differential. The cold side was observed to be at maximum cooling
power, which was not able to produce a surface temperature of 19 °C. The SiC
sample stands as an upper thermal conductance limit for sample sizes that are
approximately 8 in by 8 in square.
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The range of calibration for samples with thermal conductance was between
10-220 m²*K/W. For high thermal conductivity samples, thicker samples had to be
used. Figure 4.25 presents a contour graph showing how sample thickness
depends on the thermal conductivity (a material property) and thermal
conductance (a sample property).

Contour Plot of Sample Thickness Limitations

Thermal Conductivity [W/m*K]

2.0

Thickness
[cm]
< 0.5
0.5 – 1.0
1.0 – 2.0
2.0 – 3.0
3.0 – 4.0
4.0 – 5.0
> 5.0

1.5

1.0

0.5

50

100

150

200

250

Thermal Conductance [W/m²*K]

Figure 4.25: Specimen thickness plays a crucial role in testing samples within
calibration limits. Samples of higher thermal conductance can be tested if they
have sufficient thickness
By using the contour plot presented in Figure 4.27, it may be used as a guide for
selecting an optimal thickness for the material to be tested. Different colors
represent a range of thickness. For example, if some ceramic were to be tested,
one could assume a specific thermal conductivity. If it were a fired clay brick, an
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assumption of 1 W/m*K could be used. To be within the bounds of the calibration,
a thickness between 0.75 – 2 cm would produce a thermal conductance within the
limits of the calibration. While this figure serves to act as a guide for selecting an
optimal specimen thickness, inhomogeneous features may necessitate thicker
samples.
Inclusions in the sample are known to play a role in changing the thermal
properties of the material (Garcia-Ten, Orts, Saburit, & Silva, 2010). If one were to
imagine a normal probability distribution function, there would be a probability of
encountering certain phases in the bulk material to be tested. These phases in the
bulk material can be assumed to have a discrete thermal diffusivity. The normal
probability distribution function may then be thought of in terms of the probability
of encountering a phase with a discrete thermal diffusivity. For there to be a
minimum thickness to the sample, it is dependent upon if the volume of the
sampled material is representative of the bulk material. Therefore, the sample to
be tested must have a similar probability to measure a phase with a certain discrete
thermal diffusivity. Using a probabilistic model, the limit to inclusion size should be
set at a 95% confidence level to have a certain probability of encountering an
inclusion with a certain thermal diffusivity. Due to limitations of cost and time, it
would be easiest to test multiple samples of the same material.
Temperature is also a limitation of the Modified Hot Box. The lowest
temperature that could be sustained inside the chambers was approximately
-5 °C at an ambient room temperature of 22 - 24 °C, given that both hot and cold
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chambers were using maximum power in cooling mode. In heating mode, the
highest internal temperature observed was 60 °C, which was the maximum safe
operating temperature before damage could occur to the TEM’s as per
manufacturers specifications. In practice, chamber temperatures above 45 °C
caused adhesives to lose tack, making this temperature to be the practical upper
operating temperature.
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CHAPTER V
CONCLUSIONS
In this research, a new convective heat transfer device was built for the
purpose of testing building materials to probe thermal conductivity, heat capacity
and thermal diffusivity. It was found that the Modified Hot Box was capable of
acquiring this data through the use of heat flux transducers and resistance
thermometer detectors. The three main goals set of this research detailed in
Chapter II were met.
•

The Modified Hot Box apparatus was developed to acquire thermal
conductivity data within 4% of literature values, thermal diffusivity data
within 1% of literature values, and heat capacity to within 12% of literature
values for calibration specimens on average.

•

The Modified Hot Box apparatus was validated against literature values by
testing four types of Concrete Masonry Units, two types of fired clay brick,
a mortar sample, and two samples at extreme ends to define the limits of
calibration accuracy.

•

Limitations of the Modified Hot Box Method were found to be that the
method is heavily influenced by the thermal contact resistance. Surface
preparations were standardized to minimize error propagation from the
thermal contact resistance, which aided in decreasing the measurement
variability.
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With better calibration specimens and more advanced construction techniques,
the Modified Hot Box apparatus could be refined to improve the accuracy of
readings, yet as a first of its kind system provides reliable and acceptable
results.
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CHAPTER VI
SIGNIFICANCE
The Modified Hot Box method provides a new system for scientists and
engineers to characterize materials that are not well-suited laser flash, transient
plane sensor, hot plate and other methods. These methods can be limited by size,
sample homogeneity or by the device. The Modified Hot Box method can measure
critical thermal characteristic parameters of building components that are
necessary for optimizing thermal performance of the building envelope. Building
components are typically large in size and are benefitted by bulk sampling methods
which lend themselves well to the Modified Hot Box apparatus. The goal of building
the Modified Hot Box apparatus was to acquire data to create a more complete
array of thermal property data for researchers and engineers. This data helps
complete the goals outlined by the United Nations Environment Programme, which
states the growing need for smarter use of building materials to reduce energy
consumptions by climate control systems. Intelligent consideration of the best
material use in building design not only helps reduce energy consumption, but also
aids in a steady climate with reduced daily temperature swings in the building.
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APPENDICES
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A1: Formulae and Correction Equations

Table A1 contains useful thermal property equations, as well as the correction
equations for thermal conductance and thermal diffusivity.
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, 𝑅𝑅 =

∆𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡
=
𝑞𝑞
𝑘𝑘

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝐶𝐶 =
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝑘𝑘 =
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷, 𝛼𝛼 =

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷, 𝜌𝜌 =

𝑄𝑄"
1
=
𝑅𝑅 ∆𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑄𝑄" ∗ 𝑡𝑡
𝑡𝑡
= 𝑡𝑡 ∗ 𝐶𝐶 =
∆𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅

𝑘𝑘
𝜌𝜌 ∗ 𝐶𝐶𝑝𝑝

𝑚𝑚
𝑚𝑚
=
𝑉𝑉 𝑡𝑡 ∗ 𝑆𝑆𝑆𝑆

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝐶𝐶𝑝𝑝 =

𝑄𝑄
𝑄𝑄
𝑄𝑄
𝑘𝑘
=
=
=
𝑚𝑚 ∗ ∆𝑇𝑇 𝜌𝜌 ∗ 𝑉𝑉 ∗ ∆𝑇𝑇 𝜌𝜌 ∗ 𝑡𝑡 ∗ 𝑆𝑆𝑆𝑆 ∗ ∆𝑇𝑇 𝜌𝜌 ∗ 𝛼𝛼

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑡𝑡 ∗ exp(1.306859207 + 0.1266721382 ∗ 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 )
�

1

0.510831
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2.4930065143𝐸𝐸 − 4 + 5.0579648764𝐸𝐸2 ∗ 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝐶𝐶𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌 ∗ 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�

Variables

𝛼𝛼: Thermal diffusivity

𝑘𝑘: Thermal conductivity

𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 : Measured thermal diffusivity

𝑄𝑄": Thermal heat flux

𝑄𝑄: Thermal heat

𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 : Corrected thermal diffusivity

𝑅𝑅: Thermal resistance

𝜌𝜌: Measured bulk density

𝑆𝑆𝑆𝑆: Surface area

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 : Corrected thermal conductance

𝑡𝑡: Thickness along path of heat flow

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 : Measured thermal conductance

∆𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : Temperature difference between faces

𝐶𝐶: Thermal conductance

∆𝑇𝑇: Temperature change

𝐶𝐶𝑝𝑝 : Heat capacity
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A2: Tables

Table A2 contains all data from the simple calorimeter experiments that were
described in the “Heat Capacity Measurement by Calorimetry” sections contained
in Chapter 3 and Chapter 4.

Acrylic (n=20)

Water
Kerosene

Fluid
Bath

Gypsum (n=8)

Sample
ID/No.
Samples

Fluid
Mass [g]

Sample
Mass
[g]

Fluid
Temp
(Initial)
[°C]

Sample
Temp
(Initial)
[°C]

Fluid
Temp
(Final)
[°C]

50.1722
50.7170
50.0850
50.4586
50.3951
41.9564
38.3618
57.0031
27.4039
37.2375
36.7680
30.8545
36.8632
45.1222
37.4289
51.4985
48.3109
33.5889
54.9691
38.0326
97.3442
93.9104
95.0388
112.7736
100.6652
98.8915
99.5530
97.5872

2.9501
2.9728
10.6656
3.5980
3.7603
2.9501
2.9728
10.6656
3.5980
3.7603
2.9501
2.9728
10.6656
3.5980
3.7603
2.9501
2.9828
10.6656
3.5980
3.7603
11.3312
13.3016
10.6940
13.1921
9.2917
10.8487
12.7976
9.0936

23.7
23.7
23.9
23.6
23.8
23.4
23.2
22.8
23.2
23.6
23.2
23.2
23.5
23.6
23.9
23.6
23.2
23.3
22.9
23.5
25.0
26.3
23.6
24.7
24.9
25.0
23.2
23.1

86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0

24.6
24.6
27.2
24.7
25.0
24.5
24.5
26.1
24.7
25.1
24.5
24.6
27.9
25.0
25.5
24.2
24.0
26.5
23.7
24.6
28.2
29.4
27.0
27.7
27.3
28.0
27.0
26.0
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Calculate
Heat
Capacity
(Cp)
[J/kg*K]
1280
1280
1280
1290
1350
1350
1470
1470
1100
1330
1440
1350
1430
1500
1430
1310
1630
1460
1490
1490
1060
862
1120
1030
995
1060
1120
1140

Heat
Capacity
Variation
± [J/kg*K]
124
124
124
102
97.3
107
98.7
71.2
64.2
76.7
96.4
84.3
25.7
92.7
77.2
189
176
33.9
160
115
45.9
38.3
46.3
46.1
52
47.6
42.9
51.9

Carrara Marble (n=12)

Water
Water

Water

Water

Fluid
Bath

Veneer Brick (n=12)

Fused
Quartz
(n=3)

HDPE (n=12)

Sample
ID/No.
Samples

Fluid
Mass [g]

Sample
Mass
[g]

Fluid
Temp
(Initial)
[°C]

Sample
Temp
(Initial)
[°C]

Fluid
Temp
(Final)
[°C]

68.6859
59.5421
57.7297
59.1160
60.0708
59.7335
55.5841
52.1457
51.4527
57.1987
54.3765
57.4431
50.3284
65.1298
39.9459
49.3713
48.1540
55.5215
48.7783
51.8073
50.9701
54.2990
51.0622
53.7773
50.1993
49.3238
49.1314
106.7493
97.3216
106.5027
105.8974
105.9507
107.6037
100.9958
102.9603
101.2159
88.3836
100.3146
103.2290

14.1257
14.0900
14.2590
14.0674
14.0383
14.1661
14.1257
14.0900
14.2590
14.0674
14.0383
14.1661
15.7762
15.7762
15.7762
14.1253
14.6474
14.2165
13.8670
14.2993
14.8696
27.3098
27.6734
26.7390
26.4513
26.6305
27.8276
19.9930
23.5142
15.9822
15.2725
18.4385
16.7763
19.9930
23.5142
15.9822
15.2725
18.4385
16.7763

23.0
23.5
23.7
23.2
23.2
23.5
23.2
23.1
23.3
23.4
23.3
23.2
23.6
22.5
24.0
23.3
22.8
23.0
23.3
23.1
23.5
22.7
22.4
22.6
23.3
22.8
23.1
23.2
23.0
23.1
22.9
22.9
22.8
22.4
22.5
22.5
22.9
22.9
22.4

65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0

26.1
26.9
27.1
26.6
26.6
26.8
26.8
26.9
27.3
26.9
26.8
26.6
26.3
24.8
27.3
26.1
25.6
25.5
26.0
25.7
26.2
27.5
27.6
27.3
28.2
27.9
28.5
25.0
25.4
24.6
24.4
24.7
24.5
24.5
24.7
24.2
24.6
24.6
24.1
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Calculate
Heat
Capacity
(Cp)
[J/kg*K]
1670
1870
1810
1850
1880
1830
1860
1880
1950
1870
1790
1790
738
761
763
839
786
811
814
795
790
823
838
814
823
835
852
728
764
753
781
780
819
801
729
809
755
700
784

Heat
Capacity
Variation
± [J/kg*K]
38.7
38.4
37.2
38.1
38.6
38.9
35.7
33.6
32.5
37
35.6
37.0
22.3
27.2
18.7
24.5
23.1
26.8
24.8
25.2
24.0
12.8
11.9
13.1
12.6
12.2
11.6
33.6
25.8
42.3
43.9
36.1
40.3
31.4
27.1
39.9
37.3
34.5
38.6

CMU C (n=6)

Water
Water

Water

Water

Water

Fluid
Bath

CMU D (n=6)

CMU B (n=6)

CMU A (n=6)

Brick 5 (n=12)

Sample
ID/No.
Samples

Fluid
Mass [g]

Sample
Mass
[g]

Fluid
Temp
(Initial)
[°C]

Sample
Temp
(Initial)
[°C]

Fluid
Temp
(Final)
[°C]

78.7176
63.7004
74.2204
71.0999
74.6075
76.3540
40.8524
36.8960
39.1975
38.2295
37.5039
39.4289
76.2010
72.0346
70.7063
72.6035
82.0724
93.0300
75.6279
75.0633
74.2175
74.8301
80.8657
90.4180
76.5068
73.4105
76.0893
77.1210
80.4825
85.5767
70.1708
67.7172
73.2407
70.8699
82.1019
80.3126

22.7226
24.0075
24.6474
24.6211
24.2884
24.2036
22.7226
24.2036
24.6474
24.2884
24.0075
24.6211
36.2172
37.1484
35.3704
36.3147
35.6638
36.2172
32.4450
32.2855
31.2934
32.8484
31.0040
32.5051
32.7206
31.5899
31.5046
33.6842
32.3003
33.5646
33.2378
33.6953
35.5856
35.1851
37.1502
33.9387

24.3
24.3
24.2
23.8
23.9
24.0
23.7
23.5
23.7
23.5
23.7
23.7
23.1
23.7
23.3
23.0
23.0
22.7
22.8
23.5
23.5
23.3
22.9
22.6
23.1
23.5
23.4
23.3
23.1
22.6
23.0
23.3
23.3
23.5
23.0
23.0

65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0
65.0

26.0
26.6
26.2
25.9
25.9
26.0
26.7
27.0
27.1
26.8
27.0
27.0
26.3
27.0
26.6
26.2
25.8
25.2
25.8
26.3
26.3
26.3
25.5
25.0
26.0
26.3
26.1
26.2
25.7
25.2
26.1
26.6
26.5
26.6
26.0
25.8
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Calculate
Heat
Capacity
(Cp)
[J/kg*K]
722
782
747
751
756
776
751
766
768
736
737
747
835
814
832
796
781
756
857
809
826
849
818
785
834
811
804
820
785
788
816
842
825
788
808
806

Heat
Capacity
Variation
± [J/kg*K]
33.7
25.9
29.0
27.7
29.4
30.1
18.5
15.7
16.2
16.2
16.3
16.4
18.3
17.1
17.6
17.5
20.3
22.5
20.5
21.0
21.5
20.2
23.3
24.6
20.7
21.1
21.9
20.4
22.4
22.4
18.7
17.8
18.1
18.0
19.2
20.9

Fluid
Bath

Fluid
Mass [g]

Sample
Mass
[g]

Water

SiC Refractory (n=10)

Sample
ID/No.
Samples

93.8226
94.1616
94.4309
105.7993
92.6581
88.3677
97.9752
94.1016
92.2556
87.6726

62.7062
63.8172
65.3267
65.5059
60.736
63.9051
64.5217
61.4268
62.9985
60.6409

Fluid
Temp
(Initial)
[°C]

Sample
Temp
(Initial)
[°C]

Fluid
Temp
(Final)
[°C]

22.6
23.95
23.8
23.8
23.7
22.1
22.7
22.5
22.8
22.5

86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0
86.0

28.3
29.7
29.6
29.1
29.2
28.2
28.4
28.1
28.5
28.3
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Calculate
Heat
Capacity
(Cp)
[J/kg*K]
692
705
695
696
692
688
700
693
681
685

Heat
Capacity
Variation
± [J/kg*K]
8.21
8.17
7.97
8.94
8.56
7.49
8.27
8.43
8.07
7.99

