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Graphical Abstract

Abstract

This study investigated how concentration, stirring, container material, sugar content, particle
loading and volume affect the cooling of common everyday stables Coffee, tea and oat mix
suspensions were used to model fluids. Temperature changes were recorded using an InfiRay
thermal camera over 180—420 seconds. Coffee trials showed that increased solute
concentration reduced the cooling rate due to higher viscosity, damping natural convection.
Stirring accelerated cooling, promoting forced convection and increasing the convective heat
transfer coefficient. Tea experiments demonstrated that sugar addition and container material
significantly altered cooling behaviour, with insulated metal cups retaining heat most
effectively. The milo-oat trials showed that with increasing particle concentration, mixing
within the fluid improves, leading to faster cooling. Smaller water volumes also cooled more
quickly because they had lower thermal inertia, as well as, a greater surface-area-to-volume
ratio. These findings were consistent with Fourier’s Law of Conduction and Newton’s Law of
Cooling, demonstrating how these theories apply in practical situations. Furthermore,
highlighting practical insights into the design of beverage containers, ready-to-drink
formulations and broader applications in thermal management and food engineering. The use
of experimental data along with thermal pictures and theory models is a great method for
understanding how to control moving heat around hands-on situations efficiently.
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1. Introduction

From energy systems to food processing and consumer
product design, efficient thermal management is a
fundamental concern in various engineering disciplines. The
rate at which heat is transferred from a hot substance to its
surrounding environment determines the performance, safety
and user experience of many such applications. The core of
thermal energy engineering lies in the principles of
conduction, convection and radiation, all of which are
governed by physical laws such as Fourier’s Law of heat
conduction and Newton’s Law of cooling. Although these
two laws have been well established in the theoretical
context, their application in real life and complex chemical
systems is still an ongoing study.

Especially in the field of food and beverage systems, this
provides a powerful analytical platform for studying
convective and conductive heat transfer under nonideal
conditions. Unlike pure liquids, beverages typically contain
dissolved solids, such as sugar, or suspended particles, such
as oats and grains, which can significantly alter the internal
fluid dynamics and thermal behaviour. These constituent
factors can affect viscosity, density gradient, boundary layer
development and natural or forced convection. All of these
factors can accelerate or slow down the efficiency of heat
dissipation. In addition, the material properties of the
containers for holding fluids, including their thermal
conductivity, heat capacity and insulation, play a role in
determining the rate of temperature loss. These elements
reflect the engineering challenges faced in the design of
industrial heat exchangers, slurry reactors and thermal
packaging solutions.

Although the cooling of beverages is a simple and easily
understandable ~ phenomenon, it involves complex
thermodynamic interactions. Previous studies have explored
convection patterns and cooling rates under controlled
laboratory conditions, but few have combined thermal
imaging techniques with experiments involving the
comparability and variable control of solute, particle and
container effects. Furthermore, daily behaviours like stirring
are a method to induce the formation of convection, which
can be linked to macroscopic changes in heat transfer.

This research aims to systematically explore the influence
of various physical and component variables on the cooling
behaviour of common hot beverages, thereby filling the
research gap in the field. We used the InfiRay thermal image
for real time temperature tracking and analysed the
temperature change curves of coffee, tea and oat liquid under
different conditions. In other words, we investigated the
effects of factors such as solute concentration, amount of
sugar added, liquid volume, stirring or unstirring and

material of containers on heat loss over time. Among them,
stirring is used to simulate forced convection and changes in
concentration and particle load help us understand how fluid
composition regulates natural convection. The container
materials are glass, ceramics and insulating metals
respectively, their thermal conductivity and heat preservation
performance are all within the scope of research.

By combining experimental data with theoretical heat
transfer models, this research builds a bridge between
principle and reality. The research results not only verified
the key thermodynamics laws, but also proposed some
feasible strategies that can be used in the design of beverage
formulas, the improvement of packaging and optimisation of
thermal equipment to enhance or delay the cooling process.
Furthermore, the research also indicated that thermophysical
experimental models based on the food system have potential
value in industrial applications. This research provides a
useful reference for extensive discussions on material
selection, fluid behaviour and process optimisation in
thermal engineering.

2. Materials and Methods

2.1 Experiment Setup

All experiments were conducted at an ambient laboratory
temperature of 22 °C. An InfiRay thermal camera recorded
fluid temperatures at 30—60 second intervals; each reported
value represents the average of five independent
measurements. For every trial, readings were taken at the
geometric centre of the fluid. In some of the other
experiments, additional measurements were made at the
inside edge of the vessel wall.

2.2 Coffee Cooling Trail

2.2.1 Effect of Solute Concentration

75 mL of water was added to each of three beakers and
heated to approximately 70 °C. Three different types of
coffee were then added to the respective beakers. A thermal
camera was used to observe the temperature changes. The
initial temperature of the coffee in each beaker and the
temperature surrounding the beaker were recorded. The
coffee and surrounding temperatures were recorded at
60-second intervals (0 to 480 seconds). Subsequently, three
new 100 mL beakers were prepared, each containing 4 g of
the respective coffee types and 75 mL of water, which were
again heated to approximately 70 °C. Initial temperatures
were recorded, followed by temperature measurements at
60-second intervals for a total of 480 seconds. The same
procedure was applied to samples containing 2 g of solute in
75 mL water to evaluate the effect of reduced concentration
on cooling behaviour.
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2.2.1 Effect of Stirring (Forced Convection)

75 mL of water was added to each of three beakers and
heated to approximately 70 °C. Then, 4 g of three different
types of coffee were added to the respective beakers. Over a
period of 480 seconds, the temperature of the coffee and the
surrounding environment was measured at 60-second
intervals using a thermal camera. During this time, the coffee
was stirred at a constant rate to simulate forced convection,
in order to investigate whether enhanced convection
accelerates the cooling rate. The results were compared to
those from a previous step in which 4 g of coffee was added
without stirring, to evaluate the effect of enhanced
convection under identical solute concentration.

2.3 Container Material Comparison

2.3.1 Coffee Trail - Cup Material Comparison

100 mL of water and 2 g of the same type of coffee were
added to a glass cup, a metal insulated cup, and a ceramic
cup. A thermal camera was used to record the temperature
over 480 seconds to evaluate the effect of different container
materials on the cooling rate.

2.3.2 Tea Trail - Cup Material Comparison

To assess container-material effects without added sugar,
two teabags of Twinings Camomile & Spiced Apple (4 g
total) were steeped in 200 mL boiling water for 4 minutes.
The infusion was then poured into a ceramic mug, a
stainless-steel insulated mug and a glass beaker. Following a
single stir, centre temperatures were logged every 30 seconds
for 240 seconds.

2.4 Solute Addition Effects

For this trial, 5 g of sucrose was dissolved in 200 mL
boiling water, then two teabags were steeped for 4 minutes.
After removing the bags and stirring once, centre
temperatures were recorded every 30 seconds over 240
seconds.

2.5 Particle-Induced Convection and Volume Effects

2.5.1 Effect of Oat Concentration

To determine the effect of particulate loading on cooling,
milo-oat suspensions were prepared by dispersing 0.5, 1 and
2 packets of oats (17.5 g, 35 g and 70 g, respectively) into
200 mL of deionised water. After a single gentle stir to
homogenise, samples were allowed to cool uncovered.
Centre temperatures were logged every 30 seconds from 0 to
180 seconds.

2.5.2 Effect of Fluid Volume
The influence of fluid volume was examined by
suspending one packet of oats (35 g) in 100 mL, 150 mL and

200 mL of water. For the 200 mL trial, both centre and
near-wall temperatures were recorded; for the 100 mL and
150 mL trials, only centre readings were taken. All
measurements were logged every 30 seconds for 180
seconds.

3. Results
3.1 Coffee Cooling Trail

3.2.1 Effect of Solute Concentration

A comparison of the cooling rates of unstirred coffee
samples with identical concentrations revealed differences
among the three coffee flavours (caramel latte, cappuccino
and latte). According to the data in Tables 1 and 2, the
caramel latte flavour exhibited a faster cooling rate than the
other two types at both concentration levels. When
comparing the temperature drops of the same coffee type
over 480 seconds at 2 g and 4 g concentrations, the 2 g
caramel latte sample cooled by 16 °C, whereas the 4 g
sample cooled by only 11.7 °C over the same time. This
trend was consistent across all three coffee flavours.

Table 1 — Temperature change of 2 g of three different coffee
flavours in 75 mL of water for 480 seconds without stirring.

Time | Cara | Capp | Latte | Surrounding
(sec) | mel | uccin | (*C) | temperature (C)
Latte | o
(C) | (O
Carame [Cappuc|Latte/L
1 Latte/ |cino/C |(°C)
CL(C) [©)
0 73.1 [69.6 | 715 293 263 | 28.8
60 70.5 | 66 69.2 | 30.7 26.5 | 28.5
120 68.7 | 645 |67.8 |31.3 259 |28
180 66.8 | 622 |659 |323 26.7 | 28.7
240 64.6 | 619 |63.8 |322 26.5 | 28.8
300 629 |59.1 |63 323 263 | 28.7




SIIE 1(2) X-X (2025) Khan et al

360 60.7 | 57.5 |619 |32.7 26.5 | 28.8 300 68.9 [ 665 |69.7 |315 31.6 | 31.7
420 58.7 | 564 |59.8 |329 26.8 | 29.1 360 67.5 | 642 |683 |3l 304 | 323
480 57.1 | 56 583 325 264 | 28.6 420 652 | 62.8 |67 30.8 29.7 | 321

480 64.2 | 62 653 |31.2 30.1 | 31.6

Temperature change of 2g of three different flavours coffee in
75mL of water for 8 minutes without stirring
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Table 2 - Temperature change of 4 g of three different coffee ~ Figure 2 - Cooling trend of 3 different flavours of coffee
flavours in 75 mL of water for 480 seconds without stirring. (4g) without stirring.

2.2.1 Effect of Stirring (Forced Convection)

Time | Cara | Capp | Latte | Surrounding When the coffee samples had the same concentration (4 g

(sec) | mel uccin | (C) temperature (“C) of solute), under stirred conditions, the fluid cooled faster
Latte | o than unstirred conditions. All three coffee flavours showed a
© | © bigger temperature drop under stirring conditions.

CL(C) [C(C) [L(O)
Table 3 - Temperature changes over 480 seconds for 4 g of
three different stirred coffee flavours in 75 mL of water.

0 759 1732 |76.6 |31 30 314
Time | Cara | Capp | Latte | Surrounding
(sec) | mel | uccin | (*C) | temperature (*C)
60 74.5 71.5 | 755 314 30.3 32 Latte | o
(C) [ (O CL(C) [C(O) [L(O)
120 73.1 70.3 74.1 32.6 30.3 32.1 0 772 | 689 | 764 |32.8 332 | 327

60 76.7 | 66.5 | 755 |332 335 |33

180 72 68.5 |72 332 31.8 | 325
120 727 | 642 | 733 |349 33.6 | 332

240 70.5 67.2 70.8 32.7 32.2 32.2 180 70.9 62.5 71.1 353 33 33.4

240 67.1 | 61.7 | 68 36.7 33.8 | 343
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300 66.3 60.2 66.2 36.7 33 334 60 63.7 68.7 61.4 38.9 38.9 39.1
360 64.5 58.7 64.9 36.9 34 34.2
120 63 67.2 60.4 38.6 38.6 40.1
420 63.7 57 63.2 35.6 32.3 32.7
480 60 562 | 62.7 |369 33 33.6 180 61.6 | 66.1 584 |37.1 37.1 39.7
Temperature changes over 8 minutes for 4g of three 240 60.8 64.3 57.8 37 37 39.3
different stirred coffee flavors in 75 mL of water
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Figure 3 - Cooling trends of 3 types of coffee (4g each) 480 54.6 | 60.1 |52 35.1 35.1 38.1
dissolved in water and stirred.

3.2 Container Material Comparison

3.2.1 Coffee Trail - Cup Material Comparison

Coffee of the same flavour and concentration showed
noticeable variations in temperature change over 480 seconds
when placed in the three different containers. The metal
insulated cup retained the most heat, while the glass cup
showed the greatest temperature decrease.

Table 4 - Temperature changes over 480 seconds for coffee
of the same flavour and concentration in different containers.

Time | Glass | metal | cera | Surrounding
(sec) |[cup( | insul | mic temperature (‘C)
©) ated | cup(
cup [ O
(C) Glass |metal [ceramic
cup( [insulate |cup(‘C)
) d cup
)
0 647 | 69.8 |63.5 |285 39.7 38.4

Temperature changes over 8 minutes for coffee of the same
flavor and concentration in different containers
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Figure 4 - Cooling trend for coffee of the same flavour and
concentration in 3 different containers.
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3.2.2 Tea Trail - Cup Material Comparison 0 70.1 68.1
Container material exerted a strong control on tea cooling.
Over 240 seconds, a porcelain mug retained heat best (AT = | 3 68.4 66.7
6.8 °C), glass was intermediate (8.6 °C) and stainless steel
cooled fastest (12.4 °C). 60 65.7 64.3
Table 5 - Temperature changes over 240 seconds for tea of | 90 64.9 62.9
the same flavour and concentration in different containers.
120 64.1 61.9
Ceramic Stainless-St o
Time (sec) °C) eel (°C) Glass (°C) 150 63.4 60.7
0 72.7 68.1 70.1 180 63 59-8
210 62.3 58.9
60 70.1 61 65.7
240 61.5 57.8
120 68.3 59.1 64.1
AT 8.6 10.3
180 67.9 58 63
240 65.9 55.7 61.5
Tea Cooling with and without Sucrose (0-240s)
AT 6.8 12.4 8.6
g” \"—\—‘\_‘\%
% 60 \\\\\
Tea Cooling by Container Material (0-240 s) E
- 50
= 70 \0—\’“’_\‘ 0 50 100 150 200 250
,.: EE b\\ Time (s)
‘;i &0 —o— Mo Sucrose  —g—+5 gSucrose

Figure 6- Cooling trend for tea samples with and without
sucrose over 240 seconds.

wn
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3.4.1 Effect of Oat Concentration

Increasing the milo-oat concentration from 0.5 to 2
packets in a fixed 200 mL volume resulted in the 2-pack
suspension losing 24.0 °C, compared with just 16.0 °C for
the 0.5-pack sample over 180 seconds.

Figure 5- Cooling trend for tea of the same flavour and
concentration in 3 different containers.

3.3 Solute Addition Effects

Dissolving 5g sucrose before steeping two teabags
resulted in a greater 240 s AT (10.3 °C) than the unsweetened
infusion (8.6 °C).

Table 7 - Temperature change of milo-oat suspensions with
different oat concentrations over 180 seconds.

Table 6 - Temperature change of tea samples with and ) 100 100 150 150 200 200
without sucrose over 240 seconds. Time | mL mL mL mL mL mL
(sec) | Centr | Edge [ Centr | Edge | Centr | Edge
+ 5 g Sucrose e(CO) | (°C) [e(CO) | (°C) | e(°C) | (°O)

Time (sec) No Sucrose (°C)

O

0 712 |1 69.7 672 65.7 67.2 65.7
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30 61 59.5 64.9 63.4 65.1 63.6 150 55.7 472 46.6
60 50.7 492 59.3 57.8 64.3 62.8 180 55.2 46.5 46.1
90 493 478 57.8 56.3 63.9 62.4 AT 16 21.9 24
120 479 46.4 57.3 55.8 62.2 60.7
Effect of Water Volume (0-180 s)
150 47.2 45.7 55.7 54.2 61.3 59.8 -
180 46.5 45.1 54.2 52.6 59.3 57.7
AT 24.7 24.6 13 13.1 79 8
0 50 100 150 200
Effect of Oat Concentration (0~180s) e
75 —a— 100 mL Centre —a— 100 mL Edge —g— 150 mL Cantre
70 —a— 150 mL Edge —g—200mL Centre —g— 200 mL Edge
s
B o Figure 8 - Cooling trend for milo-oat suspensions at different
g 5 fluid volumes over 180 seconds.
- 45 —_——p

Figure 7 - Cooling trend for milo-oat suspensions at varying
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3.4.2 Effect of Fluid Volume

Holding oat mass constant but reducing water volume
caused the 100 mL suspension losing 24.7 °C at the centre
(24.6°C at the edge), whereas the 150 mL sample lost
13.0°C (13.1 °C at the edge) and the 200 mL beaker lost only

7.9 °C at the centre (8.0 °C at the edge).

Table 8 - Temperature change of milo-oat suspensions at

different fluid volumes over 180 seconds.

Time (sec) Oiolgd( 1 Pack (°C) 2 (I:%:)k S
0 71.2 68.4 70.1
30 61 51.7 51
60 59.3 50.7 49.3
90 57.8 49.3 48.7
120 57.3 47.9 47.6

4. Discussion (need to be edited)

The experiments showed that several factors affected how
fast the beverages cooled. For the coffee samples, changing
the solute concentration made a noticeable difference. Tables
1 and 2 and Figures 1 and 2 showed that when the
concentration increased from 2 g to 4 g, the drinks cooled
more slowly. For example, in the caramel latte the 2 g sample
cooled by 16 °C over 480 seconds, while the 4 g sample
cooled by only 11.7 °C. This indicates that having more
dissolved solids seemed to increase the viscosity of the
coffee, which most likely slowed down the natural
convection flow that usually helps carry heat. A similar trend
was seen in the tea trial. Table 6 and Figure 6 showed that
adding 5 g of sugar caused a larger temperature drop (AT =
10.3 °C) compared to tea without sugar (AT = 8.6 °C).

Stirring also had a big impact on how quickly the coffee
cooled. When stirring was introduced, the cooling rate
increased for all three coffee flavours. Table 3 and Figure 3
showed that caramel latte cooled by 17.2 °C under stirring
conditions, compared to 11.7 °C without stirring. Stirring
created forced convection, which moved the liquid around
and improved heat transfer. Faster fluid flow likely increased
the convective heat transfer coefficient. As a result, the
Nusselt number would have increased (Nu = h * L / k),
which explains why the heat left the drink more quickly.

The type of cup also made a difference. In the coffee and
tea tests, the metal insulated cup and the ceramic mug kept
the drinks warmer for longer, while glass allowed them to
cool faster. Table 4 and Figure 4 showed that coffee in the
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insulated metal cup only cooled by 9.7 °C over 480 seconds,
while coffee in a glass cup cooled by 11.5 °C. To support
that, in the tea trials (Table 5 and Figure 5) similar results
were seen. The ceramic cup had the smallest temperature
drop (6.8 °C), while the stainless steel cup cooled the fastest
(12.4 °C). The insulated and ceramic cups seemed to slow
down heat loss by reducing conduction through the walls.
The glass cup probably allowed faster heat transfer to the air
outside.

The milo-oat experiments showed that adding more oat
particles made the drink cool faster. Table 7 and Figure 7
showed that the 2-pack suspension lost 24 °C over 180
seconds, while the 0.5-pack sample lost only 16 °C. The
extra particles probably encouraged more movement in the
fluid, which increased natural convection inside the drink
and helped the heat move from the centre to the outside.

Finally, the water volume experiments (Table 8 and Figure
8) confirmed that smaller volumes cooled faster due to lower
thermal inertia and a larger surface-area-to-volume ratio. The
100 mL oat suspension cooled by 24.7 °C, while the 200 mL
sample cooled by only 7.9 °C at the centre. The small
temperature difference between the centre and edge (< 0.2
°C) also showed that conduction within the liquid was not a
limiting factor for heat transfer in these cases, meaning that
convection remained the main way heat moved through the
fluid.

Overall, the experimental results support Fourier’s Law of
Conduction and Newton’s Law of Cooling. Firstly, Fourier's
Law helped explain how the container materials affected the
rate of heat transfer by conduction through the walls. While
on the other hand, Newton’s Law described the convective
cooling from the liquid to the surrounding air. The study
showed how thermophysical properties, fluid dynamics, and
material conductivity influence cooling rates. These findings
have practical applications for consumers and for designing
beverage containers, packaging, and thermal equipment.

This study also serves as a learning point for audiences
who want to manage how fast their drinks cool. For example,
stirring drinks or using glass containers can speed up cooling,
while using insulated or ceramic cups can keep drinks
warmer for longer. The results could also be helpful for
people designing drink containers and packaging. Knowing
how to control cooling can also be useful in factories where
food and drink products that contain dissolved solids or
particles need to be heated or cooled. Changing things like
stirring, concentration, and container type could help manage
heat transfer in both homes and industry.

5. Conclusion

Overall, the experimental results of this study indicate that
the physical composition of beverages and the characteristics
of containers have a significant impact on the cooling rate.
After analysis, it was found that dissolved solutes with higher
concentrations, such as coffee solids, slow down the cooling
process by increasing viscosity and reducing convection,
while suspended particles like oats enhance convective
mixing and accelerate cooling. Stirring promotes forced
convection, causing the temperature to drop more rapidly.
The material of the container regulates the conduction of heat
loss. The insulated metal cup effectively retains heat, while
the glass cup helps the drink cool down more quickly.

Smaller liquid volumes cooled faster because they had less
thermal inertia and a larger surface-area-to-volume ratio.
These results showed how convection and conduction
worked together to control how fast heat was lost. The
findings can help people choose containers and ingredients to
change how fast their drinks cool. They might also be useful
for designing food products and industrial systems where
controlling heat transfer is important. Subsequent research
may include exploring other variables, such as environmental
air flow or shape and size of container, to refine these
analyses.
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Graphical Abstract

Abstract

Thermal Performance of Kitchen Utensils: A Heat Transfer Study

Problem: Method:
flow over time.
Heat-conducting < i .
utensils can . & Lagl
cause burns =

( )

Test different materials, shapes, and heat levels, tracking heat

Goal: HEAT CONDUCTION AND [
Medium heat
transfer

Investigate how material and TEMPERATURE GRADIENTS
Key Findings:

geometry affect heat conduction and
I W ﬁ * Wood &silicone = low heat conduction (safer).

temperature gradients.
« Metal = high heat conduction.
— * Larger surface areas absorb heat faster.
oo or « Higher temperatures increase heat transfer speed.

This study investigates the thermal performance of common kitchen utensils, focusing on conduction based heat transfer,
cooling rates, and insulation effectiveness. This is in order to investigate how the various properties impact the safety aspects
of kitchen utensils on its users. Three experiments were conducted to assess the influence and thermal conductivity of
material type, surface area, and insulation. Using a thermal imaging camera, transient temperature changes and temperature
gradients were able to be recorded. Further analysis applied Fourier’s Law and surface area-to-volume ratios to explain
differences in heat transfer and cooling performance. Results showed how he increase in temperature increases the maximum
temperature of the handle. However, made safe due to timbers exhibiting minimal heat conduction, meaning that heat does
not travel up the handle presenting a hazard. Conversely, metal utensils demonstrated significantly higher heat transfer
however, insulated variants reduce this significantly with the increase in surface area increases heat transfer. As a result,
presenting their importance in safe utensil design. Procedural inconsistencies such as camera positioning, utensil placement,
and environmental reflections were identified as key sources of error, obscuring precision and hindering repeatability.
Recommendations for improved experimental setup are also discussed to increase data reliability in future studies.

Keywords: conductive heat transfer, insulation effectiveness, Fourier’s Law, safe
b b b

1. Introduction
1.1 General Problem

Kitchen utensils are essential tools in the preparation and
handling of food in everyday life. While their function is
primarily mechanical, utensils are also expected to act as
thermal barriers between the user and hot cooking
environments. A failure to prevent excessive heat transfer
can pose a large threat to burns, discomfort, and handling
inefficiencies to the user. This is particularly relevant for
utensils exposed to hot water as its high heat capacity
increases the amount of energy in the system®. Despite
design considerations often prioritising insulation or
ergonomic grips, the underlying thermal safety of a utensil
ultimately depends on its material conductivity and physical
geometry. While anecdotal observations—such as “metal

XXXX-XXXX/ XX/ XXXXXX

utensils get hot quickly”—are often accurate, quantitative
validation through structured experimentation and known
theories such as Fourier’s heat transfer theory, can highlight
safe material choices. This is particularly crucial for items
like tongs, ladles, and spatulas, which are commonly used in
high-temperature environments and are frequently made
from a wide range of materials with varying thermal
properties.

1.2 Previous Studies and Existing Solutions: Known
Material Properties and Gaps

Previous studies on thermal conductivity have established
that a material’s ability to conduct heat depends on its
internal structure and dominant heat carriers. In metals, such
as stainless steel, electrons are the primary means of
transporting thermal energy, resulting in high thermal

© 2025 SJIE
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conductivity values whereas stainless steel with 16 W/m-K?2.
These properties highlight the effectiveness of these metals
as conductors but potential hazards for utensil handles unless
properly insulated.

In contrast, polymeric materials like nylon and silicone
rubber conduct heat through lattice vibrations (phonons) 3.
These materials are considered thermal insulators, with
conductivity values ranging from 0.2 to 0.44 W/m-K,
depending on molecular structure and temperature® Their low
conductivity and flexibility explain their widespread use in
cooking utensils, especially for handles and grips where
reducing burns and harm is essential.

Although these thermal properties are well-documented in
material science literature, most are measured under idealised
lab conditions using standard test shapes, such as thin slabs
or for different kitchen appliances such as pots and pans.
Few studies have experimentally examined how these
material properties behave in complex geometries in
common kitchen utensils. For instance, factors like handle
thickness, insulation layering, and contact surface area can
all affect how heat travels from the heated portion of a
utensil to the user’s hand.

Additionally, while Fourier’s Law of heat conduction
provides the theoretical framework to describe this heat flow,
prior research has rarely applied it directly to utensils in
domestic contexts. As such, there remains a practical gap in
understanding how theoretical values translate to real-world
thermal safety in consumer-grade kitchenware.

1.3 Scope and Objective of the Current Study: Focusing
on Conduction with Fourier’s Law.

This study aims to address the outlined gaps by conducting a
targeted investigation into purely conductive heat transfer
within common kitchen utensils, by breaking it down to three
key questions. These key research questions are:

1. How temperature affects heat conduction within the
handle of the utensil.

2. What role utensil surface area and shape play in cooling
rate and heat dissipation.

3. How effective insulation is in reducing heat conduction in
metal utensils.

Our experiment answered these objectives by submerging
utensils into controlled-temperature water baths and
recording temperature changes along their handles using a
thermal imaging camera. The focus on conduction allows for
a direct application of Fourier’s Law of Heat Conduction,

which states that the rate of heat transfer through a material
is proportional to the negative gradient of temperature and
the thermal conductivity of the material®:

Q=-kAZ

where Q is the rate of heat transfer, & is thermal conductivity,
A is the cross-sectional area, T'is the temperature and x is the
distance along the handle.

By using this theoretical framework, the study evaluates the
relative thermal performance of materials like wood, plastic,
and metal. In addition, both the impact of added insulation
through silicone and utensil geometry through the role of
surface area-to-volume ratios on heat dissipation during
cooling can be analysed. The overarching objective is to
provide recommendations based on experimental data and
calculations for material and design selection in kitchen
utensil manufacturing, with the goal of enhancing user safety
through thermal engineering principles.

2. Methodology

Retort Stand —
Tape Measure

Thermometer

Beaker
H,O

Utensil

Figure 1: experimental diagram6

For all experiments, the experimental setup can be seen in
figure 1. A 250 mL beaker was placed on a hotplate and set
to specific temperatures (40°C, 60°C, or 80°C). A thermal
imaging camera (InfiRay Pro 2) was used to record
temperature changes in the utensils. For each measurement
five readings were taken within 10-second windows around
each minute to reduce random error.

Experiment 1: Effect of Temperature on Wooden Utensils

Three identical wooden spoons were submerged in water at
40°C, 60°C, and 80°C respectively. The temperature at the



SJIE 1(2) X-X (2025)

Krause et al

base and top of the handle was recorded every minute over a
five-minute period.

Experiment 2: Effect of Surface Area and Shape on Heat
Transfer

Two plastic kitchen utensils, one a spatula and the other a
ladle, were placed into water at 80 degrees Celsius and the
rate at which the temperature changed was recorded using
the camera. They were then removed and placed on the
bench and had heat scans taken after approximately 20
seconds of cooling to measure the effects of different surface
areas and shapes on heat distribution and cooling. Similarly,
during the 5 minutes both utensils were in the hot water,
measurements were gathered at the end of the respective
handle with the temperature being taken on each respective
handle at 10+3 second intervals with 5 separate readings
each time.

Experiment 3: Effect of Insulation on Heat Distribution

Two metal tongs, one made entirely of stainless steel and
another with a silicone-insulated head, were submerged in
60°C water. Temperature readings were taken along the head
and handle every minute for five minutes using a thermal
imaging camera. The material composition of the tongs was
confirmed based on product information found online; the
all-metal tongs were stainless steel, while the insulated tongs
consisted of stainless steel with silicone grips and tips’4.
Experimental heat conductivity values were calculated using
equation 1.

Key Controls and Assumptions:

Utensils assumed to be homogeneous in composition,
material properties (k, C,, p) sourced from literature and
product data, identical beakers and thermal camera setup
used across all tests. No significant air drafts or
environmental temperature fluctuations. Only conductive
heat transfer is considered; convective effects neglected.

3. Investigation of the effect of temperature on the
rate of heat transfer and distribution

3.1 Hypothesis
1. The increase in temperature will increase the

steady-state temperature. S8
The energy transfer from the water to the spoon is 37
given by Newton's law of convection® where # is the T a6
convection constant, 7'is the object temperature and % '
T, is the fluid temperature: g 35
E 34
Q=AnT-T,) (2) s
As such, when the temperature of the water 3.3
increases there will be a greater temperature 32

differential thus, increasing the rate of energy transfer.
Furthermore, as given by the formula there will continue to
be a transfer of energy up until the temperature of the spoon
and the temperature of the water are the same. As such, since
the energy is dissipated through convection from the handle
and the surface area and convection constant remain constant
the temperature must increase to account for the increase in
energy.

2. The low thermal conductivity of the timber allows it to
remain safe to use over time when exposed to direct heat.

Thermal conduction within the spoon can be modelled by
equation 1. Since there is a small thermal conductivity
constant of 0.1 — 0.2 the amount of energy transferred over a
given distance is quite low?®. This results in lower
temperatures along the handle. However, another competing
factor in reducing the temperature along the handle would be
the rate at which energy is convected away from the
handle®. Since there is only natural convection the
convection constant should be small and thus, have less of an
impact on the temperature gradient through the handle™?.

3.2 Results

The data that was collected all three trials indicated that the
increase in temperature over time is one of a logarithmic
scale (this can be seen in the appendix). As such, to confirm
this relationship the natural logs of the temperature were
taken and then graphed with the corresponding times. In
figure 2, the data conforms to a linear trend affirming with a
great deal of confidence that the change in temperature over
time is related by a logarithmic trend with R? values of 0.85,
0.98, 0.96 for 40°C, 60°C & 80°C respectfully. This affirms
the accepted and theoretical understanding of transient heat
conduction. This can be seen with the lumped capacitance
analysis formula for the assumption of no radiation and the
convection constant remaining constant over time (equation
3) 13, Here ¢ is the time, V is the volume, p is the density and

¢p 1s the specific heat capacity. y

T(t) = Ty, + (T —Ty)e P97 (3)
T x e, t « In(T)

However, the relevance of this formula can be argued. This is
due to first the fact that some energy will be being lost to the
environment by radiation simply since there is a difference in

Linearised Temperature vs Time

y =0.0009x + 3.433
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® 40°C ®60°C ®80°C
Figure 2: linearised graph of temperature with respect to time
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temperatures. However, this is a somewhat reasonable
assumption due to the temperature difference being small
such that the energy lost will be close to negligible.
Furthermore, the whole underlying assumption of general
lumped capacitance is that the rate of conduction is large
enough compared to the rate of convection that there is a
negligible temperature gradient within the spoon. As a result,
this equation is only accepted when the Biot number is less
than 0.1**. Using the literature values for the convection
constant for water we can gain a rough perspective of at least
the relative order of magnitude®®. This value, however, will
be far from accurate as this is a general value not one that
accounts for the wooden spoon’s properties. As a result, the
Biot number ranges from 4.25 < Bi < 510 (these
calculations can be found in the appendix). Hence, the
assumption of lumped capacitance is not valid in this
scenario and unfortunately cannot be used to model the
transient temperature. However, if we compare the formula
to the infinite cylinder with non-negligible temperature
gradients (equation 4), we can see that the proportionality of
temperature to time still holds true as the Fourier number is a
function of time. As such, the data conforms with the
accepted literature in forming the correct relationship
between temperature and time®3,

T(t) = Too + (T — To) Ty Cue~0"2)o(£,77) , Fo = % (@)
~ T o« et,t ocIn(T)

3.3 Discussion

The heat conduction constant can be calculated by assuming
that the handle is a fin that is dissipating the energy through
conduction to the atmosphere. As such, the temperature can
be modelled through equation 5 where P is the fin perimeter

and L is the length of the fin®.
h .
_ cosh m(L—x)+(m) sinhm(L—x)

T_TOO
- R . &)
Tp—Two coshmlL +(ﬁ) sinhmL
5, hP
™= ra,

Then subbing in the temperatures and taking an average
(excluding outliers which were values that are either

1.5 X IQR above or below the median), we can find the
average heat convection constant (h = 0.054 Wm™2K™1)
17 Sample calculations can be seen in the appendix with the
results for all the measurements. The reason for using an
average is due to the variability in the convection
coefficient which had a range of 0.036 excluding outliers.
Although small, when compared to the average this results
in £33% which is not negligible. These changes in values
are most likely due to drafts and changes in the velocity of
air in the room in which the experiment was taking place®®,
In addition, taking an average allows us to simplify the
calculation and ignore any changes in the convection
constant concerning time.

The use of the fin approximation, however, comes with some
assumptions, the only one that is being violated are the
steady state conditions as the measurements were taken
transiently®®. However, if we ignore the bottom of the spoon
and just focus on the handle the temperature gradient should
be consistent. Hence, it is relatively feasible to look at it as a
fin as the observational data followed the expected trend of
an exponential curve.

Using the data collected a model can be made for the
transient heat conduction along the spoon. T}, can be
calculated using the formula for the trendlines that come
from the experimental findings. This can then be modelled in
3D to see how the temperature changes along the handle with
respect to time.

Evidently even when modelling into the future the
temperature along the handle will never get hot enough to be
dangerous to the user. This is evident with the spoon at 80°C
after 20 minutes (T = 47°C) only going to cause damage to
the basal layer of the epidermis®®. However, this is only
when touching the very bottom of the spoon. Halfway up the
spoon the temperature would be only 31°C which is not
enough to cause any form of damage to the skin.
Furthermore, the data clearly shows the benefits of such a
small heat conduction value as the temperature gradient is
incredibly steep preventing the top of the handle from getting
hot. This conclusion can be approximately made due to how
small the convection value is such that the energy lost is not
influencing the conduction curve. This makes it a highly safe
utensil as it is unrealistic to have direct contact with a water
at 80°C for more than 20 minutes straight and be touching it
right at the hottest point.

Although there are no specific commercial cookware safety
standards, typically in commercial kitchens wooden utensils

3D Plot of Temperature for Different Transient Temperature Functions
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Figure 3: 3D plot of temperature, time and distance for the three different
temperatures®*
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are not as common. This is due to the hygiene concerns that
come with the use of timber??. These stem from the porous

nature which allows bacteria and other pathogens to grow?2.
Since, there are extremely stringent food hygiene regulations
this exacerbates the stainless-steel control over the market 23,
However, this is not to say that the findings from this
experiment are worthless in a commercial environment but to
say that the use of other materials with low thermal
conductivities may allow for both the user to be safe and the
food to maintain its hygiene. Beyond the professional
environment where wooden utensils are far more common
the findings conclude that they are one of the safest tools in
burn prevention.

When considering other substances which can reach higher
temperatures and similarly transfer heat like oil, then the
temperature it will reach will be far greater increasing the
energy transfer. However, oil may have a much lower
convection constant (50 — 350 Wm™2K 1) compared to
water (50 — 3000 Wm~2K~1)6%5, Yet again these values
are most likely not correct as they are not for this specific
case with timber spoons however, they serve as a comparison
between their effective rates of heat transfer. As such, if
taking the maximum values, it is only true when either the
temperature is so high that it isn’t feasible or if left in the oil
for an unrealistic amount of time. However, if the convection
constants are both 50 then the temperature will get
considerably hotter. As such, a future area of research would
be to investigate the effects of different substances.

4. Investigation into the effect of surface area and
material on the rates of cooling and heat conduction

4.1.1 Hypothesis on the effects of complete insulation
material on heat conduction

Both the spatula and ladle utilised in the experiment were
Coles brand, however Coles does not reveal the insulation
material utilised in the makeup of each product. Thus, for
this experiment based on comparison to other products and
the physical properties of each product compared to the
properties of typical insulation plastic products to be nylon
for the spatula ? and silicone for the ladle?”. Past academic
research indicates both kitchen utensils should be good
insulators of heat as each material has been found in studies
to have very low heat conductivity constant with nylon
ranging between 0.23-0.29W/mk for nylon*® and 0.2-
0.44W/m-k for silicone?®, dependent on specific type of each
insulating plastic utilised. These values gathered from
literature reports indicate each utensil should not conduct
considerable amounts of heat up the handles of each separate
utensil. These values also indicate that heat conducted is
expected to be found to be relatively similar amounts in each

5

material due to similar heat conductivity constants, with
silicone perhaps conducting slightly more.

4.1.2 Hypothesis on the effects of material and surface
area on cooling and heat dissipation

Secondarily this experiment aimed to measure the effect of
surface area, shape and material on heat distribution and
cooling through taking heat scans of both the ladle and
spatula 20 seconds after being removed from the hot water.
Given both thermal insulating materials utilised were
measured to have the same thickness it is possible to study
the effects of both surface area and volume specific surface
area. In general, a larger surface area leads to faster rate of
cooling as a larger area allows for more contact with the
cooling medium, in this case surrounding room temperature,
and facilitates greater heat dissipation®’. This would indicate
the ladle head to cool much faster given the calculated
surface area being 356.83cm? compared to the spatula’s
head’s calculated surface area being 177.04cm?. However,
volume of each shape must also be considered to find a
volume specific surface area() as a prior study by Arpad
et.at recently suggests having found o affects Newton's law
of cooling in the following way, where an increase in o will
cause an increase in cooling rate and deviation of

temperature (0(t)) 3.

0(t) = 9(0) - e~ heT (6)
This conversely indicates instead the expected outcome of
the findings to be the spatula cools faster given the calculated
volume specific surface area to be 10.96cm ™1 compared the
ladles 5.10cm™1. This also agrees with common theory that
rectangular prism shaped objects generally cool faster than
their spherical counterparts due to their larger surface area to
volume ratio®2,

Furthermore, utilising the heat scans it will be possible to test
whether the materials utilised are homogenous or if the
materials are not uniform during production. Ideally
homogenous plastics should have consistent heat spans that
demonstrate a smooth transfer of heat during cooling with a
gradual colour change being demonstrated on the heat
scans33. However, if the materials are not homogenous,
localised hot spots are more likely to be found on the heat
scans.

End of Handle Temperature Change Over Time
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Figure 4: Line graph demonstrating the change in temperature
against time at the end of the handle for both spatula and ladle
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4.2 Results
4.2.1- The effects of solid insulation on heat conduction

The temperature at the end of the handle for each utensil
never demonstrated a clear trend thus the data gathered can
be best displayed utilising a line graph exhibiting the
averages for all data points found. Averages could be taken
from the 5 readings taken every 10 seconds each collection
of results never exhibited major standard deviation or
maximum deviation. The data collected illustrated minimal
fluctuation, thus to better view variation in data the y-axis
range was minimised to range between 23.5°C-27.5°C.

4.2.2 - Surface area and material heat dissipation

Figure 5: Heat scans taken after 20 seconds of cooling for each
utensil, spatula on the left and ladle on the right.

Heat scans were taken of each utensil after 20 seconds of
cooling to allow for qualitative analysis on the heat
dissipation during cooling for each utensil. The spatula
exhibits the central section of the utensil to be the hottest
with gradual heat dissipation both the tip and back of the
spatula head. The ladle also similarly demonstrates the
central section of the utensil to be the hottest however its
heat dissipation is slightly more irregular also with a few
localised cool spots.

4.3 Discussion

4.3.1 - Solid insulation and heat conduction

The temperatures recorded at the end of both the ladle and
the spatula handles evidently never displayed severe rises in
temperature that could lead to them being dangerous for
users. Each handle displayed initial teperature increases
from room temperature of 23°C and then remained relatively
stable at averages of 25.39°C for the ladle and 24.75°C for
the spatula. Slight deviations in data were likely gathered
from possible fluctuations within the room which lead to
maximum variance from average temperature of +1.78% for
the ladle and +1.97% for the spatula, which are relatively
negligible. The gathered results support the hypothesis that
each utensil should be safe for cooking at 80°C given their
respective insulation materials utilised. The findings also
agree to the hypothesis that silicone is a slightly better

conductor of heat, hence the slightly higher average found
for the lade. To further support these findings, heat flux(q)
can be calculated using the Fourier law of heat conduction
for a heat transfer model.

kxAx(AT)

q = 25D ™
Through applying the above equation average heat flux
values of 0.015W for the ladle and 0.018W for the spatula
were found. These values reinforce the prior findings of the
safety of each utensil and its insulating material given the
gathered heat flux values for each are extremely small
suggesting the amount of heat transferred through the
handles is very minimal indicating the insulating materials,
nylon and silicone are doing their jobs for each respective
utensil**.

4.3.2 - Surface area and material on heat dissipation

Through analysing the photos, it is evident for both utensils
the central portion of each head is as expected the hottest part
after being allowed to cool for 20 seconds. This is simply
due to the fact that despite all sides seen on the heat scan
being in contact with the atmosphere, the edges have more
exposure to the atmosphere allowing it to release more
heat®®. As hypothesised the spatula appears to be cooling
faster especially the edges which is likely due to the greater
volume specific surface area on the rectangular prism shaped
spatula then the hollowed out semi-ellipsoid shape of the
ladle.

This can be quantitatively understood from the adapted
Newton's laws of cooling equation displayed earlier where
evidently slower cooling rates will be received for a smaller
volume specific surface area value. The results shown here
further prove the relatively recent discovery that volume
specific heat capacity should be considered within Newton's
laws of cooling as this proves the rate of cooling and heating
not only heat transfer coefficient and materials characteristics
but also volume specific surface area3!. This would hence
lead to the conclusion that when utilising utensils of a similar
thickness and material but differing shapes those with higher
volume specific surface areas will be safer to touch in a
faster period. However as seen by each image each utensil
head after 20 seconds still contains significant amounts of
heat despite being made from insulating materials, thus it is
highly recommended to not touch any part of a utensil that
has come in contact with extreme heat for an extended period
or until cooled by other systems3®.

The heat scans indicate some scale of uniformity within both
utensils as neither display major localised hot spots and
instead more gradual heat dissipation can be seen. However,
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especially within the ladle small darker spots can be seen
indicating those areas to be cooling faster which could be
indicating small amounts of compositional non-uniformity.
This would thus lead to the conclusion of the spatula being
safer to cook with then the ladle as its greater amounts of
uniformity throughout its heat scan indicates the spatula
heating and cooling rates are more predictable throughout
then the ladle. The greater predictability of the heat
dissipation within the spatula means better advice can be
sought on length of cooling times before it is safe to touch
the utensil in comparison to the spatula, thus making the
spatula head less harmful.

5. Investigation into the effect of partial insulation on
heat distribution.

5.1 Hypothesis

The aim of this experiment is to investigate the effect of
insulation on heat distribution within a system. Specifically,
it seeks to determine how the presence of insulating materials
affects the rate of heat transfer in stainless steel tongs,
compared to a pair with silicone insulation to one without.
The hypothesis is that the addition of silicone insulation will
reduce thermal conduction, slowing the rate of temperature
change and leading to a more uniform temperature
distribution over time. This is due to silicon having a lower
conduction constant thus, conduction less energy and
reducing the overall temperature’’.

Insulating materials reduce heat transfer by providing
resistance to conductive, convective, and radiative losses.
Fourier’s Law of Heat Conduction states that the rate of heat
transfer through a material is proportional to the temperature
gradient across it and its thermal conductivity3®.
Subsequently, materials with low thermal conductivity, such
as silicone or even nylon, are commonly used as insulators
on kitchen utensils®®. Prior research suggests that well-
insulated systems experience slower temperature changes
and exhibit greater thermal efficiency compared to non-
insulated systems®°.

We expect that the insulated tongs will exhibit a significantly
lower rate of heat transfer than the non-insulated tongs. This
will result in a slower temperature increase in the handle
region and a more uniform temperature distribution across
the insulated material*!. These expectations align with
transient heat conduction models, where insulation reduces
temperature gradients and slows heat transfer*2. The practical
implications, suggests that insulated tongs are safer to use for
handling hot objects over extended periods.

5.2 Results

The experiment measured temperature changes in two sets of
Coles brand stainless-steel tongs—one with silicone
insulation on the handle” and one without®—at three
locations: near the bottom closest to the water, midway up

the handle, and at the top of the handle. Minimal temperature
change was observed at the handle for both tongs, indicating
limited heat transfer along their length. The most significant
temperature changes occurred at the bottom of the tongs, as
shown in Figure 1. This is due to the temperature gradients
discussed in section 3 of the report. The results in Figure 1
are averages from five trials per tongs type to ensure
reliability, with the corresponding data and standard
deviations provided in the appendix.

Comparison Between Plain Metal Tongs and Tongs with Silicon Insulation

60 { = Plain metal
—— Insulated

55 A

50

45 4

Temperature (oC)

40 1

35 A

1.0 15 2.0 2.5 3.0 35 4.0 4.5 5.0
Time (m)

Figure 6. Temperature Change of Stainless Steel vs. -Insulated Stainless-Steel Tongs

5.3 Discussion

The results indicate that the insulated tongs conducted heat
significantly less than the pure stainless-steel tongs. Based on
common manufacturing standards, the stainless steel was
assumed to be grade 304*3, with a thermal conductivity
constant (k) of 16.2 W/m-K**. Its density was taken as 7930
kg/m3, and the specific heat capacity (Cp) was identified as

490J/kg-K*. For the silicone insulation, the thermal
conductivity constant (k) was estimated to

range from 0.2 to 2.55 W/m-K, with a density of 1100 kg/m3
and a specific heat capacity of 1050J/kg-K37. Since the metal
core of the insulated tongs did not appear to extend deeply
into the silicone tip, the submerged portion was assumed to
be primarily composed of silicone.

The experimentally calculated & value for the stainless-steel
tongs was 82.8 W/m-K, significantly higher than the
theoretical value of 16.2 W/m-K. This discrepancy
corresponds to a percentage error of 411.1% and can be
attributed to multiple factors, including the simplification
of the tongs’ geometry. Approximating their shape as a
rectangular cross-section may have led to a poor estimation
of heat transfer values, as the actual geometry provides
additional surface area for heat transfer not accounted for in
the simplified model. Variations in temperature
measurements due to shifts in the thermal imaging camera’s
position may have introduced minor inaccuracies.

For the insulated tongs, the experimentally determined &
value was 19.93 W/m-K, which was higher than the
theoretical expectation. As evident in equation 8 for the
calculation of the rate of heat transfer using the total
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resistance formula it is evident that & calculated will be an
average between the stainless steel and the silicon with
respect to the surface are and thickness. (Note: all values
subscript one are the constants respective to the metal and
subscript two for the silicon.) However, the experimentally
calculated value is outside of the range indicating that the
rate of heat transfer values has been underestimated, likely
due to the same limitations affecting the stainless-steel tongs.
=t ®
Ly Ly
Rtotal = m + KkpAy (9)

While the absolute values obtained from the experiment were
inaccurate compared to theoretical values, they effectively
demonstrated a comparative trend. The results consistently
indicated that the insulated tongs conducted heat less
effectively than the pure stainless-steel tongs. This supports
the hypothesis that silicone insulation reduces heat transfer
and enhances thermal safety. An additional limitation in the
experiment was the estimation of the submerged portion's
volume. Rather than directly measuring this volume,
calculations were made using dimensional approximations,
which may have introduced further error. A more precise
approach, such as water displacement, would have provided
more accurate data and improved the reliability of the
calculated £ values.

Overall, the insulated utensils are far superior when it comes
to the safety of its user from burns. However, it is still
common to see full metal utensils rather than ones with
insulated grips in industry. This is due to their cost and
durability which they tend to be inferior to their full metal
comparision?’. On the contrary, silicon is far more hygienic
than timber presenting no real reason for insulated grips
becoming more common in the industry.

6. Conclusion

6.1.1 - The effect of temperature on heat transfer

In culmination, it is clear the temperature does in fact
increase the steady state temperature of the utensil. However,
as seen due to the low thermal conductivity of the timber it
makes the utensil incredibly safe. This is due to it preventing
thermal energy from travelling up the handle and thus,
maintaining the end of the handle at practically room
temperature no matter how long it is supposed to heat. This
was evident with the model indicating that even at 80°C for
20 mins the end of the handle reached a temperature of 25°C.
This was similarly cooperated with the base of the handle
only reaching 47°C which was barely enough to cause harm.

6.1.2 - Investigation into the effect of surface area and
material on the rates of cooling and heat conduction
To summarise, the key findings illustrated both the Coles
brand spatula and ladle, which are believed to have utilised
nylon and silicon respectively, to successfully maintain a
safe temperature for holding whilst cooking at 80°C. Each
utensil only saw slight immediate increases when placed in

the water to move above room temperature and then the ends
of the handles remained in between 23.5-27.5°C each.
Therefore, indicating the vital role of including the
conduction constant into utensil design as it limits how much
energy enters the spoon.

The heat dissipation of each material exhibited the spatula to
cool faster than the ladle due to its smaller volume specific
surface area. This hence points towards validating Arpad
et.al study recommending the addition of volume specific
surface area to Newtons law of cooling. Furthermore, the
slightly more irregular shape of heat dissipation in the ladle
with localised cool spots, indicates the spatula was made
more uniform and thus safer as its rate of cooling is more
predictable.

6.1.3 - Insulation effect on heat distribution.

This experiment demonstrated that even partial insulation
significantly affects rates of conduction. Thus, in utensil
design it is not necessary to be made completely out of an
insulated material whilst keeping the safety a priority. By
reducing the rate of heat transfer, the insulation promoted a
more gradual temperature change and contributed to a more
uniform temperature distribution. These findings align with
Fourier’s Law and support the hypothesis that insulation
enhances thermal efficiency by resisting conductive,
convective, and radiative heat losses. The trends seen in the
experimental results matching expectations, confirming that
insulated materials lowered the overall temperature. While
errors and external factors may have influenced the results,
the overall trends were consistent with theoretical
predictions.

6.2 —Summary

To conclude, this article has successfully investigated and
summarised various possible sources of harm through heat
conduction of an array of different kitchen utensils through a
range of forms, including the effect of temperature, surface
area, material and insulation. Further studies could examine
how changes in liquid utilised could affect the rates of heat
transfer in each investigation and further investigate the role
of convection in heat transfer for kitchen utensils.
Addressing potential sources of error, such as ambient
temperature fluctuations, movement of the position of the
thermal camera and geometric modelling assumptions, could
further improve experimental reliability. Additionally,
employing direct measurement techniques for submerged
volume would enhance the precision of heat transfer
calculations.
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Appendix
Table 1: 40°C change in temperature over time at the bottom of the handle
Trial 1/ Trial 2/ Trial 3/ Trial 4/ Trial 5/
Time*5s | +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C Average /°C | Error /% Standard Deviation | Ln(Temperature) | In(T) Error / £
60 254 271 27.9 25.1 27.5 26.6 1.4 1.35 3.28 0.05
120 29.1 27.3 27.8 27.7 28.6 28.1 0.9 0.780 3.34 0.03
180 28.1 27.0 29.3 28.6 29.0 284 1.2 0.968 3.35 0.04
240 27.3 28.9 28.3 29.7 27.8 284 1.2 1.01 3.35 0.04
300 29.0 30.2 28.7 31.5 30.1 29.9 1.4 1.28 3.40 0.05
Table 2: 60°C change in temperature over time at the bottom of the handle
Trial 1/ Trial 2/ Trial 3/ Trial 4/ Trial 5/
Time *5s | +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C Average /°C | Error /[ % Standard Deviation | Ln(Temperature) | In(T) Error / *
60 33.1 31.8 32.9 31.5 32.2 32.3 0.8 0.793 3.48 0.02
120 32.2 34.8 32.8 33.9 34.3 33.6 1.3 1.16 3.51 0.04
180 33.0 34.8 35.8 35.6 33.8 34.6 1.4 1.28 3.54 0.04
240 33.7 34.5 35.2 35.1 35.5 34.8 0.9 0.690 3.55 0.03
300 354 36.7 34.6 371 36.2 36.0 1.3 1.16 3.58 0.03
Table 3: 80°C change in temperature over time at the bottom of the handle
Trial 1/ Trial 2/ Trial 3/ Trial 4/ Trial 5/
Time *5s | +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C Average /°C | Error /[ % Standard Deviation | Ln(Temperature) | In(T) Error/ *
60 30.7 32.7 30.9 33.7 32.5 32.1 1.5 1.27 3.47 0.05
120 34.7 34.3 35.6 34.9 35.0 34.9 0.7 0.47 3.55 0.02
180 38.0 36.5 37.6 36.1 37.8 37.2 0.9 0.846 3.62 0.03
240 37.4 39.8 39.5 38.0 39.8 38.9 1.2 1.12 3.66 0.03
300 40.1 38.1 40.6 40.8 39.9 39.9 1.4 1.07 3.69 0.03
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Table 4: 40°C change in temperature over time at the bottom of the handle
Trial 1/ Trial 2/ Trial 3/ Trial 4/ Trial 5/
Time*5s | +0.1°C 1+0.1°C 1+0.1°C 1+0.1°C +0.1°C Average /°C | Error/ % Standard Deviation
60 23.0 23.9 22.8 24.1 23.7 235 0.7 0.650
120 23.9 23.7 24.8 254 25.2 24.6 0.9 0.780
180 23.2 23.9 25.1 24.6 23.2 24.0 1.0 0.829
240 241 23.7 251 24.8 24.3 244 0.7 0.640
300 23.2 24.1 252 24.9 23.1 241 1.1 0.900
Table 5: 60°C change in temperature over time at the bottom of the handle
Trial 1/ Trial 2/ Trial 3/ Trial 4/ Trial 5/
Time*5s | +0.1°C 1+0.1°C 1+0.1°C 1+0.1°C +0.1°C Average /°C | Error / * Standard Deviation
60 24.9 25.2 23.8 23.6 23.5 242 0.9 0.793
120 241 23.7 24.3 24.9 24.0 242 0.6 0.500
180 22.9 23.5 23.9 23.1 23.1 23.3 0.5 0.440
240 24.7 254 25.5 24.9 25.5 25.2 0.4 0.386
300 23.2 24.4 245 23.8 23.6 23.9 0.7 0.600
Table 6: 80°C change in temperature over time at the bottom of the handle
Trial 1/ Trial 2/ Trial 3/ Trial 4/ Trial 5/
Time*5s | +0.1°C 1+0.1°C 1+0.1°C 1+0.1°C +0.1°C Average /°C | Error / * Standard Deviation
60 241 25.1 24.9 24.0 24.9 24.6 0.6 0.510
120 251 25.5 26.1 26.0 25.3 25.6 0.5 0.440
180 24.6 24.3 25.7 25.1 24.8 24.9 0.7 0.534
240 253 24.7 24.6 25.9 25.0 25.1 0.6 0.520
300 23.9 24.3 25.0 24.8 23.5 243 0.8 0.620
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Sample calculations for calculating the convection constant

T—T, coshm(L—x)+(%)sinhm(L—x) , kP
T, —T, = A,

hy .
coshmlL + (W) sinh mL
1.7m D\? 1.7 \?2
P=nD=——,k=0.15A, = Tl.'(—) = Tl.'( ) ,L =0.269,T, = 23°C,x = 0.269

100 2 2 %100
T—23 coshm(0.269 — 0.269) + (ﬁ) sinh m(0.269 — 0.269) hn (%)
T, —23 h m = 17 V2
b~ L P .
cosh 0.269m + (0.15m) sinh 0.269m 0.151 (m)
For the 40 degrees 60s calculation using the temperature at the top of the spoon and the
temperature at the base.
T = 23.5,T, = 26.6
1.7
235-23 _ 1 ,__ Im (50)
26.6 — 23 h o ’ 1.7 H?
cosh 0.269m + (O.lSm) sinh 0.269m 0.157 (m)

h =0.061
Table 7: value of the respective convection constants (Note: those underlined and italicised
are outliers and were not counted towards the average)

Time/s 40°C 60°C 80°C
60 0.061 0.064 0.051
120 0.029 0.071 0.039
180 0.048 0.16 0.063
240 0.035 0.048 0.063
300 0.055 0.097 0.091

Biot number calculations
L. =0.017
50 < h<3000,0.1,k<0.2
hL,
Tk
4.25 < Bi <510

Bi

Uncertainty calculations for In [15]
6In(T) =

error

average
Example calculation for 40 degrees at 60s

1.4
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Temperature Vs Time

43.0
41.0
y =4.94ln(x) + 11.644
39.0 R®=0.9935 + ..................

370 | e +

/O e + .................. PRm— -

33.0 I L
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zjz + .................. PORSR S + .................. + .................. +

y=1.7213n(x) + 19.584
R?=0.869
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@ 40°C ®60°C @80°C

Figure 7: non linearised graph of the transient heat at the base of the handle of the wooden
spoons for different temperatures of water
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Table 8: Change in temperature at end of ladle handle
Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5 Standard
Time(s) £3 | / +0.1°C / +0.1°C / +0.1°C / +0.1°C / +0.1°C Mean/°C | Error/ + deviation
0 25.9 26 26 25.9 25.7 25.9 0.15 0.012
10 26.1 26.2 26.1 26.3 25.9 26.1 0.2 0.018
20 27.3 26.9 27.2 27 26.6 27 0.35 0.06
30 25.4 25.7 25.1 25.2 25.6 25.4 0.3 0.052
40 24.5 25 25 25 24.5 24.8 0.25 0.06
50 25.9 25.8 25.6 25.8 25 25.6 0.45 0.106
60 25.4 25.7 25.4 25.9 25.7 25.6 0.25 0.038
70 25.1 25 25 25.3 25.1 25.1 0.15 0.012
80 26.3 26.3 26 26.4 26.5 26.3 0.25 0.028
90 26.2 26.2 26.4 26.2 25.6 26.1 0.4 0.074
100 25.2 25.3 25.4 25 25.6 25.3 0.3 0.04
110 24.8 24.8 24.5 24.5 24.9 24.7 0.2 0.028
120 24.6 24.6 24.7 24.7 24.9 24.7 0.15 0.012
130 25.6 25.1 25.1 25.1 25.6 25.3 0.25 0.06
140 25.3 25.1 25.2 25 25.4 25.2 0.2 0.02
150 25.1 25.1 25.4 25.1 25.9 25.3 0.4 0.098
160 24.7 24.8 25.1 24.7 25.2 24.9 0.25 0.044
170 24.8 24.4 24.9 24.6 24.4 24.6 0.25 0.042
180 24.8 24.6 24.6 24.2 24.3 24.5 0.3 0.048
190 24.6 24.5 24.6 24.5 25.4 24.7 0.45 0.118
200 25.5 25.5 25.3 25.7 25.9 25.6 0.3 0.042
210 24.9 24.8 24.9 24.7 25.2 24.9 0.25 0.028
220 25.3 25.6 25.2 25.4 25 25.3 0.3 0.04
230 25.6 25.9 25.7 25.6 26.2 25.8 0.3 0.052
240 27.5 27.1 27.6 27.1 27.7 27.4 0.3 0.064
250 25.5 25.3 25.5 25.7 25 25.4 0.35 0.056
260 25.1 25.3 25.4 25.3 25.3 25.3 0.15 0.01
270 24.7 25.2 24.9 25.1 24.6 24.9 0.3 0.052
280 25.2 25 25.3 25 25 25.1 0.15 0.016
290 25 24.8 25 24.9 24.2 24.8 0.4 0.09
300 24.9 24.8 25.1 24.9 24.3 24.8 0.4 0.072
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Table 9: Change in temperature at end of spatula handle
Time (s) Reading Reading Reading Reading Reading Standard
+3 1/40.1°C [ 2/40.1°C | 3/1+0.1°C | 4/ +0.1°C | 5/ 1+0.1°C | Mean/°C | Error / + | deviation

0 25.5 25.3 25.4 25.2 25.5 25.4 0.15 0.014
10 24.9 25.1 25 25.4 25.1 25.1 0.25 0.028
20 24.4 24.3 24.4 24 23.9 24.2 0.25 0.044
30 23.6 23.7 23.9 23.5 23.4 23.6 0.25 0.03
40 27 27 26.9 27.5 27.6 27.2 0.35 0.084
50 25.2 25.3 25 25.2 24.9 25.1 0.2 0.022
60 24 24.3 24.6 24.5 24.1 24.3 0.3 0.052
70 23.4 23.8 23.3 23.8 23.2 23.5 0.3 0.064
80 25.2 25.1 25 25.1 24.2 24.9 0.5 0.134
90 24.5 24.8 24.7 24.3 24.7 24.6 0.25 0.032
100 25.2 25.1 25.6 25.3 25.3 25.3 0.25 0.028
110 25.3 25.4 25.2 25.1 25.5 25.3 0.2 0.02
120 25.9 25.5 25.7 25.5 25.9 25.7 0.2 0.032
130 25.2 25.6 25.7 25.7 24.9 25.4 0.4 0.102
140 25.4 25.4 25.1 24.9 25.1 25.2 0.25 0.038
150 24.5 24.4 24.4 24.3 25.3 24.6 0.5 0.134
160 24.8 24.4 24.9 24.5 24.9 24.7 0.25 0.044
170 24.6 24.7 25 24.7 25.4 24.9 0.4 0.086
180 24.6 24.6 24.8 24.7 24.3 24.6 0.25 0.028
190 24.6 24.5 24.4 24.6 25.4 24.7 0.5 0.128
200 24.5 24.6 24.7 24.7 24.5 24.6 0.1 0.008
210 24.6 24.6 24.5 24.9 24.9 24.7 0.2 0.028
220 24.5 24.9 25 25 24.6 24.8 0.25 0.044
230 24.5 24.5 24.7 24.5 24.9 24.6 0.2 0.026
240 24.7 24.6 24.8 24.5 25.4 24.8 0.45 0.1
250 24.5 24 24.3 24.2 24.5 24.3 0.25 0.036
260 24 24.3 24.1 23.7 23.9 24 0.3 0.04
270 24.6 24.6 24.6 24.7 24.5 24.6 0.1 0.004
280 23.9 23.8 23.9 24.3 24.1 24 0.25 0.032
290 23.6 24 23.8 23.8 23.7 23.8 0.2 0.018
300 23.5 23.8 23.9 23.7 24.1 23.8 0.3 0.04
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Surface area for spatula

Dimensions of head:
Width(w) = 8.9cm
Length(l) = 9.8cm
Thickness(t) = 0.2cm
Radius of holes(r;,) = 0.35cm
Front and Back surface area of spatula head:

Ay = wl =89cm * 9.8cm = 87.42cm?
Ap = Ay = 87.42cm?
Surface area of side of spatula head:
A; = 2wt + 2lt =2%89cm x 0.2cm + 2 * 9.8cm x 0.2cm = 7.48cm?
Area of one hole:
A, = nr? = 10.352 = 0.385¢m?
Surface area of inner edge of one hole

A, =2nrt = 21 * 0.35cm x 0.2cm = 0.44cm?

Total surface area of spatula head:
Aspar = (A5 — 164,) + (Ap — 164y) + Ag + 164, = 177.04cm?

Surface area of Ladle:

Dimensions of head:
Depth(D) = 5.9cm
Left to right radius(r) = 5.05cm
Front to back radius (r;) = 5.2cm

Outer surface area of ladle head:

(rs X rl)1.6075 + (rs X D)1.6075 + (Tl X D)1.6075 1

Ay = 2m( 3 )1.6075 = 181.90cm?

Inner surface area of ladle head:

_ _ 1.6075 _ _ 1.6075 _ _ 1.6075
((s = 0.2) X (n=0.2)) + (s O-Z)X(g 0.2)) + ((n = 0.2) x (D - 0.2)) )71_6})75:168.62”12

A, = 2n(
Surface area of side of ladle:
As = IInry — w(r; — 0.2)(r; — 0.2) = 6.31cm?
Total surface area of ladle head:
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Aga = Ao + A; + As = 356.83cm?

Volume of spatula head:

Volume of spatula head, not accounting for holes:
Vieet = Wit = 89cm X 9.8cm x 0.2cm = 17.44cm3

Volume of one cylindrical hole:
Viote = mr?t =1 %X (0.35cm)? x 0.2cm = 0.08cm3

Total volume of spatula head:
Vipat = Vreect — 16Vige = 16.16cm?

Volume of ladle head:

Volume of a semi ellipsoid:

4 4
Viun = §nrsrlD =37 X 5.05cm X 5.2cm X 5.9cm = 648.99¢m3

Volume of inner semi ellipsoid:
4 4
Vinner = §n(rs -t —-t)(D—-t) = 37 X 4.85cm X 5cm X 5.7cm
= 579.00cm?3

Total volume of ladle head:
Vlad = Vfull - Vinner = 6999C7n3

Volume specific surface area of spatula head:

Aspat  177.04cm? _
Wspar = — 12— = = 10.96cm™!
Vspat 16.16¢cm3

Volume specific surface area of ladle head:
Ajga _ 177.04cm?

Wiga = = !
Vieg  69.99cm3

=510cm~

Heat Flux calculation for ladle

_ kA, (AT)
= =

Kiaa = 0.32WIMHK, Ay = (22 = (22

)2 = 4.91 X 1074m?2, Lyyq = 0.227m

_032x491x107*(AT)

1= 0.227
— 0.015W

Qavg
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Heat flux calculation for spatula

Kspat = 026W/m'k, Aspat = T[(T

_ kA (AT)

L,
)2 = 6.16 X 10™*m?, Lyyq, = 0.273m

0.028

026+ 6.16 x 107*(AT)

q_

0.227

Qavg

= 0.015W

Table 10: 60°C change in temperature over time at bottom of handle of stainless steel tongs

Time % (Trial 1/ |Trial2/ |Trial3/ |Trial4/ |Trial 5/ |Average |Error/|Standard
5s +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C /°C * deviation
60 442 43.6 46.1 475 46.1 455 2 1.583
120 49.3 48.1 50.1 495 49 49.2 1.1 0.735
180 57.9 57.4 58.1 58.9 59.2 58.3 0.9 0.738
240 547 56.2 56.8 58.6 57.2 56.7 2 1.425
300 58.7 58.9 60.2 59.7 59.5 59.4 0.8 0.608

Table 11: 60°C change in temperature over time at bottom of handle of insulated stainless steel tongs

Time *|Trial1/ |Trial2/ (Trial3/ |Trial4/ |Trial5/ |Average/ |Error [Standard
5s +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C /% deviation
60 33 34.1 35.4 34.9 33.6 34.2 1.2 0.967
120 36.1 35.8 37.2 36.9 36 36.4 0.8 0.612
180 38.3 37.9 38.8 38.5 38 38.3 0.5 0.367
240 40.4 40.4 40.1 39.8 39.3 40 0.7 0.464
300 43.3 441 43.2 434 445 43.7 0.8 0.570

Insulated stainless steel tongs heat conduction constant calculations:

kg

m = PsiticoneV = Psiticone X (L XwW X Ty) = 1100$ X (0.02m x 0.029m x 0.006m)
= 3.828 X 10 3kg

dT 3 Ji
q=mXc,_g X i (3.828 x 10°kg) x (1050 7

dT _ Trinat — Titial _ 43.7°c — 23°C~

Fr

t

300s
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K
= 0.069—
s

K
) X (0.069 ) = 02773
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dT TFinal - TIm'tial 43.7°C — 23°C K
dx d = oz6om 2P,
027731
k:gxd_T: . ) X ! :1993—W
A7 dx  0.006m x 0.029m 79.95% —

Stainless steel tongs heat conduction constant calculations:

k
m = pgsV =pss X (LXWXTy) = 7930m_€> X (0.02m x 0.031m x 0.001m)

= 49166 X 10 3kg

AT Trinat — Timitiq 59-4°C — 23°C” K
dt t - 300s = 01213+
ar 49166 x 1073k 490 J 0.1213 K 0 292]
= X X — = (4. X X — )y x (0. ) =0. 7
q=mxXcp X =( g) X ( kg_K) ( S S
AT Tringt — Tinitiat 59-4°C — 23°C K
dx d = "o3om 375,
02921
p=1,97 _ " Lt _gg W
A dx 0.001m x 0.031m 113_75% m-K

Stainless steel tongs heat conduction constant percent error calculation:

w w
82'8ﬂ — 16.2 m K
W

16.2m

PE = X 100% = 411.1% error
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Abstract

This study investigates the effect of different chocolate fillings on the rate of conductive heat
transfer through various chocolate bars. Using four varieties from Cadbury’s ‘Favourites’;
Dairy Milk, Caramilk, Cherry Ripe, and Crunchie, the experiment used hotplates set to 70 °C
to heat the chocolates, and IR cameras to measure both inner and surface temperatures as the
chocolates were heated. The setup was designed to mimic a squat rectangular fin in order to
allow for analysis based on Fourier’s law in order to estimate the heat flux through the
chocolates. Data was collected through manual repositioning of the IR camera, however
technical limitations in the IR camera software necessitated the use of linear interpolation to
recover data. This encompassed both the Dairy Milk and Crunchie datasets, but only Dairy
Milk could be successfully recovered. While limited, the results indicate that Cherry Ripe
exhibits delayed heat conduction compared to chocolates with no filling such as Dairy Milk
and Caramilk. Despite the uncertainties introduced by measurement variability, convective heat
losses that were not accounted for, and the destruction of the Crunchie thermal data, the findings
indicate that further research should be done into the thermal performance of filled versus
non-filled chocolates in order to optimise manufacturing processes and improve the thermal

resistance of chocolate products in warm environments.
1. Introduction

While the mechanics and rate of heat transfer through
chocolate may seem an irrelevant field of study, it is highly
relevant to globalised chocolate manufacturers such as
Cadbury and Hershey, where any melting or softening of their
products can cost millions of dollars. This is especially
relevant in warm climates such as Australia, where summer
temperatures can regularly exceed 33.8 °C, the temperature at
which chocolate generally melts as the solid cocoa butter
transitions to liquid [1]. It is therefore critical in these
environments to consider the thermal properties of chocolate
in order to provide guidelines on refrigeration, maximum
environmental exposure times and, if these guidelines prove
to be too restrictive or inefficient, potential additives to
increase the melting point of the chocolate.

XXXX-XXXX/ XX/ XXXXXX

1.1 Literature review

Due to the industrial relevance of the subject matter, this
field has been researched extensively, with particular focus on
various techniques for adjusting thermal properties, as well as
how they affect manufacturing viability and consumer
sentiment. D. Bikos et al. [2] highlights how micro-aeration
can be used to increase specific heat capacity by 10%, as well
as decrease thermal conductivity by 20%, however, this
technique can affect both the flavour profile and the texture of
the chocolate. H. Tewkesbury et al. [3] demonstrates how
different polymorphic forms of chocolate have different
properties, with Form V possessing the most desirable
confectionery. Unfortunately, Form V is difficult to achieve
through simple cooling, and specialised ‘cooling tunnels’
must be used in order to achieve specific temperature control
[3]. While temperature is highly controlled during
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manufacturing, it is almost impossible to maintain a similar
level of control during shipping and sale, and as such, many
heat-related issues can present. These are investigated by both
R.E. Timms [4] and P. Figoni [5], and include seizing [5] as
well as sugar and fat bloom [4]. They elucidate how heat can
contribute to seizure of chocolate, where molten chocolate is
vulnerable to small amounts of water or polyols incorporating
into it and causing it to become an unusable solid-like
chocolate mass [5]. They also discuss the blooming of sugar
and fat, where sugar is recrystallised on the surface of the
chocolate and the solid fat phase grows [4]. These defects
create highly undesirable properties in the chocolate, and as
such, attempts are made to avoid them, mostly through storage
at 18-20 °C and less than 50% humidity [1]. Attempts are also
made through manipulation of chocolate’s thermal properties,
via the micro-aeration mentioned earlier in [2], or through
Ethylcellulose, Interesterification of Cocoa Butter and
Water-in-Oil ~ Emulsion-Based = Chocolate  techniques
evaluated in [1]. Unfortunately, none of these techniques
achieve simple, cost-effective and highly heat-resistant results
while maintaining the taste profile and mouthfeel of the
chocolate. While further research should be done on the
manufacture of heat-resistant chocolates, it is also industrially
relevant to consider the effects on heat transfer that common
chocolate fillings have. This is in order to determine whether
certain varieties of chocolate should use current techniques for
manufacturing of heat-resistant chocolate that have greater
costs and produce a less desirable product for consumers. This
is the area which this paper seeks to investigate, as despite the
breadth of research on the thermal properties of chocolate in
general, there is a large focus on the performance of pure milk
chocolate, with little to no consideration of how fillings affect
these properties.

1.2 Objectives

As indicated briefly in the literature review, this article will
investigate the effects of chocolate fillings on heat transfer,
specifically conduction, as due to the position of the filling
inside the chocolate, it is the only method of heat transfer that
is directly relevant to the thermal effects of the filling. While
it is not directly related, convection will also be addressed
briefly in relation to the experimental conditions and
limitations. This research is relevant due to the current lack of
fully effective heat resistant chocolate manufacturing
techniques [1]. It is therefore desirable to evaluate how fillings
affect the heat resistance of chocolate, in order to determine if
specific confections can avoid utilising production methods
that increase cost or reduce the consumer appeal of the
product.

2. Methods

XXXX=XXXX/ XX/ XXXXXX 2

2.1 Experimental setup

In order to examine how chocolate fillings affect heat
transfer through conduction, hotplates set to 70 °C were used
to provide heat to the chocolates, while InfiRay Pro 2 IR
cameras were used to measure the temperatures of the
chocolates. Hotplates were set up with a small water-filled
beaker for calibration and a thin piece of wax paper on which
three identical chocolates were placed. This experimental
setup can be found in Figure 1. The chocolates were placed on
wax paper on top of the hotplate in order to protect the
hotplates from melting chocolate while having minimal
impact on heat transfer due to the thinness of the paper sheets
(<1mm). As the precise melting point of the chocolates was
unknown, and the aim of the experiment was focussed on the
rate of heat transfer rather than any specific changes in the
material properties of the chocolate as it heated, the chocolates
were heated to 55 °C surface temperature rather than the
melting point.

Water filled beaker
ifer callbration)
LD Chocolates

Front-on view
A% paper

Chocolats /-\ |n|
‘Water filled beaker

@l—

(for calibration)
Haot plate

Top-down view

Figure 1: Experimental Setup

2.2 Chocolate selection and preparation

In selection for the chocolate varieties we would test, we
chose four types of Cadbury chocolates that are all found in
‘Favourites’, and all chocolates were sourced from the same
box for standardisation of age. The chocolates chosen were:
Dairy Milk, as a control with no filling; Caramilk, to
determine how a different variety of chocolate affects heat
transfer (although this choice may have been a mistake, as it
would be more beneficial to specialize the experiment for
chocolate filling only); Cherry Ripe, to test how the viscous
liquid cherry filling affects heat transfer; and Crunchie, to
determine how solid honeycomb affects heat transfer. Before
the chocolates were heated, they were bisected, measured for
the cross sectional area of the bottom, and weighed. This was
done in order to allow for standardisation in the data.

2.3 Data collection and analysis

Due to limitations in the IR camera software, only three
points could be used to measure temperature. In order to
circumvent this limitation, the cameras were handheld and the
points were periodically moved from the center of the
chocolates to the top surface in order to obtain measurements
for both inner and surface temperature. Unfortunately, this
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movement introduced a large amount of variability in the data
as the points were not taken in the exact same location each
time.

2.4 Converting RGB values to temperature

Data from some of the videos was unfortunately obscured
due to technical errors. However, the first half of the videos
was able to collect data, which enabled the use of linear
interpolation to predict the temperatures, given the RGB
values of the video. This technique was effective in capturing
the data for the Dairy Milk temperatures, however it failed on
the Crunchie, as there was not enough data to form an accurate
linear interpolation. The RGB values matched the predicted
structure following the color spectrum, where the blue values
were highest at the lowest temperature, green values were
highest at the median temperature, and red values were highest
at the highest temperature. This can be seen in Figure 2 below,
where as the temperature increases, the RGB units of blue
decrease, units for green reach its peak at the middle, and the
units for red increase.
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Figure 2: (top) Relationship between RGB values and
temperature. (bottom) Relationship of the known temperature
and the predicted temperature of the Dairy Milk chocolate

Although the scale differs, the correlation between RGB
values and temperature aligns with the color space. This
alignment supports the validity of employing linear
interpolation to estimate temperature based on RGB values.
However, due to the missing data for the range of 30 °C to
60 °C, the linear interpolation was not as accurate. As shown
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in the bottom graph of Figure 2, the predicted temperatures
exhibit noticeable deviations from the known temperatures.
The nature of linear interpolation requires the linear
prediction of the two nearest data points. Thus, as seen in the
bottom graph of Figure 2, the predicted temperatures at the
ranges 30 °C to 60 °C were not as accurate.

3. Results and Discussion

In order to conduct analysis on the effect of various
chocolate fillings on the melting characteristics and thermal
conductivity, thermal camera data was collected to measure
the internal and surface temperatures of the chocolates over
time. Thermal shots of the sides of the chocolates were also
taken to observe how the heat transferred through the
chocolate from the bottom in contact with the hotplate,
through the centre where the side shots measured the
temperatures, to the surface where the temperature was also
monitored. This data collection was completed for the Cherry
Ripe, Caramilk, and Dairy Milk varieties from Cadbury’s
favorites range. The full tabulated data can be found in the
supplementary and is also shown in Figures 3, 4 and 5 below,
error bars were also added and calibrated to the standard
deviations of the gathered data.
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Figure 3: Temperature versus time for Dairy Milk
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Figure 4: Temperature versus time for Cherry Ripe
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Figure 5: Temperature versus time for Caramilk
3.1 Appropriate modelling of heat transfers occurring

In order to analyse these results correctly, we must first
consider the types of heat transfer acting within the melting
chocolate model system, as well as the points at which these
occur and how changing the type of chocolate could
potentially affect the heat transfer throughout the system.
When considering the physical situation of the chocolate
sitting on top of the hotplate, it can be considered analogous
to a rectangular fin, except where fins are typically long and
thin in order to maximise surface area for heat dissipation, the
chocolate is wide and short. Nevertheless, the heat transfer
principles can be applied in the same way. This means that
there is conductive heat transfer moving from the hot plate
through the chocolate, where it eventually reaches the surface
of the chocolate and then convective heat transfer occurs from
the surface of the chocolate. It is important to note that all
convection within the experimental design was natural
convection rather than forced convection. See Figure 6 for a
visual representation of the model.

Conveclive heat transfer
at chocolate surface

E—
—

R
chocolate with filling homeogenous chocolate
Yeonv Yoonv

A

|ut

@ | Hotplate

Conductive heat transfer from hofplate
fo chocolate

Figure 6: Rectangular fin heat transfer diagram to model heat
transfer components present within our experimental design

[6]

Once these concepts are established, it is clear that our data
is investigating the differences in the heat distribution as well
as the rate of heat distribution caused by differences in
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composition between chocolates. The utilisation of this fin
model to analogise chocolate melting on a hotplate was
inspired by M. M. Dreger et al’s work in [7]. While the fin
model is accurate to model our experiment, as mentioned
earlier in the objectives of the experimental design, the
primary focus of the experiment was on the inner thermal
conductivities of the chocolate rather than the convective heat
transfer. Therefore, the convection heat transfer element was
left out completely in order to focus more fully on the
conductive properties of chocolate. While applying Newton’s
law of cooling in order to account for convective heat transfer
as well as taking into account the transient conditions of the
temperature distribution within the chocolate would allow for
a more accurate analysis, it is simply not feasible for the scope
of this experiment. This is a considerable limitation within the
experimental design, however potential error margins due to
omitting this are discussed and quantified in 3.4.

3.2 Qualitative analysis of data

Figures 4 and 5 show that, using the Caramilk data as a
baseline for homogenous chocolates, the coconut centre filling
within the Cherry Ripe has caused it to conduct heat through
it much slower. This is indicated by the 370 second
experiment runtime for the Caramilk to reach a surface
temperature of 57°C, whereas the Cherry Ripe took 477
seconds to reach a similar surface temperature of 55°C. This
means the Cherry Ripe took approximately 29% longer to
reach the same surface temperature as the Caramilk despite
the relatively smaller distance the heat had to travel through
the Cherry Ripe. The Cherry Ripe’s 1.2cm height being
characteristically shorter than the standard height of the
Cadbury Dairy Milk or Caramilk share size bars [8] (This
height was obtained by assuming that the width of a standard
size Cherry Ripe and the share size Cherry Ripe are the same,
which is reasonable as they appear to differ in only length, not
width or height). Further, Dairy Milk was the fastest to reach
the same temperature at 245 seconds, indicating that the
homogenous Dairy Milk chocolate composition has the
highest thermal conductivity. This is not certain however, as
the Dairy Milk data is far less reliable due to the method of
obtaining data values via linear interpolation of RGB values
rather than direct temperature measurements. This difference
in time to reach the same temperature indicates that the Cherry
Ripe has a lower thermal conductivity, likely due to the
different composition of the dark chocolate layers and/or from
the coconut cherry filling. These layers also likely hold
different thermal resistivities due to their different
composition compared to the Dairy Milk and Caramilk which
also impede its ability to conduct heat. The faster heating rate
of the Dairy Milk comparatively to the Caramilk indicates that
its composition must lend itself to conduct heat better as they
both have the exact same dimensions. Furthermore, the
difference between the inner and outer temperature
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measurements on the Cherry Ripe data is much less than that
of the Caramilk as observed in Figure 4 by the difference in
the trendline intercept point differences. Where the Cherry
Ripe inner to surface temperature difference was 28.4-24.3 =
4.1 °C, the Caramilk had a difference of 37.2-24.6 = 12.6 °C
(roughly a 3x difference). This may seem to indicate a higher
thermal conductivity for the Cherry Ripe, but it is quite
possible that this large difference is simply due to the
thickness difference between the chocolates.

3.3 Compositions of chocolate

According to [9], the main differences in composition
between dark, milk and white chocolate are the ratios between
sugar, cocoa liquor, cocoa butter and full cream milk powder
used when creating the product. This is in agreement with the
ingredient information on the official Cadbury websites for
product information for the Cherry Ripe and Caramilk
[10],[11]. The Cherry Ripe is advertised as composed of a dark
chocolate outer coating with a centre filling, a mix of coconut
and glace cherries (cherries mixed with wheat glucose syrup)
as the main components. The Caramilk is advertised as a
‘Caramelised White Chocolate’ [11] and so is presumably of
a similar composition to white chocolate. This means that the
Caramilk is composed of around 47% sugar, 31% cocoa butter
and 21.5% full cream milk powder and the Cherry Ripe dark
chocolate component is 39.52% sugar, 53% cocoa liquor and
7% cocoa butter[9]. These differences in compositions affect
the physical properties of each chocolate and so it is important
to be aware of them.

3.4 Calculating experimental thermal conductivity

While the effect of convection will be disregarded in
calculations of thermal resistance for simplicity, the effect that
the convective heat transfer has on the results can be estimated
by observing the differences in the gradient of the inner vs
outer temperature trendlines. This is because in a system
where there is no convective heat transfer present, they would
have the same gradient as the two points should theoretically
heat at the same rate. The only difference being one lagging
behind the other due to distance from the source of heat.
However, since there was convective heat transfer present
within the obtained experimental data, we can attribute the
differences in gradient to this and use the difference to
estimate the relative error throughout our results for thermal
conductivity data via purely conductive calculations. By
taking a percentage difference between the trendline
gradients, we get a relative error of 1 - 0.0847/0.095 = 10.8%
for the Caramilk values and a relative error of 1 -
0.0685/0.0754 = 9.2% for the Cherry Ripe values. The
inability to account for the convective heat transfer within our
experimental design is a considerable limitation, however,
since the focus of the experiment is to investigate the effect of
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fillings within the chocolates on the conductive heat transfer,
it is acceptable.

To calculate the heat flux through the chocolates, we can
use Fourier’s Law (1).

dT Tlnner - Ts

=k— =k—(1

a dx L @

Where k = 0.26W/K.m is the thermal conductivity of the
chocolate[12], Tsisthesurfacetemperatureofthechocolate, ',

is the inner temperature of the chocolate and for Cherry Ripe
L = 0.012/2 = 0.006m, and for Caramilk L = 0.015/2 =
0.0075m [13] (closest available measurements) (halved since
measurements were taken roughly halfway through the
chocolate). We will use documented values from literature to
find k [7] and then calculate the heat flux. Using the heat flux
the total thermal resistivity can be determined (2) and then the
thermal resistivity split into its component parts (3). [14]

H

— TS
—®

T

q:

Where Tn = 90 C° and is the temperature of the hotplate

It is important to note that since the experimental heat flux
value was not measured it is not possible to calculate the
experimental thermal conductivity of any of the chocolates or
component fillings. To get around this, a standard thermal
conductivity value of chocolate was taken from available
literature [12] which falls within the expected range among
other sources available. However the calculations conducted
are not of an extremely high accuracy due to this fact as some
data had to be supplemented from outside sources. As a result,
the values obtained may not be accurate but they are still
comparatively useful as any error is systematic, so the
chocolates can still all be compared to each other effectively.

%+2+5(3)

Rp= Ry+ Ry+Ry = paZa i

Since a single unit area is used, the A term is omitted. Using
literature values for k value of the cherry filling we can find
their specific thermal resistivity. Knowing that the cherry
filling is a mix of cherries, coconut and sugar it is expected
that its thermal conductivity is somewhere from 0.3-0.49 as it
would fall between a sugar heavy composition and water
heavy composition [15]. However, after isolating the cherry
filling thermal conductivity value, it was back calculated as
k=0.0676W/K.m which aligns with the experimental results
as it took much longer for the Cherry Ripe to reach its final
temperature. The length of dark chocolate coating was
estimated at 1mmx2 for each side.
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Table 1: Calculated thermal resistivity for different chocolate
layers via approximated thermal conductivity using (3) and
total thermal resistivity

Layer Dairy Milk  Caramilk Cherry Ripe
K.m/W K.m/W K.m/W

Rt 0.0769 0.120 0.156

Dark Choc N/A N/A 0.00769

Cherry Filling N/A N/A 0.148

These thermal resistivity values are valuable as they are
inversely proportional to the thermal conductivity of their
components. Figure 7 shows a diagram for how the thermal
resistivity circuit would appear within the Cherry Ripe. The
Dairy Milk and Caramilk diagrams would be the same except
only one layer as they are homogenous, hence why they only
have one resistivity value in Table 1.
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Figure 7: Thermal resistivity diagram for Cherry Ripe layers

The results in Table 1 make sense within the context of this
investigation as the calculated values, while not very accurate,
are of enough quality to compare to other values within this
experiment. The thermal resistivity of the Cherry Ripe filling
being higher than that of either Caramilk or Dairy Milk
corresponds with the long time for the Cherry Ripe chocolate
to transfer heat to the surface. The total calculated resistivity
values explain why the Dairy Milk was the fastest to heat up
and why the Cherry Ripe took so long since its internal layers
are more resistive than that of standard chocolate. This can
even explain why, despite the runtime taking so long, there
was such a little instantaneous difference between the inner
and outer surface temperatures of the Cherry Ripe. It was due
to all the heat accruing in the centre with the higher resistance
filling and as it slowly heats up as expected the lower
resistance thin dark chocolate layer was able to heat quickly
by comparison. This is in contrast to the data of the Dairy Milk
and Caramilk data which had higher instantaneous
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temperature differences between the inside and surface despite
heating up faster overall.

3.5 Thermal gradients of chocolates over time

5 Minutes

Figures 8a, 8b and 8c below contain both regular and
thermal images of the chocolates on the hotplates at time
intervals of 0 seconds, 2 minutes and 5 minutes (the empty
slots did not have an available image).

Start

Wlinutes

Cherry Ripe

Figure 8 a) Dairy Milk thermal images, b) Caramilk thermal

images, ¢) Cherry Ripe thermal image
3.6 Applications to industrial uses

While it is clear that the thermal properties of chocolate are
essential to industrial manufacture, transport, and storage of
confectionery in order to ensure that it retains desirable
qualities for consumers and avoids potentially damaging
effects such as melting or fat and sugar bloom, there are also
less obvious benefits to this research from the perspective of
the consumer. If the thermal effects of chocolate fillings are
made more clear, it may inform how purchased chocolates are
treated, such as allowing more thermally resistive chocolates
to remain in hot environments for longer without melting, or
the opposite, reducing heat exposure time of chocolates that
are more likely to melt.
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In another vein, global chocolate consumption is consistently
trending upward. In particular, the consumption of chocolate
and cacao products in Asia is increasing at a very high rate
compared to the rest of the world [16] [17]. Traditionally,
Europe and North America represent the overwhelming
majority of this consumption [18], but as demand in Asia
increases, companies may seek to gain footholds in what could
be a lucrative market due to the large population. As discussed
in the literature review section, temperature throughout the
distribution from manufacture to the point of sale is an
important consideration in maintaining product quality. The
average temperature of many countries in Asia is quite high
[19], and so research into the rate of heat transfer through
different chocolate varieties would be significant in the
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production of chocolate products for sale. As seen in the data,
chocolates with fillings/different compositions tended to
conduct heat much slower, and so such products may be
prioritised in asian marketplaces.

While not directly connected to this research, further
consideration is that of the supply of cocoa. Both constraints
such as climate change, disease and falling nutrient quality in
cocoa production, along with global demand constantly
increasing [17] creates a situation where chocolate suppliers
may need to increase the production of other products instead.
As chocolate bars with fillings can take the space of a
chocolate product while using significantly less cocoa,
producers may look to the thermal data of such fillings as one
consideration of manufacturing selection.

3.7 Error analysis

Errors in collecting data proved to be a serious limiting
factor for the investigation, as errors were both significant and
numerous throughout this phase. The existence of such errors
greatly reduced the quality and quantity of data available, and
perhaps presents the need for further trials. Of most
importance was the utilisation of a thermal (IR) camera
connected to a mobile device for temperature readings.
Inexperience in utilising this equipment led to the recordings
of data for the Crunchie being rendered unusable, representing
approximately one quarter of the total data. Furthermore, the
use of an IR camera means that our measurements for the
‘inside’ temperature are not truly inside the solid; rather, they
are measurements of the exposed filling on the side of the
chocolate. In terms of the recording of data, random errors
existed from numerous sources. As discussed briefly, software
limitations allowed only for three points of data to be
collected, requiring the cameras to be handheld. The
imprecision of human measurement leads to inconsistencies
in the data points recorded. The positioning of each chocolate
on the hotplates was different by some unmeasured amount,
which may vary the heat flow supplied for each. Furthermore,
the proximity of the chocolates on the hotplate would impact
the air flow around each other. We know that the convection
coefficient between a solid and fluid is affected by air flows,
and as such, each chocolate would have different,
unquantifiable heat loss rates at the surface due to convection.

3.8 Quantitative errors/uncertainty

The loss of data from the use of the IR camera necessitated
the use of a linear interpolation model in order to complete
and compare datasets. The effect of errors on data would be
significant due to both the lack of repetitions and the quality
of such repetitions. With such a small number of repetitions,
the effect of errors is much more difficult to observe. In terms
of quality, as the repetitions were carried out simultaneously
within the same system, any such errors in the system would
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apply to each repetition, allowing them to carry into the final
data. Thus, the value is significantly diminished. For further
study into this area, the quality of data can be improved quite
readily. Increasing the allotted time to the testing phase is key.
By allowing more time to take an increased number of
repetitions of higher quality, the amount and effect of errors
on data would be greatly reduced. Furthermore, improving the
method of temperature measurement, be it by changing the
device used or improving the current thermal camera use.
Combining this with an increased variety in samples would
allow a much more detailed analysis of the rate of heat transfer
through chocolate varieties.

4. Conclusion

Unfortunately, this experiment did not achieve its aim of
accurately quantifying the thermal effects of fillings in
chocolate, this was due to several limitations in the
experimental method, including the lack of proper mounts for
the thermal cameras, the inability to properly insulate the
chocolate from heat loss through convection and radiation in
order to increase the accuracy of the calculations. The most
impactful error was the loss of the data for Crunchie, which
limited the scope of the experiment to Dairy Milk, Caramilk,
and Cherry Ripe. These flaws could be remedied by further
pre-planning before the experiment, potentially including
custom-made insulation rigs and mounts, as well as improved
software for the thermal cameras that allow for a wider
selection of test points and more accurate point-setting
methods. As stated in the discussion, increasing both the
repetition of tests as well as the variability of the chocolates
tested would also improve the reliability and validity of this
study. It may also be beneficial to vary heating sources in
order to more accurately model the thermal conditions in the
real world. Despite the lack of complete success in this case,
there is still some value in the data produced as it was able to
be internally compared to determine the thermal properties of
the Cherry Ripe filling. This field of study remains relevant to
the industry and should be more properly explored in future
due to its applications and impact on the storage and transport
of chocolate confectionery.
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7. Supplementary:

Table 2: Cherry Ripe surface temperature values

- Surface Surface Surface ?t:/r?‘ace
temp 1 temp 2 Temp 3
temp

14 26.9 26.6 26.9 26.8
26.96666

44 26.8 26.9 27.2 667
70 29.6  N/A 29.1 29.35
31.23333

104 32.7 29.1 31.9 333
32.66666

134 33.1 32 32.9 667
176 35.1 35.1 35.4 35.2
35.63333

194 35.8 35.3 35.8 333
224 40.1 36.6 40.3 39
41.06666

251 42.9 40.5 39.8 667
44.43333

284 449 43.2 45.2 333
48.06666

314 48.2 47 49 667
48.63333

344 49.6 47.5 48.8 333
375 51.9 49.6 50.9 50.8
404 53.4 50.9 52 52.1
434 55.4 53.3 53.3 54
464 57.1 54.7 55.9 55.9
477 57.6 54.7 54.5 55.6
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Table 3: Cherry Ripe inner temperatures values

Time Inner Inner Inner Avg Inner
temp 1 temp 2 temp 3 temp

51 29.266666

28.7 315 27.6 67

70 N/A 33.6 N/A 33.6

41.133333

160 41.7 41.2 40.5 33

41.766666

198 41.4 41.3 42.6 67

49.833333

2%6 47.4 55.3 46.8 33

287 53.9 58.8 50.5 54.4

57.566666

813 58.6 57.1 57 67

60.833333

483 61.8 60.1 60.6 33
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Table 4: Caramilk surface temperature values

Time Surface Surface Surface Avg
(s) Temp 1 Temp 2 Temp 3 SN
temp
8 28.5 27.9 30.3 28.9
30.63333
38 30.2 30.4 31.3 333
68 30.1 30 31.4 30.5
32.03333
103 31.4 31.8 32.9 333
32.36666
128 32.7 32 32.4 667
34.53333
157 324 34.6 36.6 333
185 33.6 37.8 42.9 38.1
40.66666
210 38.4 41.3 42.3 667
241 44.7 44.7 45.6 45
48.86666
273 48.9 47.9 49.8 667
50.13333
301 48.9 49.9 51.6 333
52.63333
321 50.7 53.1 54.1 333
343 54.3 53.9 58.3 55.5
370 56.6 56.7 58.3 57.2
XXXX=XXXX/ XX/ XXXXXX 12
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Table 5: Caramilk inner temperature values

Inner Inner Inner Avg inner

temp 1 temp 2 temp 3 temp
91  N/A N/A 41.9 41.9
95 N/A 41.1  N/A 41.1
99 416  N/A N/A 41.6
139  N/A N/A 53.1 53.1
146  N/A 61.6 58.4 60
215 N/A 63.3 63.1 63.2
258  N/A 66.1 65.3 65.7
329 N/A 66.7 711 68.9
338 66.5 N/A N/A 66.5
358 N/A 79.7 72.2 75.95
365 62.4  N/A N/A 62.4
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Abstract

As energy costs rise and carbon reduction targets intensify, passive strategies to improve thermal comfort indoors are
increasingly important. This study evaluates the heat retention performance of four commercially available beanies differing in
colour, composition, and insulation type to determine which materials most effectively limit heat loss. Using a silicone heat
pack as a controlled thermal source, internal and surface temperatures were measured over time to quantify thermal conductivity
and infer insulation capacity. Results showed that insulated beanies, particularly the navy beanie, retained greater heat over
five minutes compared to uninsulated alternatives. Although darker colours are expected to absorb and retain more heat, the
navy insulated beanie conserved more heat than the black insulated beanie, indicating that colour has minimal impact under
typical indoor conditions. Thermal conductivity (k) values were calculated but are only partially representative due to complex
multilayered structures, air gaps, and mixed heat transfer modes. The findings suggest that material layering and structure,
rather than colour or fabric composition alone, play dominant roles in thermal retention. These insights support the potential
for targeted clothing choices to enhance personal warmth in low-energy domestic settings.

CONTROL

Heat pack without
beanie

Heat pack with
beanie

C—

With rising energy costs,
and the need to
decarbonise, Australians
need alternate solutions
to keep warm in winter. In
this study, we compared

he insulation abili
the Insulation aRHHESS Navy beanie with 3M
1 four commercially- . :
Thinsulate insulation
- available beanies. (Navy insulated
These include: a black beanie)

insulated beanie, a black
uninsulated beanie, a
navy insulated beanie,

and a light khaki
uninsulated beanie. Reference: Khun, A. et al. Increasing Thermal Comfort: Investigating How Colour and Fabric Composition of Clothing Impacts Warmth. Sydney
Journal of Chemical, Biochemical, Environmental Engineering (2025).
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Keywords: insulation, thermal comfort, thermal conductivity, clothing materials, heat retention
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1 Introduction

Many Australian homes offer limited protection from the
cold, lacking the insulation and heating systems common in
colder climates. This results in significant indoor heat loss
during winter, often compensated for with electric heating; an
increasingly expensive and carbon-intensive solution. As
electricity prices rise and national decarbonisation efforts
intensify, there is a growing need for low-energy strategies
that maintain indoor comfort without increasing emissions[1,
2].

Clothing presents a simple yet underexplored solution
[3]. By modulating heat exchange between the human body
and its environment, clothing can significantly influence
thermal comfort. This study investigates the thermal
performance of everyday fabrics in a domestic context, with
the aim of informing energy-efficient clothing choices[4]. We
hypothesise that: The black insulated beanie will exhibit the
highest heat conservation. Furthermore, beanies with a higher
proportion of synthetic fibers (e.g., polyester) will retain more
heat. These hypotheses are grounded in established heat
transfer principles. Thermal conductivity (k) governs the rate
of heat flow through fabric fibres, while the convective heat
transfer coefficient (h) affects energy exchange at the fabric-
air interface[5]. Materials such as
wool and synthetics with embedded air pockets exhibit low k
values, acting as thermal resistors. Multi-layered or thick
fabrics further suppress convective currents, enhancing
insulation. Additionally, fabric colour influences radiative
heat transfer - darker colours, with higher emissivity and
absorptivity, typically absorb and emit more thermal radiation
than lighter-coloured ones[5].

Despite the extensive literature on fabric insulation in
outdoor and extreme environments, there is limited research
on the thermal performance of common garments in domestic

Hair tie

Ratort stand «—— Thaermometer

Beanie

Heat pack

Figure 1: Diagram of experimental setup.
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settings[6]. This study aims to address that gap by evaluating
the heat retention of four commercially available beanies
differing in fabric type, colour, and insulation: a black
insulated beanie, a black uninsulated beanie, a navy insulated
beanie, and a khaki uninsulated beanie.

Using a controlled thermal source to simulate skin
temperature, we measured the internal and surface
temperatures of each beanie over a five-minute period. The
results aim to inform practical, low-energy strategies for
maintaining warmth indoors through clothing selection.

2. Method

2.1 Experimental Methodology

To begin the experiment, multiple silicone heat packs were
placed in an oven and heated for approximately 20 minutes.
After this period, the average surface temperature of the heat
packs was found to be around 45°C, based on thermal camera
readings taken during a control test. While the heat packs were
warming, the experimental setup was assembled. A retort
stand and clamp were used to hold the thermal camera in
place, ensuring a consistent and stable view of the test area. A
second retort stand, positioned opposite to the camera, was
used to suspend each beanie during testing. The complete
setup, including both stands and the camera-beanie
arrangement, is shown in Fig. 1.

Once the heat packs were ready, an initial control test was
conducted using a heat pack on its own. This control was
placed within the view of the thermal camera, and surface
temperatures were measured using the P2 Pro thermal camera
app. Four surface measurements were taken every minute: the
upper, middle, and lower regions of the heat pack, as well as
the ambient room temperature.

—— Retort stand

P2 > iPad/Computer
thesmall
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Next, testing began on the beanies. A freshly heated pack
was inserted into the first beanie and secured with a hair tie.
The beanie was clamped on the stand facing the thermal
camera. A thermometer was inserted through the beanie fabric
to measure internal temperature. Because the beanie was not
see-through, the thermometer’s exact position couldn’t be
checked, but care was taken to make sure it touched the heat
pack each time. The same insertion method was used for all
beanies to keep things consistent. Surface and internal
temperatures were recorded every minute using the thermal
camera and a thermometer, respectively. While measurements
were taken as close to each minute as possible, slight human
timing errors may have occurred.

This procedure was repeated for all four beanies: a khaki
non-insulated beanie, a black non-insulated beanie, a black
insulated beanie, and a navy insulated beanie. The entire
experiment was performed four times, with three replicates for
each beanie to ensure accuracy and repeatability.

2.2 Calculation Methodology

To analyse the results, heat loss from the pack was
calculated using the formula:

Q=mcAT (1)

Where m is the mass of the pack in kilograms (kg), c is its
specific heat capacity in Joules per kilogram per Kelvin (J.Kg-
1K), and T is the change in internal temperature over 5
minutes in Kelvin (K). This gave heat loss in Joules (J),
which was then divided by 300 seconds to give power in
Watts (W).

Surface area was estimated assuming the beanie-heat
pack setup was roughly spherical:

A=4n (r )2 (2)

heatpack rbeaniethickness

Where Alis the surface area in square meters(m:), 7,4k
is the radius of the heat pack in meters(m), and "'p.qnie thickness
is the radius of the beanie in meters.

Using these values, the thermal conductivity k of each
beanie was calculated as:

(3)

—_ QoxL
A X(TZ—T]_)

Where k is the thermal conductivity in Watts per meter
kelvin (W.m-.k+), L is the thickness of the beanie in meters
(m), T. is the internal temperature in Kelvin (K), and T. is the
surface temperature in Kelvin (K).

It is assumed there is perfect thermal contact between the
heat pack and the beanie throughout the experiment. For
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calculation purposes, the thermal camera readings are
considered 100% accurate. The combined beanie and heat
pack are collectively referred to as the “system” in this study.

3. Results

The objective of this report is to determine which beanie
insulates heat best. This will be determined by the beanie that
yields the best conduction value (a smaller k-value indicates
better efficacy for use). The different colours, composition
and presence of an insulating layer were the most significant
factors.

3.1 Assumptions

This reaction was assumed to be in steady state such that
the rate of convection and conduction occurred at equal
magnitudes. Three repetitions of the experiment were
performed and an average value was taken for the calculations.
The thermal camera measured temperature at points labelled
"P1", "P2" and "P3" as per Fig. 2. However, the average
temperature for the surface temperature was the average
between P2 and P3 since P1 was an inconsistent measurement.
The density of the heat pack for silicone beads was assumed
to be 1100kg / m3 and the heat capacity of silicone beads was
assumed to be 1250 J/kg K[8] The mass of the heat pack was
averaged to 540g.

Figure 2: Thermal camera photo of experimental setup.
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3.2 Conduction Results

Table 1: k value of different beanies and the individual
qualities of each beanie.

Bi-
Layered

k-value
(W/m-K)

Composition | Colour

1 50% Viscose
28% Polyester
22% Nylon

Black | No 0.075

2 50% Viscose
28% Polyester
22% Nylon

Light
khaki

No 0.064

3 Outer:
52% Polyester
48% Acrylic

Black | Yes 0.178

Lining:
100%
Polyester

Filling:

61%
Polypropylen
e (PP) 39%
Polyester

4 Outer:
54% Polyester
46% Acrylic

Navy | Yes 0.201

Lining:
100%
Polyester

Filling:

61%
Polypropylen
e (PP) 39%

Polyester

Note that due to experimental error the temperature of the
system increased over time, indicating energy generation.
However, this is not true as there was no heat input and this
most likely was a result of the exothermic reaction from the
heat pack.

Conduction was calculated as it was predicted that the
beanies with the smallest k values would be the greatest
insulators as they limited heat transfer. This is dependent on
the hot air from the heat pack conducting to the outer surface
of the beanie. However, this assumes that all the beanies
would experience conduction equally. This is only a valid
assumption in beanie 1 and 2. For beanies 3 and 4, there were
multiple layers, as per table 1. Although the polyester lining

XXXX=XXXXI XX XXX 4

may have experienced conduction, the conducted heat was
insulated by the second layer and filling as these layers were
not one composite material. This could indicate that the
surface temperature of beanies 3 and 4 are a greater reflection
of the ambient temperature than the heat conducted by the heat
pack.

035 Comparison of k Values Across Beanie Types

Note: Error reflects
« Thermal camera inconsistency
+ Room air currents

031, Lag between inner heat & beanie surface

Conduction Heat Transfer Coefficient, k (W/m-K)

fey
(\‘5‘)\6\6
\

3
X
NG
<

e\ap\* V\"’\N

oo

Figure 3: Bar chart of respective k -values with error
bars.

Figure 3 is a graphical representation of the calculated k
values and showcases the error bars for each k value. These
error bars were calculated as the standard deviation for the k
value of each beanie type of each repetition. Figure 3 indicates
that the black beanie has the greatest replicability as the error
of these calculations is smallest. These errors consider
incomplete thermal contact, the air current of the rooms, the
differing ambient temperatures and experimental error.

The paper’s objective is to determine which beanie is most
effective for heat insulation for the model ‘head’. Therefore,
there is a greater focus on heat retention within the beanie
environment. As conduction is not a reasonable assumption
for this experiment, a greater reflection of this trend is the
change in temperature over the change in time.

As Figure 4 indicates, there is a steeper increasing
temperature gradient for the insulated beanies in comparison
to uninsulated. This solidifies previous assumptions that
conduction may be an unreliable indicator within this
experiment, and that the internal temperature of the heat pack
may be more applicable to reflect real world conditions.
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Average internal temperature change in beanies over 5 minutes
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30
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Figure 4: Internal temperature change in different beanies incorporating individual standard

deviations.

3.3 Other Considerations

Interpreting the convection coefficients was also
considered, however these results were not factored when
considering which beanies were most effective. The
convection coefficient considers the disparity between the
beanie surface temperature and the ambient temperature.

However, this again assumes that the heat of the heat pack
has transferred to the surface of the beanie. Biot number
calculations, as found in appendix, indicate that all beanies
had a Biot number far greater than 0.1. This indicates that
convection dominates instead of conduction, however this is
inaccurate in this scenario as thermal cameras over time
indicate that some beanies had very little heat transfer from
heat pack to beanie surface. Therefore, the thermal
conductivity constant k is a better indicator of heat
retention. For reference, the Biot number results and h-value
coefficients can be viewed in appendix. The full scope of all
numerical results can also be found via appendix.

4. Discussion

The purpose of this study was to compare the thermal
retention capacity of four commercially available beanies
under controlled laboratory conditions, using internal
temperature change and thermal conductivity as comparative
metrics. It was hypothesised that the black insulated beanie
would be most effective in heat retention. As illustrated in Fig.
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4, the insulated beanies retained heat more effectively over
time compared to the uninsulated ones. The temperature drop
in the uninsulated beanies was significantly faster, which
indicates a lower capacity to resist heat loss. To quantify
thermal performance, thermal conductivity (k) was calculated
using a conduction-based approach. The black uninsulated
beanie had the highest estimated value (k = -7.49 x 10-2
W/m-K), followed by the light khaki beanie (k = -6.43 x 10-2
W/m-K), both suggesting relatively poor insulation.

Although the insulated beanies showed lower thermal
conductivity values navy (-20.1 x 10-2 W/m-K) and black (-
17.8 x 10-2 W/m-K), these results should be interpreted with
caution. Due to the internal layer of insulation creating pockets
of air, the assumption of pure conduction does not apply. In
such cases, the derived k-values might not represent purely
conductive behaviour, but they were still included to fulfill the
experimental requirement and to allow comparison under a
consistent methodology. These observations underline the
importance of considering the dominant heat transfer mode
when interpreting calculated thermal parameters.

These results align with fundamental heat transfer
principles, where materials exhibiting lower thermal
conductivity typically offer higher thermal resistance. In the
case of the insulated beanies, the dual-layer configuration,
featuring a synthetic polyester lining beneath a knitted fabric,
introduces air pockets that serve as barriers to both conductive
and convective heat loss[9, 10]. While the calculated k-values
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for these samples should be interpreted cautiously, their
observed thermal performance is consistent with findings
from similar textile studies, where microstructural layering
and trapped air significantly contribute to thermal
retention[11— 14]. This effect is especially relevant in cold
environments, where minimizing heat dissipation is essential
for preserving core body temperature[1].

Several key findings emerged. The black insulated beanie
did not perform as well as the navy insulated beanie, despite
both sharing identical structure, thickness and very similar
composition (refer to Table 1 above). There is uncertainty as
to why the black beanie didn’t perform as well as predicted,
perhaps due to material properties, light reflection,or
experimental error. Literature indicates that darker fabrics
absorb and re-radiate more infrared energy[5], but their
overall effectiveness as insulators also depends on weave
tightness[15], fibre density[16] and internal air trapping
capability[6, 11, 14]. It is likely that the shaded environment
in which the experiment was conducted resulted in an
inaccurate representation of the relationship between solar
radiation absorption and colour of surface. Hence, the
hypothesis of the black insulated beanie retaining more heat
than the navy insulated beanie was not proved in this study, as
colour of the fabric may not be a major factor in the indoor
environment. To sufficiently investigate the effect of fabric
colour on thermal warmth, a change to the method of
experimentation, for example the addition of a controlled
source of light, would be required. It is relevant to note that
the colour of the beanie functions more in affecting thermal
absorptivity, rather than thermal resistance.

Not all findings aligned exactly with theoretical
expectations. A small yet noticeable increase in internal
temperature was observed during certain observations, likely
stemming from the exothermic nature of the heat packs used.
Since no additional energy input occurred after placement, the
apparent “heat gain” can be attributed to delayed equilibration
between the heat pack and the surrounding air within the
beanie. This may be alleviated by implementing a short,
standardised waiting period in future experiments. The
temperature gradient between the heat pack and the room
likely required time to stabilise. Additionally, the delay in
thermometer responsiveness likely skewed early temperature
readings, introducing time lag errors that propagated across
the measurement interval.

The observed inconsistencies in thermal conductivity
values may also result from experimental uncertainty in beanie
thickness measurements. The beanie was wrapped once
around the heat pack as seen in Fig. 1 and Fig. 2. This was to
create a near-spherical shape and thus imitate real-life
conditions. However, the compressibility of fabric and
shifting of silicone beads inside the pack likely altered the
radius and the contact area during setup. These variables
influence the conductive path length (&) and surface area (A),

XXXX=XXXXI XX XXX 6

which directly affect k-value calculations via Fourier’s law.
In future, it is recommended to use non-contact thickness
sensors and 3D thermal imaging to minimize such
uncertainties.

Ambient conditions also played a significant role. The
experiment was conducted over two different days, with
ambient room temperature varying between 22.3°C and
24.0°C. Although this variation seems minor, even small
fluctuations in Too can affect convective heat loss rates,
especially when low-temperature gradients exist between the
beanie surface and surrounding air. A tighter controlled test
environment, such as performing all experiment runs in the
same day, would improve reproducibility.

It is also important to consider the interplay between
insulation and heat dissipation. Thicker fabrics usually keep
the body warmer, but sometimes, the materials can increase
heat transfer. This can happen if the fabric traps moisture, lets
air pass through or creates more surface area for heat to
escape, like how fins work in cooling systems[5, 12, 13, 17].
However in this experiment this was not observed: insulated
beanies consistently retained heat better, indicating minimal
fin effect. This follows theory as insulation reduces critical
surface area for heat transfer - thermal insulation increases as
the air gap between the body and the fabric increases, though
beyond a gap of about 7.5-10 mm the thermal insulation
decreases because of convection effects[18]. Scenarios
involving external airflow (e.g., outdoor winter wear), affect
this interplay and hence warrant further exploration[3, 6]. The
effect is reportedly minimised in closely woven fabrics[18]

A factor to consider is the composition and knit weave type
of the beanies. Non-insulated beanies did not include acrylic
(generally more thermally insulating than polyester[19]) nor
PP (the insulation material between the layers), whilst the
insulated beanies did not contain any viscose, which provides
stretch in the knit weave of the beanie. All materials are
assumed to be synthetic, but any finishes or coating are not
known. The differing composition and build between
insulated and non-insulated beanie fabric affects stretch and
porosity[20], critical surface area, moisture absorption[19],
and heat resistance [19]. Furthermore, the k-values between
beanie three and four could, but not conclusively, be attributed
to the 2% more polyester content in the navy beanie’s outer
shell. If negating the factor of colour given the assumption that
the experiment was conducted with little solar radiation
impact, in literature, acrylic can trap moisture whilst polyester
tends to be “moisture wicking” and relatively more
breathable[19]. However, some research suggests that
polyester fabrics, when layered, are very effective for heat
retention (due to the air pockets created)[5, 9, 20]. Of
particular importance, weave type of a knit fabric greatly
affects thermal insulation [21] (which decreases as moisture
increases) due to capillary action of the fibres facilitating
moisture absorption[9, 18]. Coated fabrics can utilise moisture
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absorption qualities to consequently impact thermal
insulation[18]. Literature suggests that moisture retention is
one of the main factors affecting thermal conductivity of
fabric[22] Due to the variety of polyester fabrics and their
coatings, it would have been beneficial to understand what
polyester is used to determine the effect of fabric composition
and weave type on heat changes.

While this study did not provide definitive material
rankings due to equipment-related variability and
environmental influences, the relative comparisons between
samples remain valid. Since identical methods were applied
across all four beanies, consistent trends could still be
observed and evaluated. Despite limitations such as potential
thermometer delay and minor setup inconsistencies, the
experimental arrangement was sufficiently controlled to yield
meaningful insights into fabric insulation performance. The
findings underscore how subtle experimental factors can
influence thermal measurements and highlight the superior
heat retention of insulated fabrics under the tested conditions.
Future investigations could benefit from extending the
observation period beyond five minutes and incorporating
advanced techniques such as differential scanning calorimetry
(DSC) or infrared thermography for more accurate
quantification of heat flux. It is also relevant to investigate the
thermal characteristics of knit fabrics made of natural
materials that are not derived from petrol, such as yarn made
from peat fibre[23], wool[24], or synthetic fibres combined
with natural[25].

5. Conclusion

The hypothesis proposed in this study of the black insulated
beanie exhibiting the highest heat conservation was only
partially supported by the results of the experiment. Although
the insulated beanies demonstrated superior heat retention, the
black insulated beanie did not outperform the navy insulated
beanie as predicted. This suggests that while insulation and
fibre composition are key factors, colour was not a significant
contributor to thermal retention under the indoor conditions
tested. Overall, the study confirms that insulation and multi-
layered  construction  significantly enhance thermal
performance in everyday garments. However, inconsistencies
in thermal conductivity calculations and internal temperature
changes explained by methodological constraints such as
delayed heat pack equilibrium indicate that conduction alone
may not be a fully reliable indicator of insulation effectiveness
in this context. Furthermore, factors such as moisture
absorption and weave of the knit were not controlled or
accounted for, and thus their impact upon results cannot be
determined. Future experiments with refined measurement
strategies and methodology, better environmental controls,
and more suitable fabric samples would further isolate the
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influence of the factors of fabric composition and colour on
thermal retention in domestic settings.
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AppendIX h’ = Q / (A X (Tsurface - Tambient)
Appendix 1: Sample calculation using the insulated navy Where 4 = 0. 076 mFsurface = 32-65°C, T gpiene = 23°C
beanie. The mass of the heat pack was 0.54kg, estimated
specific heat capacity 1250Jkg XK, the beanie thickness was
0.008m and the radius of the heat pack as a sphere was 0.07. )
The below is for the navy beanie in repetition 1: h=(27W)/(0.076 m° x (32.65 - 23) K =36.6 X K

Using equation 1:
Beanie Average h-value

1 76.43

Q =mcAT 2 60.77

3 76.11

Q=0.54kg x 1250 ( / )x(54—42)K 4 59.9

kg xK
Q = 8100/

Heat per second over 5 minutes (300s):

8100/
Q=""T=27w
300s

Using equation 2;

A=4m(0.07m+0.008m)*=0.076 m?
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Appendix 4: Raw results for repetitions 1-4
Repetition 1 Intial ¥ | Columnl ¥ [t=5 ¥ |Column2 | ¥ |Column3 | = |T=0 v | T=54 b
Time middle bottom middle bottom average
Contrel {heat with no beanie) 46 47.5 382 41.1 39,65 47.5 41.1
Light esloured 29 325 292 33.9 3155 3% 49
Black beanie 33 36.3 301 36.3 332 35 47
Black beanie w insul 281 35 272 29 28.1 37 54.5
navy beanie w insul 31.2 324 291 36.2 32.65 42 54
Repetition 2 Intial =5
Time middle bottom miiddle bottom T=0 T=5
Control {heat with no beanie) 48.3 40.8 42.3 33.7 38 48.3 423
Light eeloured 28.3 33.1 30 35.4 32.7 33 56
Black beanie 27.2 33.3 283 329 30.6 34 56
Black beanie w insul 29.4 3l 339 118 32.7 34 54
navy besnie winsul 24 R 332 30.3 34.1 322 34 52
Repetition 3 Intial ]
Time middle bottom miiddle bottom T=0 T=5
Light eeloured 27.7 29.7 26.2 30.5 28.35 30 41
black beanie 27.5 31.5 27.2 33.2 30.2 33 46
Black beanie w insul 30 25.5 29.6 27.7 28.65 34 53
navy beanie w insul 27.3 35.1 27.6 329 30.25 33 55
Repetition 4 Intial t=5
Time middle bottom middle hottom = L]
Light esloured 275 32.1 273 3l 2915 36 42
Ilack beanie 268 28.5 273 315 2935 30 46
Black beanic w insul 29.8 26.7 29.1 28.7 28.9 33 37
navy beanie w insul 29.4 30.2 34.4 30.9 32.65 30 43
XXXX-XXXXI XX XXXXXX 10 © 2025 SJIE
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Abstract

Thermal insulation in ready-to-eat food packaging is critical for maintaining food quality and
safety. This study evaluates the heat retention performance of three common instant noodle
cup materials, paper, plastic, and Styrofoam, using infrared thermal imaging across two
controlled experiments: one with noodle-filled cups and another with hot water only.
Temperature decay was analysed using Newton’s Law of Cooling and cumulative heat loss
calculations. Styrofoam consistently exhibited the best insulation, showing the lowest cooling
rates and least heat loss. Plastic cups provided moderate retention, while paper allowed the
fastest heat dissipation. These results highlight the strong influence of material properties,
particularly thermal conductivity, on passive cooling. Despite its thermal advantages,
Styrofoam, an Expanded Polystyrene (EPS), presents environmental concerns, prompting the
need for sustainable alternatives. This study underscores the importance of balancing
performance, cost, and environmental impact in packaging design and supports further
investigation into bio-based or thermally adaptive materials for future applications.

Keywords: Heat retention, Food packaging, Instant noodles, Infrared Thermal Imaging, Newton’s Law of Cooling, Insulation
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1. Introduction

Efficient thermal management is a fundamental
consideration in modern engineering systems, influencing the
performance, safety, and energy efficiency of processes across
sectors. From industrial-scale reactors to household
appliances and packaging, the way heat is transferred,
retained, or dissipated has broad implications for material
selection, system design, and user experiencel-2, In the context
of consumer goods, particularly in the food sector, heat
transfer plays a central role in safety, quality, and consumer
satisfaction, especially in the context of ready-to-eat meals34.

As the demand for convenience foods grows globally, so
too does the importance of packaging materials that can
preserve temperature for a longer duration>$. This is
particularly relevant for ready-to-eat meals such as instant
noodles, where thermal insulation impacts the eating
experience and the safe handling of the food. Instant noodles
are among the most widely consumed convenience foods
globally, with billions of servings consumed each year’.

Instant noodle packaging varies widely in form and
material. These meals are typically packaged in single-serve
containers made of diverse materials, ranging from
lightweight paper cups to plastic bowls and expanded
polystyrene (styrofoam) containers. Each material possesses
distinct thermal properties that influence how quickly heat is
lost to the environment. While manufacturers may prioritise
cost-effectiveness or aesthetic appeal, thermal performance is
often overlooked. This is despite its direct impact on food
temperature, cooking effectiveness, and the time window in
which a meal remains palatable and safe to eat.

Packaging materials vary considerably in their thermal
properties. For example, polystyrene foam is known for its
low thermal conductivity and is widely used in insulated
containers, while paper-based packaging offers environmental
advantages but generally poorer heat retention®®. Plastic
containers fall somewhere in between, offering moderate
insulation and structural strength1®11, In real-world settings,
these material differences could significantly alter the rate at
which heat is lost from the food to the environment.

From a Chemical Engineering perspective, understanding
how material properties influence heat transfer enables more
informed decisions in packaging design, particularly for
products requiring thermal insulation without the use of active
heating. Additionally, understanding the heat retention and
treatment capabilities as a design aspect of packaging
materials can guide design improvements in insulation, reduce
unnecessary energy loss, and enhance consumer safety?2,

Heat transfer in this context is primarily governed by
conduction through the packaging wall and convection at the
fluid-air and container-air interfaces, with minor contributions
from radiation. The process can be quantitatively described
using Fourier’s Law for Conduction and Newton’s Law of

Cooling for convection, where the rate of temperature change
can be modelled using both the former and the latter. Hence,
accounts for the geometry and material properties of the
container. Furthermore, the physical properties of the
contents, such as water content and heat capacity, may
introduce confounding effects in real-use scenarios, which
require controlled comparisons to isolate the role of the
container material.

Despite the ubiquity of instant noodles, only a few studies
have systematically compared the thermal performance of
different food packaging materials under controlled
conditions, and those studies mentioned do not specifically
mention instant noodles or their optimal packaging
design13-15, This presents a critical gap in understanding how
material choices influence passive thermal management,
especially in single-use packaging for instant noodles.

This study investigates how packaging material affects heat
retention in ready-to-eat noodle cups by comparing three
commercial products made of paper (Coles Chicken Noodles),
plastic (Lian Pho Bo), and styrofoam (Fantastic Noodles).
Two complementary experiments were conducted: the first
measured cooling rates of the complete noodle systems, while
the second used hot water alone to isolate the influence of
packaging material without the confounding effects of food
composition. The findings aim to inform packaging design
strategies in the food industry, with broader implications for
industrial performance, product quality, and sustainable
material selection.

2. Methods

2.1 Experimental Setup

This study investigated the effect of packaging material on
heat retention in ready-to-eat noodle cups using infrared
thermal imaging. Two parallel experiments were conducted:

(1) Heat retention of noodle cups filled with noodles and

hot water, and

(2) Heat retention of noodle cups filled with hot water

only, isolating the influence of container material.

Three types of commercially available noodle cups were
selected, representing different packaging materials:

e Coles Chicken Noodles — Paper cup
e Fantastic Noodles — Styrofoam cup
e Lian Pho Bo Rice Noodles — Plastic bowl

Prior to testing, cups containing noodles were weighed and
adjusted to achieve consistent mass across all samples,
ensuring that only the independent variable was the cup
material. Water was heated to approximately 80°C using a
standard electric kettle and poured into each cup at 250 mL
for each cup. Lids were removed to allow natural convection,
and all cups were placed on insulated laboratory benches to
minimise conductive heat loss through the base.
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A calibrated InfiRay Pro 2 thermal imaging camera was
mounted on a makeshift tripod (Retort stand and clamp) and
positioned vertically above the noodle cups to maintain a
consistent viewing angle. The ambient room temperature was
assumed to be approximately ~23°C throughout both
experiments. A schematic overview of the procedure is
provided in Figure 1.

2.2 Materials

e Instant noodle cups (paper, plastic, styrofoam —as
above)

e Boiling water (~80 °C from electric kettle)

¢ InfiRay Pro 2 thermal camera (USB-C connected,
calibrated)

e Retort stand and clamp (camera stabilisation &
backup mounting)

e  Digital scale (0.1 g precision)

e  Stopwatch (manual timing control)

o Beakers and stirring rods (for uniform water
transfer)

2.3 Data Collection

After adding hot water to the noodle cups, thermal images
were recorded at 5-minute intervals over a 25-minute period.
Each thermal image captured the surface temperature
distribution across the cup and the liquid interface. Spot
temperature readings were also taken using the thermal
camera’s built-in measurement tool, capturing the central
surface temperature of each cup. Data collection was
synchronised using a stopwatch, with one operator recording
times and another recording temperature readings to ensure
accuracy and minimise delay.

Each measurement was repeated across five trials per cup
type to account for experimental variability and support
statistical analysis. All data were logged in structured
spreadsheets in Microsoft Excel for subsequent processing.

2.4 Data Collection

Thermal image data were processed using the InfiRay
manufacturer's software, which enabled frame-by-frame
review and extraction of surface temperature data. The mean
surface temperature at each time point was used to generate
cooling curves (temperature vs. time) for each container type.

From these curves, the rate of heat loss was assessed
visually and quantitatively. Heat transfer trends were
interpreted using Newton’s Law of Cooling, and container
material performance was compared using the initial cooling
rate. Where applicable, the convective heat transfer coefficient
h was estimated assuming standard thermal models, and
assessed thermal gradients across the container surfaces using
visual infrared patterns.

A comparative evaluation of thermal retention performance
was conducted for both experiments, isolating material
influence while accounting for variability due to contents and
environmental conditions.

3. Results

3.1 Temperature Measurements Over Time

Two complementary experiments were conducted. In
Experiment 1, noodle cups containing both noodles and hot
water were tested. In Experiment 2, the cups were filled with
hot water only to isolate the effect of the packaging material
alone. Temperature readings were recorded over a 25-minute
period at 5-minute intervals using a calibrated thermal
imaging camera. The average surface temperatures from five
trials per cup type are summarised in Table 1.

Table 1. Average surface temperatures (°C) for noodle
cups over 25 minutes in Experiments 1 and 2.

. i o, . . .
Temperature uncertainty: +2°C; time uncertainty:
+0.005 min.
EXPERIMENT 1: NOODLES AND WATER EXPERIMENT 2: WATER WIHTOUT NOODLES
Coles Lian Pho
" N Chicken Bo Fantastic
Time (min) | (paper) | (Plastic) | (Styrofoam) | Coles Chicken | Lian Pho Bo Fantastic
T(COt T(C+ T(C)t (Paper) (Plastic) T (°C) + (Styrofoam)
+0. 005 (min) 2(°C) 2(°C) 2(°C) T (°C) + 2(°C) 2(°C) T (°C) £ 2(°C)
0 80 80 80 0 80 80
5 66 69.5 722 5 67.2 70.8
10 56.5 62.7 67.4 10 57.9 | 64.1
15 49.8 56.8 63.1 15 50.6 58.3
20 45.1 516 59.3 20 452 53.4
25 41.6 475 55.9 25 414 49.4

3.2 Cooling Rate Constants

To quantify heat dissipation over time, Newton’s Law of
Cooling was applied (Equation 1):

1] r—_ -

[ S =—k(T-T,,)

Rearranging the equation we can obtain (Equation 2):

[2] n(T-T,,,) =-kt+C

In order to calculate graphically the values for the cooling
rate constant k, [n (T - Tambient) was graphed against time for
both experiments, where T, , = 23°C. The slope of the linear

trendline represents the cooling rate constant, k as shown in
Figure 1.

Experiment 1 : Ln (T-Tamb) vs time

15 y =-0.0447x + 3.9957
R?=0.9919

y=-0.0215x +4.0202
R?=0.9946

In((T- T ambient))

-5 0 5 10 15 20 25 30
Time (min)

Plastic Styrofoam
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Figure 1. Cooling curves based on Newton’s Law of
Cooling for Experiment 1.
Logarithmic temperature differences In (T—Tambiem)

plotted against time for three packaging materials: plastic
(orange), styrofoam (grey), and paper (blue). Linear
regression lines represent cooling behaviour in Experiment 1
(noodles and hot water), with slopes corresponding to the
cooling constants k. Styrofoam exhibited the slowest rate

of cooling, followed by plastic, with paper cooling most
rapidly. Error bars represent the standard deviation from
five replicates per material.

After conducting the same procedure for both Experiment
1 and 2, the following cooling constants were obtained, as
shown in Table 2.

Table 2. Cooling rate constants g (min~1) for paper,
plastic, and Styrofoam noodle cups across Experiments 1
and 2.

COLES (PAPER) Fantastic
k (min~*) Lian Pho Bo (Plastic) (Styrofoam)
EXPERIMENT N. +0.0020 k (min~1) £0.0007 |k (min~1) £0.0008
1 -0.0447 -0.0334 -0.0215
2 -0.0459 -0.0306 -0.0204

Coolingonstanta/erderivetrortinearegressiocin (T - Tammgnt)

vs. time plots, based on Newton’s Law of Cooling.
Experiment 1 included noodles and hot water; Experiment 2
used hot water only. Mean values are shown with standard
errors: paper (+0.0020), plastic (£0.0007), styrofoam
(0.0008).

3.3 Heat Loss Quantification

Total accumulated heat loss was calculated separately
through conduction and convection using the following
equations ([3],[4]).

[3] 0. = Kmaterial * A (T = Tamb)
cond D
[4] Qconv =h-A- (T - Tamb)
Where:
k. o#riq- thermal conductivity — paper (0.05),

plastic (0.2), Styrofoam (0.033) W/ m - K

e h: Convective heat transfer coefficient - paper
(10), plastic (12), Styrofoam (8) W / m? - K

o A (Surface Area) = 0.01 m?

o D (Diameter) = 0.002 m
B, =23°C

Table 3 summarises the calculated heat losses at each time
point for both experiments.

Table 3. Accumulated heat loss by conduction and
convection for paper, plastic, and Styrofoam noodle cups
in Experiments 1 (a) and 2 (b).

(a).

ACCUMULATED HEAT LOSS Q (W)
EXP 1
Qconducted | Q, d | Qeonducted | @ Qconducted Q
Time (min) | (PAPER) | (PAPER) | (Plastic) (Plastic) | (Styrofoam) | (Styrofoam)
+0.005 (min) | +0.05W +0.02W +0.2W +0.024W +0.033W 0.016 + W
0 14.25 5.7 57 6.84 0.57 4.56

5 25 10 1035 | 12.42 1.062 8.496

10 33.375 13.35 143.2 | 17.184 1.506 | 12.048

15 40.075 16.03 177 |  4.056 0.401 3.208

20 456 18.24 205.6 | 7.488 0.764 6.112

25 50.25 20.1 230.1| 10.428 1.093 8.744

(b).
ACCUMULATED HEAT LOSS Q (W)
EXP 2
Q Q Qeonducted | @ Qeonductea | @
Time (min) | (PAPER) | (PAPER) | (Plastic) (Plastic) | (Styrofoam) | (Styrofoam)
+0.005 (min) +0.05w 0.02+W +0.2W +0.024W +0.033W +0.016W

0 14.25 5.7 57 6.84 9.405 6.84
5 25.3 10.12 104.8 12.576 17.8365 12.972
10 34.025 13.61 145.9 17.508 25.476 18.528
15 40.925 16.37 181.2 21.744 32.3565 23.532
20 46.475 18.59 211.6 25.392 38.5935 28.068
25 51 20.4 238 28.56 44.22 32.16

This table presents accumulated heat loss @ (W) at 5-minute
intervals over a 25-minute period for two conditions:
Experiment 1 (a) (noodle cups with noodles and hot water, top
panel) and Experiment 2 (b) (cups with hot water only, bottom
panel). Heat loss was calculated separately via conduction and
convection using standard thermal models and material
properties Assumedparametersncludesurfacearecd = 0. 01 m?2
, Diameter D = 0.002 m, and literature values for thermal
conductivity k and convective heat transfer coefficient h.
Reported uncertainties reflect propagation of error from
temperature measurements and material constants.

Conductive heat loss increased linearly with time and was
highest for plastic and paper containers. In contrast, Styrofoam
cups exhibited markedly lower conductive losses, consistent
across both noodle-containing and water-only trials seen in
Figure 2.

Convective heat loss followed a similar trend, shown in
Figure 3, with paper containers losing the most heat to the
surrounding environment and Styrofoam the least. Plastic
cups showed intermediate performance across all timepoints.

ACCUMULATED HEAT LOSS (Q) BY CONDUCTION VS TIME
300

250
200
150
100

50

0

Accumulated Heatloss by Conduction (W)

0 5 10 15 20 25
Time (Min)
PLASTIC CONDUCTED EXP 1
PAPER CONDUCTED EXP 2
—=_ STYROFOAM CONDUCTED EXP 2

Figure 2. Accumulated heat loss by conduction over
time for three packaging materials (Paper, Plastic,
Styrofobam) across two experimental conditions
(Experiment 1: Noodles & water, Experiment 2: Without
noodles, water only).

—e—PAPER CONDUCTION EXP 1
STYROFOAM COND UCTED EXP 1
—=a—PLASTIC CONDUCTED EXP 2
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Total conducted heat loss @ (W) was calculated using
Fourier’s law for paper, plastic, and styrofoam noodle cups
at 5-minute intervals. Experiment 1 (with noodles and
water) and Experiment 2 (with water only) are compared.
Plastic and paper cups exhibited substantially higher

conductive heat loss than Styrofoam. Error bars represent
uncertainty from temperature measurements and assumed
material parameters.

ACCUMULATED HEAT LOSS (Q) BY CONVECTION VS TIME
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Accumulated Heatloss by Convection(W)

0 5 10 15 20 25
Time (Min)
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STYROFOAM CONVECTION EXP 1
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PAPER CONVECTED EXP2
STYROFOAM CONVECTED EXP 2

Figure 3. Accumulated heat loss by convection over time
for three packaging materials (Paper, Plastic, Styrofoam)
across two experimental conditions (Experiment 1:
Noodles & water, Experiment 2: Without noodles, water
only).

Total convective heat loss @ (W) was calculated using
Newton’s law of cooling for paper, plastic, and styrofoam
noodle cups at 5-minute intervals. Experiment 1 (with noodles
and water) and Experiment 2 (with water only) are compared.
Paper consistently showed the highest convective heat loss,
while Styrofoam showed the lowest, indicating superior
insulation performance. Results reflect the combined
influence of surface temperature difference and estimated
convective heat transfer coefficients. Error bars represent
propagated uncertainty in thermal measurements and
modelling assumptions.

4. Discussion

The results of both experiments confirm that packaging
material plays a significant role in determining the thermal
retention properties of ready-to-eat noodle cups. Across both
trials, Styrofoam consistently exhibited the highest insulation
performance, as evidenced by the lowest cooling rate
constants and the smallest cumulative heat loss from both
conduction and convection. These findings are consistent with
prior literature that highlights the low thermal conductivity of
expanded polystyrene (EPS), attributed to its porous
microstructure and entrapped air pockets that inhibit heat
transferl,

The exponential cooling behaviour observed in all
materials, with g2 above 0.998 for the fitted logarithmic

models, seen in Figure 1, confirms the suitability of Newton’s
Law of Cooling for modelling temperature loss in this system.

This agreement further validates the use of logarithmic
regression to derive reliable cooling rate constants for
comparative analysis.

In line with thermal conductivity data, plastic containers
showed intermediate insulation, while paper cups exhibited
the most rapid heat loss. The thermal conductivity values
assumed in our calculations, 0.03 W/m-K for styrofoam, 0.2
W/m-K for plastic, and 0.05 W/m-K for paper, generally
match trends reported in studies of commercial and
biodegradable packaging materialst”18, However, it is
important to note that theoretical k represents idealised or pure
materials, whereas actual food containers often involve
composite structures, such as laminated layers, wax coatings,
or blended polymers. Real packaging may vary in wall
thickness, material blends, or include multilayered structures
designed to mimic biological thermoregulation, as explored
in  biomimetic packaging research!®. Hence, these
heterogeneities may lead to significant variation in real-world
performance.

Notably, Experiment 2, which removed noodles and used
only hot water, revealed greater differentiation in thermal
performance among the containers. This outcome may reflect
the fact that food content modifies heat transfer dynamics by
absorbing thermal energy and limiting convective surface
exposure. Previous infrared thermography studies support the
observation that internal contents play a critical role in
modulating heat retention®,

From a Chemical & Environmental Engineering
perspective, these results highlight the trade-off between
thermal insulation and environmental sustainability. While
Styrofoam demonstrated superior heat retention, its ecological
footprint remains a pressing concern. Life cycle assessments
have consistently shown that polystyrene contributes
disproportionately to pollution and waste compared to
biodegradable alternatives such as mycelium-based
composites or molded pulp?. Although these greener
materials continue to improve in durability and thermal
stability, they still fall short of the mechanical performance
achieved by petroleum-based polymers, particularly under
moisture or high-temperature stress?2,

Another key consideration is food safety, particularly in
relation to temperature exposure over time. Bacterial
proliferation is known to peak within specific thermal
windows, for example, Escherichia coli grows optimally
between 20 °C and 45 °C, with peak replication near 37 °C%,
Thus, the choice of packaging material has critical
implications for shelf life, consumption safety, and thermal
hold times. Emerging technologies such as phase change
materials (PCMs) offer dynamic thermal buffering, which
could help maintain temperatures outside microbial growth
ranges while also enhancing thermal regulation?®,

This study, while robust in design, is subject to several
limitations. First, thermal conductivity values were treated as
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constant, despite the fact that many materials, especially
foams, exhibit temperature-dependent thermal behaviour?.
The assumption of a fixed k-value across a cooling range
from 80°C to ~40°C may introduce inaccuracies in
estimating actual heat loss.

Additionally, instrumentation variability may have
introduced measurement error. The thermal imaging cameras
were calibrated prior to use, but slight inconsistencies in angle,
distance, or emissivity calibration could affect surface
temperature readings. Repeat trials reduced the influence of
outliers, but improvements could include automated
temperature logging, multi-angle imaging, or the use of
embedded thermocouples to cross-validate infrared readings.

The simplified geometric and thermal modelling also
assumed uniform wall thickness and heat distribution, while
real containers may have variable thickness, double walls, or
hidden layers. Future studies could employ CT scanning or
destructive cross-sectional analysis to better characterise
material structure and validate modelling assumptions.

Future work should also investigate hybrid packaging
materials, including those augmented with aerogels or PCMs.
Aerogel-embedded composites have been shown to provide
exceptional thermal resistance at minimal weight, though they
currently remain cost-prohibitive for widespread food
packaging use?. Broader studies could also include
biodegradable or recyclable materials, helping industry
transition away from EPS (Styrofoam) while maintaining
effective thermal performance.

Overall, the findings reinforce that packaging material
choice directly influences heat retention in ready-to-eat foods.
While EPS (Styrofoam) continues to deliver excellent
performance in short-term insulation, it raises significant
environmental and regulatory concerns. The results of this
study contribute to the growing body of work aiming to find
balanced solutions that optimise thermal insulation, food
safety, environmental responsibility, and economic feasibility.
With the emergence of novel material systems and advanced
modelling techniques, future packaging innovations will be
better equipped to meet these demands across the food sector.

5. Conclusion

This study demonstrated that packaging material has a
significant impact on the heat retention performance of
ready-to-eat noodle cups. Through two complementary
experiments, one using noodle-filled containers and the other
using hot water only, we showed that Styrofoam consistently
exhibited the highest thermal insulation, followed by plastic,
with paper showing the most rapid heat loss. These findings
directly support the research aim of evaluating how material
composition affects heat transfer and highlight the dominant
role of packaging properties in controlling thermal behaviour
during passive cooling.

The results have clear Chemical Engineering relevance,
particularly for the design of thermally efficient and cost-
effective food packaging. The application of Newton’s Law
of Cooling and fundamental conduction/convection models
allowed for the quantification of cooling rates and cumulative
heat loss, confirming that EPS (Styrofoam) materials retain
heat longer due to their low thermal conductivity. However,
the environmental burden of polystyrene packaging presents a
major trade-off. This underscores a key industry challenge:
balancing thermal performance with environmental
sustainability, safety, and cost.

These insights have practical implications for food safety,
shelf-life management, and the development of more
sustainable packaging alternatives. Material innovations such
as bio-foams, molded pulp, and aerogel-enhanced composites
may offer viable alternatives that reduce environmental
impact while maintaining adequate thermal performance.
However, these emerging materials require further testing
under real-use conditions to evaluate durability and cost-
effectiveness.

Future research should explore temperature-dependent
material properties, multilayer or composite packaging
systems, and the incorporation of phase change materials for
active thermal regulation. Improvements in thermal
measurement techniques, such as embedded sensors or multi-
surface infrared capture, could reduce experimental error and
provide more detailed thermal mapping. Expanding the
analysis to include biodegradable materials or dynamic
loading conditions (e.g. opening/closing lids) would further
enhance the applicability of findings.

In summary, this work reinforces the importance of
packaging material selection in food engineering applications
and provides a methodological foundation for evaluating
insulation performance in consumer products. Continued
interdisciplinary efforts will be essential to develop packaging
solutions that meet the demands of thermal efficiency,
environmental responsibility, and public health.
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Appendix

Error Calculation for k values graphical analysis:

Starting from AT=+2°C from device,

Ay= %Ln(T—Tamb) .AT:—T—Tamb ‘AT

Where Ay=erroronln(T-Tamb)

Once we calculate the error A y for each measurement we
then have to consider the form of the best-fitting line
formula: A y = mx + b where the error on m would be :

S

/Z(xi—f)

Where s is the is the standard error of the residuals:

Am=

ASZJ%Z(yi—Y)Z

This way we found out the error for all the values of K on the
report

Error Calculation for heat flux conduction:
Defining C as a constant because there are guessed values,
q=C- (T — Tamb)
k-A
d

AC=

aT ‘AT=C-AT

ng="4 At
=g

Repeating this calculation for both experiments calculated
we computed Aq conducted.

Error Calculation for heat flux convection:
q=C- (T —Tamb)
AC=h-A

aT ‘AT=C-AT

Aq=h-A-AT

Repeating this calculation for both experiments calculated
we computed Ag convection .
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Abstract

Sunscreen is a major preventative product very commonly used for protection against ultraviolet (UV) radiation
and the skin cancers associated with extended exposure. There is minimal research into the conductive properties
of sunscreen as the major research focus is on radiation effects, but it is still important to understand the impact of
sunscreen on the body’s natural heat transfer to the external environment through the skin and extremities, a
necessary process to ensure homeostasis. Our research group investigated the conductive properties of sunscreens
over two experiments. The first analysed the effect of increasing the thickness of sunscreen on its conductive heat
transfer. The results showed that as thickness increased, heat transfer decreased and allowed us to calculate the
conduction coefficient (k) for this specific sunscreen sample to be 0.43 W/mK. The second experiment analysed
what the impact of combining multiple sunscreens which varied in ingredients, sun protection factor (SPF) and
being water or oil based was on their heat transfer. The results allowed us to calculate the thermal conductivity
constant (k) for each sunscreen and their mixtures, with Sunscreen B (Brand name Bondi Sands®) having the highest
at k=1.34 W/mK, and Sunscreen A (Brand name LeTan®) the least at k=0.27 W/mK. Further, it was found that
combining different sunscreens in a 1:1 ratio roughly portrayed that the conductive properties of the mixture was
the average of the sunscreen’s properties on their own (For example mixture AB had a conduction coefficient of
k=0.70 W/mK). With an understanding of the conductive properties of sunscreen, we can see how exactly its
application impacts heat transfer and evaluate if its effects in general are significant, or whether some sunscreens
are better for different applications (i.e. ensuring insulative or conductive properties of different sunscreens are used
for correct applications).

Keywords: conduction, sunscreen, conductive heat flux (g ), thermal conductivity constant (k), ultraviolet (UV) radiation

against skin cancers such as basal cell carcinoma,
squamous cell carcinoma and melanoma, making it vital
in ensuring the longevity of our lives. Due to this the
prevalence of sunscreen use is at an all-time high, but

1. Introduction

1.1 Motivation and Aim

1.1.1 General problem

In Australia, sunscreen is an essential resource in
providing protection against the relatively large
proportion of UV radiation we experience in everyday
life. It is one of the most effective preventative measures

XXXX-XXXX/ XX/ XXXXXX

since the focus is on its benefits in radiation prevention,
there is minimal research into its conductive properties.
The human body relies on heat transfer between the
extremities and skin against the external environment as
a way to ensure thermal homeostasis [1]. For the body’s
continued effective function, core temperature must

© 2025 SJIE
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remain approximately between 36.5 to 37.5 degrees
Celsius, as this allows for the correct and optimized
function of enzymes and other conditions of various
bodily systems.

1.1.2 Scope and objective

In this study, we researched into the conductive
properties of various brands of sunscreen, with different
ingredients and Sun Protection Factor (SPF) ratings. Our
research was conducted over two experimental
investigations with the following questions:

What is the effect of increasing the thickness of
sunscreen on its conductive ability to allow heat
transfer?

This allowed us to analyse the conductive properties of
sunscreen as an implication to its effect on the body’s
heat transfer.

What is the impact of applying different types and/or a
combination of different sunscreens on their heat
transfer?

It is quite often that when we apply sunscreens, we use
different or multiple sunscreens with different protection
ratings and ingredients. This experiment analysed the
different conductive properties of different brand
sunscreens (Appendix M), and what the impact of
applying multiple sunscreens in a mixture is on its heat
transfer properties.

For both these experiments, we simulated heat transfer
using a hot plate as our heat generation source and
measured the temperature of our sunscreen samples over
a controlled period of time using thermal imaging
cameras. From this experimental data, we used theory
such as Fourier’s law to calculate the conductive heat
transfer coefficient (k), heat flux and other conductive
properties of our samples. Through the trends in the data,
we analysed our research questions and discussed if the
application of sunscreen has a significant impact on the
body’s overall heat transfer. It is important to note that
there were some significant assumptions made during
this investigation, primarily that were was negligible
heat loss the surroundings and there was only 1D
conduction. This was primarily justified through the
methodology and data collected and the experimental
set-up. With the measured temperature being taken

XXXX-XXXX/ XX/ XXXXXX

directly from the hot plate and the surface of the
sunscreen sample, heat flux lost to the surroundings
through the sides of the sample and other dimensions
would have negligible impact due to relatively small
height of the samples compared to the radius, leading to
minimal heat loss. This was true in both investigations.

1.2 Previous studies

There has been minimal study into the conductive
properties of sunscreen as all studies predominantly
analyse its UV radiation protection properties. With
that said some relevant trends can be seen as a result of
studying different applications (although there was
more qualitative analysis rather than quantitative
measurement of convection). Some relevant trends
were seen in the following studies:

‘Effects of sunscreen use during exercise in the heat’,
T.D. Wells — In this study, it was found that sunscreen
worn in hot, dry conditions significantly increased skin
temperature (i.e. less heat was transferred from the
boundary between the body and bulk air) [2].

‘Sunscreen Use and Sweat Production in Men and
Women’J. Aburto-Corona — In this study, the application
of sunscreen decreased perspiration, which could be a
result of sunscreens impact on heat transfer between the
body and external environment [3].

The lack of information on these conductive properties
of sunscreen is part of our motivation to partake in this
study, as it is important to understand the underlying
effects such a commonly applied product has on
maintaining health and wellbeing.

2. Methodology

2.1 General setup of the equipment used

! &

Thermal Camera

Thermometer

Water Bath

Retort Stand ——— Petri Dish

S NEE -

Figure 1: Experimental diagram testing varying combinations
of sunscreen samples for both investigations 1 and 2.

Hot Plate
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The same experimental setup was used for throughout
the investigation, which is shown in Figure 1. A
thermometer was clamped to a retort stand and placed in
a 50 mL beaker water bath to continually measure the
temperature of the hot plate (37°C). The sunscreen
sample tested was put inside petri dish case made of PET
(polyethylene terephthalate) plastic with thickness of
approximately 0.5mm. An InfiRay Pro 2 thermal camera
was connected to a laptop via a cable and placed above
the hot plate and the sunscreen surface. The thermal
camera was fixed on an angle above the hot plate
surface, in order to increase the reliability and the
accuracy of the temperature recorded. The major
challenges of this methodology involved getting
consistent temperature readings from the thermal
camera, due to unsteady camera angles as they were
originally held by hand. This was addressed by attaching
the camera to the retort stand to ensure consistent
readings between measurements, improving accuracy
and lowering error. Additionally, pre-mixing the
sunscreen  samples  before application aided
homogeneity of samples. More impactful challenges for
the equipment and methodology that had a significant
effect on the investigation have been discussed in section
3.3.2. Aside from this, the experimental set-up and
methodology worked effectively.

2.2 Investigation 1: Effect of Sunscreen Thickness on
Conductive Heat Flux

The petri dish was filled with sunscreen of various
thicknesses. There was a total of 5 samples used with
thicknesses ranging between 2 mm to 10 mm in
increments of 2 mm. The thickness of the sunscreen was
measured by dipping a metal plate into the petri dish,
then measure the length of the plate that was covered by
the sunscreen. The surface temperature of both the
sunscreen and the hot plate was measured every 1 minute
and up to three minutes after placing the samples on the
heat plate. For each reading the temperature was
recorded at three different points on the surface area for
each sample, as shown in Figure 2. This was done in
order to increase the reliability and account for the slight
uncertainty of the thickness across the sunscreen sample.
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Figure 2. Screenshot of the thermal scan taken for
thickness sample 6 and 8 mm, at third minute. Notice 3
measurements were done for each sample in order to
account for variation of the thickness across the
surface.

2.3 Investigation 2 - Effect of Sunscreen Mixture on
Conductive Heat Flux

1 g of sunscreens A, B, and C were evenly distributed on
separate plastic petri dishes. Mixtures AB and AC were
composed of an evenly mixed 1:1 ratio of each sunscreen (0.5
g each). They were placed on the hot plate and temperatures
were recorded every minute for six minutes. A temperature
time plot was then produced. The overall method was very
similar to the general methodology, with variations of mixture
composition rather than thickness.

3. Investigation 1 - Effect of Sunscreen
Thickness on Conductive Heat Flux

3.1 Hypothesis

The rate of the heat transferred from the hot plate to the
surface of the sunscreen can be determined by the
Fourier’s law of thermal conduction for plane wall.

(T ae_Turace)
_k Plat Surf

T = Eq (1)

(Sunscreen Thickness)
Where q” is the conductive heat flux through the
sunscreen (W/m?), k is the thermal conductivity constant
(W/mK), Tpiate and Tsurface refer to the temperature of the
heat plate and sunscreen surface respectively and L
refers to the sunscreen thickness (m). As shown in
Equation 1 above, the characteristic length of the plane
(L) is inversely proportional to the heat flux (g).
Therefore, an increase in the thickness of the sunscreen
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is expected to decrease the rate of conduction. However,
it is important to mention that some simplifications have
been applied to this hypothesis. Firstly, heat conduction
through the plastic container was assumed to be
negligible (i.e., the measurement of the heat flux
assumes that the sunscreen is directly in contact with the
hot plate). Under temperatures between 20°C and 80°C,
the thermal conductivity (k) of PET is around 0.2
W/m-K [4]. Considering that the approximate k value of
the sunscreen is 0.43 W/m-K, the plastic would function
as an insulator. However, the thickness of the plastic is
approximately 0.5 mm, which is very thin. Therefore,
the assumption is made that the temperature gradient
throughout the plastic container will stabilise relatively
quickly, and it would not affect the overall trend in the
change of heat conduction, given that the temperatures
are measured every 60 seconds. The inclusion of
conduction through the plastic container increases the
complexity of the heat conduction estimation
significantly, as the plastic container also covers the
sides of the sunscreen.

The second major predicted trend is that the heat flux
will decrease with time. Again, using Fourier’s law of
conduction (Equation 1), the heat transfer rate is
proportional to the temperature difference between the
surface of the hot plate and the sunscreen. With this, as
natural convection is the only factor for convective heat
transfer from the sunscreen to the ambient air, it is
reasonable to assume that the rate of heat transfer into
the sunscreen is greater than the amount going out due
to convection (i.e., energy is being stored in the
sunscreen over time). Therefore, it is appropriate to
consider that the temperature of the sunscreen surface
will increase over time, and hence the temperature
difference will decrease. Consequently, the heat transfer
rate will decrease over time as well.

3.2 Results
3.2.1 Calculations for k

The thermal conductivity constant for the sunscreen in
the thickness investigation was found through
researching current literature on the composition of
general sunscreens. Current literature indicated the base
of sunscreens typically consist of water and oils with
other active ingredients acting as UV filters and blockers
[5]. Generally, sunscreen foundations consist of
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approximately 50-70% water [6] and 10-30% mineral,
silicone and plant-based oils, with the rest being smaller
constituents and active ingredients. The thermal
conductivity constants for water and generic oils can be
found and from this a thermal conductivity constant was
estimated by using a weighted average approach,
assuming the sunscreen was 60% water, 30% oils and
10% active ingredients. Water is known to have a
conductivity constant of approximately 0.61 W/mK [7]
at room temperature (300K). The thermal conductivity
constant of the oil mixture was estimated to be
approximately 0.15 W/mK by averaging generic values
of mineral, silicone and plant-based oils [8] [9] [10]. The
only active ingredient specific to the sunscreen used in
this investigation that had an accessible conductivity
constant was octyl salicylate with a value of 0.15 W/mK
[11]. From this, the generic thermal conductivity
constant was calculated to be 0.43 W/mK (Appendix G).
This is a fair value based upon known thermal
conductivities of the key components of common
sunscreens.

3.2.2 Main Results

The data collected across the five trials of thickness at
three repeats indicate two major trends, with high R?
values for all trend lines. The first is the expected
behaviour of the heat flux via conduction through the
sunscreen decreasing with greater thickness due to a
more protective and insulated character. Analysis of
experimental data as seen in Figure 3 shows that the heat
flux dropped from its initial values from approximately
84.1% to 90.2% when the thickness increased from 2mm
to 10mm (Appendix H). Another trend identified was
that the decrease in heat flux as thickness increased
seemed to taper off, resulting in diminishingly lower
heat fluxes as the results stayed relatively stable beyond
6mm of thickness. Analysis shows that the heat flux
drops were greatest in the 2mm to 6mm range, with
drops of between 43% to 57% approximately, with the
least significant thickness increments being in the 6mm
to 10mm range, with heat flux drops as low as 13%
(Appendix I).
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Figure 3: Graphed results of thickness investigation against
conductive heat flux with error bars and uncertainty shown.
The full tabulated experimental and calculated results can be
found in Appendix B and C. A larger graph can be found in
Appendix N.
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Figure 4: Graphed results of time against conductive heat
flux with error bars and uncertainty shown. A larger graph
can be found in Appendix N.

The other major series of trends found relate to how the
heat flux varied with time in this investigation. Firstly,
the drop in heat flux remained relatively constant
(between 90.1% to 84.1%) as thickness increased at
different time periods of the investigation, indicating
that the sunscreen’s conductive properties were
unaffected by time exposure and supports the ability of
sunscreen to limit conductive heat transfer at longer
periods of time. However, the difference between the
heat fluxes at the same thickness greatly varied with time
at smaller thicknesses, from drops of up to 59% at 2mm
and 4mm to only 27% at 10mm (Appendix J). This can
be best seen in Figure 4, where the largest drops in the
early time periods of the investigation can be seen in the
2mm and 4mm series. This indicates that while the
properties of the sunscreen samples remained relatively
constant throughout the investigation period and
exposure to heat transfer, the effect of initial conductive
heat transfer is most significant with minimal sunscreen
applied; with a greater thickness the effects of longer
exposure are mostly mitigated, demonstrated by the
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10mm measurements being very closely grouped by
comparison. This mirrors the trends found above of
increasing thickness having a diminishing effect upon
decreasing conductive heat flux, with increasing the
thickness also having an effect upon the effects of time
exposure.

3.3 Discussion
3.3.1 Interpretation of trends.

Examining the overall trend of how the conductive heat
flux decreased with increasing sunscreen thickness, this
is something that is generally expected as a thicker
material results in improvements to the insulative
characteristics of the material and larger resistance,
resulting in lower heat flux via conduction with an
inverse relationship [12]. This can also be examined
through Fourier's law, (Equation 1), which states that the
heat flux is inversely proportional to material thickness,
given all other conditions remain constant. This is quite
strongly reflected in the experimental data, with the
sunscreen thickness increasing by five times resulting in
a heat flux decrease of approximately 80% to 90%.
Another important trend found was that after 6mm,
increasing the thickness had a diminishing effect on
lowering the heat flux through the sunscreen. This is
generally attributed to how a material may reach a point
where additional layers contribute minimally to heat
transfer due to the limited temperature gradient across
them [13]. However, this may have also been caused by
an equipment fault of poor hotplate calibration resulting
in inconsistent temperature differences between trials,
which is discussed in more detail below. These are
important observations in terms of applying this
investigation to a practical scenario and investigating the
aim of this investigation, as it shows how sunscreen can
be used as a protective/insulative barrier to conduction.
While it is unlikely that an individual would put any
more than 1mm or 2mm of sunscreen, it demonstrates
the overall trend of how heat flux can be minimized by
applying the correct thickness of sunscreen as well as the
optimal thickness of sunscreen to minimize heat flux
while using the minimum amount required. While the
experimental set-up did not properly mimic human
tissue or everyday conditions, it still demonstrates the
underlying principles and trends that are relevant in
practice.
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Another major trend found was how the thermal
insulation and heat flux drop remained constant with
increasing thickness regardless of the time period of the
investigation, indicating the conductive and thermal
properties of sunscreen were unaffected by the time and
thermal exposure, indicating they were able to maintain
their protective characteristics over the course of the
investigation. This is somewhat contradictory to known
literature, as the protective qualities of sunscreen are
only expected to decrease with time due to
photodegradation [14] of active components and
environmental wearing [15]. However, given the limited
length of time exposure (three minutes) and the fact that
most of these degradations are primarily related to UV
radiation, the findings in this investigation are not really
in conflict with known literature. This is an important
finding in terms of practical applications as it suggests
that sunscreen can maintain its conductive protection
over longer time periods, though the limited time scope
of this investigation needs to be considered. The other
major trend found was that with less thin sunscreen
samples, there was a far larger and impactful difference
in between the start and end of the time period. This is
important in terms of a practical application of this
investigation as it indicates that given longer time
periods of exposure, applying a thicker layer of
sunscreen is more important for stronger heat flux
protection.

3.3.2 Limitations and Future Work
e Thermal Conductivity Constant

One of the major limitations of this report was that a
specific value of the thermal conductivity constant was
not able to be readily accessible, and so a generic value
was calculated from approximate value of major
components of sunscreen. This is a significant issue as it
does not allow for certainty in numerical value of heat
flux and questions the accuracy and validity of the
results. However, it is important to note that regardless
of the value of this constant, relative comparisons are
still completely valid, and numerical calculations of
differences between trend lines are still applicable as
simple scalar multiples.

e Uncertainty

Considering uncertainty, it can be seen in Appendix C
and Figures 3 and 4 that there was a significant effect of
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uncertainty, with final fractional uncertainties between
0.11 and 0.30. Most of the results had uncertainty values
of between 0.11 and 0.18 which are impactful, but still
mostly acceptable, with the 2mm trial having
significantly larger uncertainty due to the larger
fractional uncertainty of sunscreen thickness. This
resulted in a significant uncertainty for the 2mm trials,
resulting in overlapping values (which can be seen in
Figure 3) primarily caused by the large thickness
uncertainty. While this is significant, the overall trends
found are still readily apparent and repeatable.
Additionally, it is important to consider how the validity
of the uncertainty calculations was limited by the lack of
information of the thermal conductivity constant. A
value of 5% was chosen for this, through it is difficult to
evaluate if this is a fair value and is important to
critically examine.

e Equipment Error and Calibration

A problem with the equipment was with the hot plate
calibration that resulted in random variation of
temperatures during and between trials as the
temperature probe was placed in a beaker of water. Since
the heat capacity of water is significantly higher than that
of sunscreen, and since there was more water in the
beaker, this control beaker was far less responsive to
temperature changes than the sunscreen samples,
meaning that small changes in the water temperature
resulted in large temperature changes in the samples.
This resulted in random variation between trials at
certain points lowering accuracy. This is also important
in the practical application of data as it meant that the
experimental set up was unable to properly mimic
human tissue due to significantly higher hot plate
temperature than intended (around 40°C-65°C rather
than the intended 37°C) reducing the practical
applicability of this investigation.

Another problem was that it was difficult to accurately
record and ensure even distribution of sunscreen in the
petri dish. While parallax error was accounted for by
dipping a small stick into the dish and measuring the
height, the choice of measuring equipment was not ideal
resulting in significant uncertainties compared to the size
of the samples, increasing inaccuracy and random
variation. Additionally, it was difficult to ensure even
distribution of sunscreen and a piece of equipment such
as a tamper could have helped to ensure even

© 2025 SJIE



SIIE 1(2) X-X (2025)

De Dominicis et al

distribution. The uneven distribution of sunscreen had a
non-negligible effect resulting in variations of
temperature across the sample surface. This was
accounted for by taking three measurements for each
individual measurement and averaging them to account
for this variation. Another small point that created some
systematic error came from the thickness of the petri
dish. While this investigation assumed that the surface
temperature of the hot plate was the temperature of the
lower sunscreen, this would not be true due to some heat
loss through the thickness of the base of the petri dish,
leading to a small systematic error increasing the heat
flux results from the true value. This is a limitation but
isn't all that significant as this investigation cannot be
directly applied to practical scenarios (due to the
unrealistic temperatures and thicknesses) and still allows
for strong comparison between trends and series.
Additionally, the heat flux through the petri dish base
would be insignificant compared to the sunscreen heat
flux.

e Practicality

To improve the applicability of this investigation, the
ranges of the thickness of sunscreen should be expanded
to thinner values, as it is unlikely that an individual
would apply more than two or so millimetres of
sunscreen. Likewise, the time period could be expanded
to better investigate if the conductive properties of
sunscreen remain constant over longer periods that are
more likely to be relevant to practical scenarios (such as
up to an hour), and the experimental set-up could be
more reflective of human tissue through the replacement
of the petri dish with synthetic skin and tissue to mimic
the thermal character of humans more accurately. In
reality, there would be some form of uncontrolled
convection, while in the investigation the effects of
convection were minimal due to the walls of the petri
dish blocking air flow. While this aided to isolate the
effects of conduction, it limits the direct applicability of
this investigation and convection would also have a
significant effect of the behaviour and effectiveness of
sunscreen. Additionally, a second thermal camera could
be position horizontal to the sunscreen sample to
measure the temperature gradient of the sample to gather
more information on the conductive properties of the
substance.
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4. Investigation 2 - Effect of Different Sunscreen
Material Composition and Combination on
Heat Conduction.

4.1 Hypothesis

This experiment aimed to investigate the difference in
heat transfer due to active ingredients of different brand
sunscreens. The thermal conductivity (k) values of our
sunscreens A, B, and C were 0.19, 1.34, and 0.27
respectively. It is known that mineral oils used in
cosmetics, biomedicine, and food processes possess k
values that range from 0.12-0.14 W/mK [8]. This is due
to their physical structure, as oils contain weak
intermolecular bonds that cannot absorb heat well.
Studies show that starch water gels, at temperatures of
10, 50, and 80 degrees Celsius, possess k values of 0.364,
0.386, and 0.388 W/mK [18]. This demonstrates the
difference in intermolecular bond strength between
water and oil. It is predicted that mineral sunscreens that
contain zinc oxide, such as sunscreen C, will exhibit the
least heat transfer due to their low thermal
conductivities. This is because of its properties as a
physical blocker, forming a barrier on top of our skin to
scatter and reflect UVA and UVB rays [16]. This is
compared to chemical sunscreens which absorb into the
skin, producing heat, rather than reflecting it [17].

4.2 Results
Table 1: Temperature increase of Sunscreens over 5 minutes
Mixture AT(°C)
A 0.733
B 2.47
AB 2.17
C 0.967
AC 0.867

Table 2: Calculated K values of each individual type of
Sunscreen

Sunscreen Cp q K

A 2.81 2.06 0.19

B 3.10 7.65 1.34

C 2.84 2.75 0.27

AC 2.83 2.45 0.24

AB 2.97 6.43 0.70
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Figure 5: Average temperatures of Sunscreen mixtures
over 5 mins. A larger graph can be found in Appendix N.

4.3 Discussion

4.3.1 Interpretation of results

The results collected measuring the temperature
difference among mixtures of sunscreen indicated that
the Sunscreen B (Bondi Sands) had the highest
temperature increase of 2.47°C whereas the Sunscreen
A (LeTan coconut Sunscreen) had the lowest of 0.73°C
increase across 5 minutes. It was also found that the
mixtures containing a 1:1 ratio of two designated
sunscreens contained temperature increases that were
approximately the average of their individual sunscreen
tests. For example, Sunscreen A and Sunscreen C had a
temperature increase of 0.73°C and 0.96°C respectively,
and mixture AC was found to be 0.87°C, approximately
the average of Sunscreen A and Sunscreen C’s values
with an error of only 2%. However, this trend was not
fully consistent, as mixture AB’s temperature increase
was between the range of A and B but had a 35% error
from the average. This observation would be mainly
accounted by how uniform and how well the two
sunscreens mix.

With this, there are 2 types of trends for the temperature
change over time, depending on the type of sample used
which are shown in Figure 5. For the sunscreen samples
A, B and AB, the temperature tended to increase rapidly
at the beginning, however it plateaus towards the end.
For example, the surface temperature of the sunscreen
for sample B had increased by 2.1°C after 1 minute from
initial temperature of 26.6°C to 28.7°C, however the
temperature fluctuates at around 28.7°C between 1 to 5
minutes. The samples C and AC displayed a linear
trend, since the temperature increased consistently
throughout the experiment. This is clearly shown in the
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two straight lines coloured in yellow (Sample C) and
green (Sample AC). This can be attributed to Fourier’s
law of conduction as initially the Sunscreen is around
room temperature whereas the hot plate was 32°C. Thus,
the first minute has the largest temperature difference
between the two surfaces resulting in higher heat transfer
in the system initially. In some cases, the sunscreen may
not behave linearly due to the decomposition of the
active ingredients within the emulsifier [21].

4.3.2 Analysis of mixtures

Instead of being evenly distributed within the emulsion,
the active ingredients end up clustering, leaving gaps
within the emulsion and allowing the heat to pass
through unaffected. This means that at higher
temperatures, the effectiveness of the sunscreen is
compromised. Another possible explanation is that the
mixture may not be entirely homogeneous. Some
sunscreens may be more polar than others resulting in
insolubility when mixing. Polar molecules tend to favour
other polar molecules, hence introducing the phrase,
“like dissolves like”. Without an amphiphilic emulsifier,
the two sunscreens simply produce a biphasic mixture
with droplets of each sunscreen surrounding each other.
Studies show that mixing chemical sunscreens with zinc
oxide may significantly reduce its -effectiveness.
Research of mixing a non-mineral SPF 15 chemical
sunscreen with and without zinc oxide was conducted
[19]. It was found that the sunscreen with the zinc oxide
reduced in effectiveness by 84.3-91.8% whilst the lone
sunscreen exhibited a decrease of only 15.8%.

4.3.3 Analysis of materials and polarities

Sunscreens are generally divided into two groups being
oil based, and water based. Sunscreen B mainly contains
compounds such as benzyl alcohol and phenoxyethanol
which are low molecular mass and polar solvents that
would have better thermal conduction. Polar solvents are
generally more able to transfer heat than non-polar
counterparts purely due the stronger intermolecular
forces allowing for effective energy transfer between
molecules. Polarity can be compared through the
Reichardt’s ET (30) Polarity scale which compares the
polarity a molecule to water [20]. The ET (30) scale of
polarity is units of kcal/mol representing the energy
between intermolecular bonds. However relative
polarity is a ratio between waters polarity of
63.1kcal/mol (Saini) - 2023.
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Relative Polarity = ———— Eq(2)

Benzyl alcohol and phenoxyethanol have relative
polarities of 0.608 and 0.81. For comparison methanol
which is a highly polar organic molecule has a relative
polarity of 0.762 which indicates that molecules have
strong hydrogen bonding allowing for more efficient
heat conduction. Sunscreen A states it is water resistant,
indicating the solution must mainly consist of oils to
create a hydrophobic barrier. Oils are generally worse at
transferring heat due to their lower densities and weak
intermolecular forces. For example, Sunscreen B has
Octocrylene as one of the ingredients providing the
hydrophobidarrierSincdtchemicaformuld«C,, Hy7 N O,

it can be assumed that its relative polarity would
extremely low due being slightly higher than benzene’s
value of 0.009 due to majority of the molecule being
nonpolar. Although all sunscreens do have common
preservatives since Sunscreen C contains more nonpolar
substances such as Octocrylene than Sunscreens A and
B. With a lower molecular polarity, a large portion of
the ingredients in Sunscreen C relies on weaker
intermolecular bonds such as dispersion forces which
limits the molecules’ ability to have strong interactions
resulting in inefficient energy transfer. Furthermore,
high molecular weight molecules reduce molecular
mobility, lowering thermal conductivity. Octocrylene,
with a molar mass of approximately 361.5 g/mol is
significantly heavier than the alcohol molar mass of
108.1 g/mol. This results in Octocrylene requiring more
energy to move in a system and transfer energy than a
Benzyl Alcohol molecule, resulting in less efficient
conduction in comparison. Another key point is the
ingredient of zinc oxide within sunscreen c¢. Zinc oxide
is mainly used to absorb UV waves however it does have
the zinc oxide do contain nanostructures which are
spread across the sunscreen dispersing and limiting the
heat conducted [22] explaining why it had the second
lowest temperature increase.

4.3.4 Calculations for conduction coefficient

Through the ingredient descriptions of each sunscreen,
their heat capacities were estimated as seen in Table 3.
The ingredient descriptions mainly consisted of
alcohols, oils and water as the main solvent in
sunscreens. The heat capacity of oils is around 1.7J/gK
and alcohols are around 2.5J/gK [23], and so these
values were assumed for calculation. Combing these
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values with the percentage compositions of ingredients
in each sunscreen, the heat capacity value was
calculated. Sunscreen A contained 25% mass zinc oxide
which has a heat capacity of 0.494 [24]. See Appendix
E for calculations for estimated heat capacity values. The
conduction coefficient was calculated using the specific
heat capacity formula (Eq 3) and Fourier’s Law (Eq 4):

(Eq3)
(Eq 4)

q = mcAT

TPlate - TSurface)

q=—kA(

(Sunscreen Thickness)

Equation 2 is the specific heat capacity formula where g
is defined as the energy transferred (Joules), m being the
mass of the sunscreen (1g) and c¢ representing the
approximated heat capacity of each mixture. For this
formula AT represents the temperature increase the
sunscreen experienced over the 5 minutes of their
respective trial. Equation 2 was equated to equation 3
being Fourier’s conduction formula multiplied by Area.
The hot plate temperature remained constant at 32°C to
simulate the skin temperature, which is used for all
calculations for k (conduction coefficient) for the
different sunscreens. Tsurface represents the temperature
of sunscreen at 5 minutes. A represents the total area of
the sunscreen which was found considering the diameter
of petri dish was 5¢cm. However, for these calculations’
assumptions were considered to ensure values could be
calculated. Minor assumptions were that the sunscreen
was evenly spread among the total area of the petri dish
where some areas may have had a larger thickness. The
calculation method for the conduction coefficient
assumes that there is only 1D conduction between the
sunscreen and the hotplate. Future more in the
experiment the conduction of the petri dish was assumed
to be negligible considering it had a very low thickness
allowing for majority of the energy to travel through the
material to the sunscreen. See Appendix F for sample
calculations of K.

The thermal conductivity values that were calculated in
Appendix F and shown in Table 3 for the different
sunscreen mixtures reveal distinct trends in heat transfer
efficiency. Sunscreen B had the highest k value of 1.34
W/(mK), indicating the greatest thermal conductivity,
consistent with its high heat absorption. In contrast,
Sunscreen A exhibited the lowest conductivity
suggesting stronger insulating properties which was

© 2025 SJIE



SIIE 1(2) X-X (2025)

De Dominicis et al

consistent with the temperature observations. However,
the k values for AB and AC closely align with the
average k value between the individual samples. AB has
8% difference, and AC has a 4% difference only. This
supports the assumption that thermal conductivity
behaves approximately linearly with respect to the
component proportions. The mixtures contain
approximately the average conduction between two
different types of sunscreens.

4.3.5 Limitations and Future Work

Although the experimental results were able to display
clear trends between each sunscreen mixture there were
several limitations throughout the experiment that
hindered the validity and accuracy of the experiment.

e Limitations in mixing procedures

The first limitation in the validity of the result was
caused by the possible lack of through mixing of the
sunscreen samples. During the experiment, the two types
of the samples were weighed on a petri dish and then
mixed manually using a glass rod. This may have caused
uneven distribution of the samples, as it is visually
difficult to determine if the samples have been
completely mixed or not. Having inhomogeneous
mixtures can impact the result, as the surface of the
sunscreen which the temperature was measured could
have had different ratio of sunscreen compared to
intended ratio. As shown in the result, the greatest error
value was 4% obtained by the sample AB, and most of
the other results have had low values ranging between 0
to 1% (Appendix D). Based on the results, it is
appropriate to consider that the sunscreen samples were
mixtures sufficiently, although there are few
improvements that could be implemented as a future
work.

A possible improvement would be to use a centrifugal
mixer into order ensure that the two samples of
sunscreen have been homogenous. Additionally, the use
of centrifugal mixer means that it is likely that greater
amount of sunscreen would be required compared to 0.5
grams per sample (i.e. mix 10 grams of sample A and B,
instead of 0.5 gram each). This would improve the
validity further as using greater amounts of sunscreen to
prepare testing sample would decrease the uncertainty
of the mass ratio.

XXXX-XXXX/ XX/ XXXXXX

e Improvements for Accuracy

In terms of the accuracy of the experiment, this could
have been improved by testing larger variations of
samples for example extra for CB and possibility 33%
mixture of ABC could have been conducted. As this can
allow for further comparison on whether applying
different mixtures of sunscreen is more or less effective
than just 1 type. Additionally, the R? value for the A
sample was far lower than all other samples, indicating
a higher degree of random error.

o Potential Improvements for Materials

Also, the plastic petri dish is a poor conductor of heat
compared to human skin, and its insulating properties
likely reduced the rate of heat transfer from the hot plate
to the sunscreen. As a result, the measured temperature
changes may not accurately reflect how the sunscreen
would behave on actual skin. To improve validity, future
experiments could use synthetic skin pads or gelatine-
based materials to match skin thermal properties
providing a more realistic approximation of how heat
flows through skin in contact with sunscreen.

5. Conclusion
5.1 Investigation 1

In conclusion, the first investigation with the aim of
investigating how the thickness of sunscreen affects the
conductive heat flux through the samples was
successful. Clear trends were found supporting the
hypothesis of an inverse relationship between thickness
and heat flux, with valuable secondary trends established
such as the diminishing effect of extensive thickness
application and the conductive performance with pro-
longed exposure. While there were some limitations
around the experimental equipment, literature values
and uncertainty, there were still clear trends established
that effectively addressed the aim of this investigation
with strong applicability to a practical scenario.

5.2 Investigation 2

In conclusion, the second investigation, with the aim of
understanding the impact of mixing sunscreens of
different active ingredients on thermal conductivity, was
successful in identifying trends in relation to thermal
conductivity for both material composition and effect of
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mixture. The hypothesis that that Sunscreen C would
exhibit the lowest temperature change was somewhat
supported. However, this does not suggest that the study
did not possess several limitations which included
improper and evenly distributed mixing which impacted
the ratio of sunscreen at certain spots, small sample sizes
and a possible three-way mixture, and the use of a petri
dish which fails to mimic human skin in its ability to
conduct heat due to its insulating properties.

5.3 Summary

In conclusion, this investigation was successful in
finding characteristics that influence the conductive heat
flux and heat transfer through different sunscreens,
investigating both the effect of sample thickness, their
compositional makeup and the effect of mixing different
sunscreens.  ldentifying and improving some
experimental limitations, such as assumptions of
negligible heat loss to the surroundings, 1D conduction
and limited convection could improve experimental
accuracy and reliability in additional studies. Further
improvements to the investigation would focus on
improving the direct applicability of data to practical
scenarios.
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Appendix
Appendix A: Sample valculations for Investigation 1:
Note that all sample calculations shown are for the 0 minute, 2mm trial 1:

e Heat flux:

T .5°C—-35.4°
d—=—0.43—W-66 -3 C=6690W
dx mK 0.002m

The values of the three repeats were then averaged for the tabulated value.
e Uncertainty for heat flux:
§T, 8T, 6x &k _0.1°C 0.1°C 0.0005
P S + + +0.05=0.304
T, T, x k 66.5C 35.4°C 0.002

The uncertainty for the average heat flux for each trial was calculated through the sum of square errors merhod:

"\ 2
2(5_‘2) _ [(0.30)°+(0.30)*+(0.30)* _ ; 4
q |~ 3 '
3
From this the absolute uncertainty of the final value was found:
" 5 ;;17 "
8 quis 2 Je90" = 0,30 - 6790 W =+ 2070 W

avg

q =—k
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Appendix B: Full table of experimental and calcualted results for Investigation 1:

Temperature (°C)

Thickness (mm) 0 min 1 min 2 min 3 min
Trial 1 354 39.1 40.7 40.1
Plate 66.5 60.3 57.5 54.7
9 Trial 2 35.5 38.4 42.3 40
Plate 66.5 60.4 57.4 54.8
Trial 3 33.8 34.2 39.5 41.8
Plate 66.4 60.2 57.4 54.8
Trial 1 32.7 33.7 39.9 40.6
Plate 66.5 60.3 57.5 54.7
4 Trial 2 325 37.1 39.9 41.3
Plate 66.5 60.4 57.4 54.8
Trial 3 31.8 36.1 39.5 40.8
Plate 66.4 60.2 57.4 54.8
Trial 1 27.8 30.2 30.4 32.2
Plate 50 47.7 45.9 44
5 Trial 2 27.9 30.2 30.2 32.1
Plate 50 46.3 45.8 44
Trial 3 28.1 30.6 30.5 325
Plate 50.1 47.8 45.9 44.2
Trial 1 26.3 28.8 28.9 30.6
Plate 50 47.7 45.9 44
8 Trial 2 26.4 28.7 28.8 30.5
Plate 50 46.3 45.8 44
Trial 3 26.6 28.6 28.6 29.8
Plate 50.1 47.8 45.9 44.2
Trial 1 27 26.8 27.8 28.2
Plate 42.7 40.7 40.2 39.2
10 Trial 2 26.9 26.4 27.5 27.7
Plate 42.4 40.1 40.2 39
Trial 3 27.1 26.7 27.4 27.4
Plate 42.4 40.8 40.1 38.9

XXXX-XXXX/ XX/ XXXXXX
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Heat Flux, g", through the suncreen (W/mK)

XXXX-XXXX/ XX/ XXXXXX

Thickness (mm) 0 min 1 min 2 min 3 min
Trial 1
6687 4558 3612 3139
Trial 2
2 6665 4730 3247 3182
Trial 3
7009 5590 3849 2795
Average 6787 4959 3569 3039
Trial 1
3634 2860 1892 1516
Trial 2
4 3655 2505 1881 1451
Trial 3
3720 2591 1924 1505
Average 3669 2652 1899 1491
Trial 1
1591 1254 1111 846
Trial 2
6 1584 1154 1118 853
Trial 3
1577 1233 1104 839
Average 1584 1214 1111 846
Trial 1
1274 1016 914 720
Trial 2
8 1269 946 914 726
Trial 3
1263 1032 930 774
Average 1269 998 919 740

15
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Trial 1

675 598 533 473
Trial 2

10 667 589 546 486
Trial 3

658 606 546 495

Average 667 598 542 484

Appendix C: Full table of calculated fractional uncertinty and asbsolute uncertainty for Investigation 1:

Heat Transfer , g, through the suncreen (W)

Thickness (mm) 0 min 1min 2 min 3 min
Trial 1

0.30 0.30 0.30 0.30
Trial 2

2 0.30 0.30 0.30 0.30
Trial 3

0.30 0.30 0.30 0.30

Average 0.30 0.30 0.30 0.30
Trial 1

0.18 0.18 0.18 0.18
Trial 2

4 0.18 0.18 0.18 0.18
Trial 3

0.18 0.18 0.18 0.18

Average 0.18 0.18 0.18 0.18
6 Trial 1

0.14 0.14 0.14 0.14

XXXX-XXXX/ XX/ XXXXXX
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Trial 2 0.14 0.14 0.14 0.14
Trial 3
0.14 0.14 0.14 0.14
Average 0.14 0.14 0.14 0.14
Trial 1
0.12 0.12 0.12 0.12
Trial 2
8 0.12 0.12 0.12 0.12
Trial 3
0.12 0.12 0.12 0.12
Average 0.12 0.12 0.12 0.12
Trial 1
0.11 0.11 0.11 0.11
Trial 2
10 0.11 0.11 0.11 0.11
Trial 3
0.11 0.11 0.11 0.11
Average 0.11 0.11 0.11 0.11
Absolute Uncertainty (W/mK)
Thickness Omin 1min 2min 3min
2 2066 1509 1086 925
4 659 476 340 267
6 220 168 154 117
8 150 118 109 87
10 70.7 63.5 57.5 51.4
Appendix D: Absolute and percentage errors of inestigation 2
Mixture Time(min) 0 1 2 3 4 5
A Absolute error 1.136 0.569 0.300 0.208 0.503 0.379
percentage error 4% 2% 1% 1% 2% 1%
B Absolute error 0.379 0.404 0.436 0.289 0.265 0.100
percentage error 1% 1% 2% 1% 1% 0%
XXXX-XXXX/ XX/ XXXXXX 17 © 2025 SJIE
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AB Absolute error 0.416 0.850 0.964 1.097 0.872 0.781
percentage error 2% 3% 4% 4% 3% 3%
C Absolute error 0.306 0.404 0.153 0.058 0.173 0.200
percentage error 1% 2% 1% 0% 1% 1%
AC Absolute error 0.153 0.300 0.100 0.115 0.058 0.100
percentage error 1% 1% 0% 0% 0% 0%
Appendix E: Compostion and Heat capacity assumptions
Sunscreen Compostion Cp
A 40% water, 45% oil ,15% 2.81
alchohols
B 50% water 30% oils 20% 3.10
alchols
Cc 25% Zinc Oxide., 50% water 2.84
25% alchols
AB 50% A and 50% B 2.83
AC 50% A and 50% C 2.97

Sample calculation

Cp,=0.4%x4.1840.15%x2.5+0.45%x1.7=2.81

Appendix F: Sample calculation of k value in investigation 2

qz=1g x3.1]/g-Kx (29.1—26.63)°C =7.65]

7.65]=—k(0.02521r)

Appendix G: Calculation of the k value in investigation 1:

(29.1-32)

k=1.34W/ (m-K)

‘e 0.61%4_0.15% 0.15%20.43K
60 30 10 mK

Appendix H: % Drop in Heat flux with Increasing Thickness from 2mm to 10mm and Sample Calculation
Time % Drop in Heat flux with Increasing Thickness from 2mm to 10mm
0 min 90.2%
1 min 87.9%
2 min 84.8%
3 min 84.1%

Sample Calculation: 3,m. qiannt e — 667

w
mK

qimm, Omin 6787 le

=90.2%

Appendix I: % Drop in Heat flux with Increasing Thickness in 2mm Increments and Sample Calculation

% Drop in Heat flux with Increasing Thickness in 2mm Increments

Thickness Step

0 min

1 min

2 min

3 min

XXXX-XXXX/ XX/ XXXXXX
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2mm to 4mm 45.9%| 46.5% 46.8%| 50.9%
4mm to 6 mm 56.8%| 54.2% 41.5%| 43.3%
6mm to 8mm 19.9%| 17.8% 17.3%| 12.5%
8mm to 10mm 47.5%| 40.1% 41.1%| 34.5%

Sample Calculation: g3, q;w@ﬁg%% — 3669 _

qimm , Omin

w
6787 2

45 . 9%

Appendix J: % Drop in Heat flux with Increasing Time at Set Thickness and Sample Calculation

Thickness % Drop in Heat flux with Increasing Time at Set Thickness

2mm 55.2%
Amm 59.4%
6mm 46.6%
8mm 41.7%
10mm 27.3%

Sample Calculation: g3, qé,@ﬁz;ﬂn% — 30392 _

qimm , Omin

w
6787 &

55.2%

Appendix K: Raw results of Tempreture increases of sunscreen mixtures over 5 mineutes

Mixture

0
27.1
25
253
26.2
26.9
26.8
25
24.8
25.6
26
26.2
25.6
25.7
26
25.8

1
27.5
26.4
26.7
28.2
28.9
28.9
26.7

27
28.3
26.3
26.6
25.8
25.8
26.4
26.1

Appendix L: Average Results of Appendix K

Mixtur
e
A

XXXX-XXXX/ XX/ XXXXXX

0 1

25.8 26.86667

Time (min)

2 3
26.6 26.6
26 26.2
26.3 26.3
28.1 28.4
28.8 28.9
28.9 28.9
26.3 26.6
26.6 26.6
28.1 28.5
26.6 26.6
26.7 26.6
26.4 26.5
26.2 26.6
26.1 26.4
26.3 26.4

2

26.3

19

4
26.8
25.8
26.2
28.3
28.7
28.8
26.4
26.6

28
26.9
26.9
26.6
26.8
26.7
26.7

5
26.8
26.1
26.7

29
29.2
29.1
26.8
26.9
28.2
27.1
26.9
26.7
26.8
26.7
26.6

4

26.36666667 26.26667 26.53333
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B
AB
C
AC

Appendix M: Investigation 2 conduction coefficient (K) values of each sunscreen mixtures.

26.63333333
25.13333333
25.93333333
25.83333333

28.66667
27.33333
26.23333

26.1

28.6
27

26.56666667

Sunscreen Cp q K

A 2.81 2.06 0.19
B 3.10 7.65 1.34
C 2.84 2.75 0.27
AC 2.83 2.45 0.24
AB 2.97 6.43 0.70

Appendix M: Sunscreens used in Investigation 2

26.2

28.73333333 28.6 29.1
27.23333333 27 27.3
26.56666667 26.8 26.9
26.46666667 26.73333 26.7

Sunscreen A (Letan coconut suncream 15spf) https://www.chemistwarehouse.com.au/buy/64759/le-tan-spf-15-
coconut-sunscreen-lotion-125ml

Sunscreen B (Bondi sands 50spf) https://incidecoder.com/products/bondi-sands-sunscreen-lotion-face-spf50

Sunscreen C (Banna boat baby zinc spf 50) https://www.chemistwarehouse.com.au/buy/131277/banana-boat-
baby-zinc-spf-50-100g

Appendix N: Larger Graphs of Figures 3, 4 and 5

10000

9000

8000

7000

(Wim?)

6000

5000

4000

Conductive Heat Flux, ",

3000

2000

1000
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Sunscreen Thickness (mm)

®0min
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W onow
[
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R*=0.9989 ®2mm

10000 R?=0.9909 @4mm
R*=0.967 @6mm
9000 R*=0.9706 ®#8mm
} R?=0.8994 @ 10mm
|
8000 |
|
|
|
7000 |

6000

5000

4000

Conductive Heat Flux, g, (W/m?)

3000

2000

0.5

-

1.5 2 25 3 3.5
Time (min)

29.5

R*=0.9766 ®AC

R*=06994 ®A

R*=0.9644 @B
R?=0.9137 @ AB

Temperature (C)

R®=0.9788 » C

0 1 2 3 4 5 6
Time (min)
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Graphical Abstract

Thermal Behaviour of Vegetable Oils: Influence of Viscosity, Composition, and Convection
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PROBLEM METHODOLOGY FINDINGS
Abstract

Understanding the thermal behaviour of different vegetable oils when exposed to heat is important in contexts ranging from
thermal processing to cooking. This experiment investigated temperature variation in Canola, Sunflower, Sesame, and Mustard
oils, as well as sunflower - mustard blends, during a two-minute passive heating process. To observe how heat is transferred
through the fluid, temperatures were recorded at the bottom, middle, and top of each sample. Results showed that viscosity was
the dominant factor influencing heat distribution. Canola, the most viscous oil, developed the strongest temperature gradients,
while mustard oil heated more uniformly due to lower viscosity, allowing stronger convection currents. Sunflower and sesame
oils produced intermediate results, with sesame showing relatively fast heat transfer. The oil blends displayed heating patterns
between those of the pure oils, with higher sunflower content leading to faster and more efficient top heating. Despite variability
associated with timing, mixing precision, and equipment inconsistencies, our results aligned with expected physical properties.
These results demonstrate how relatively simple heat profiling can offer valuable insights into thermal and fluid behaviour.

Keywords: Heat transfer, convection, viscosity, vegetable oils, thermal stratification, fluid properties.
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1. Introduction

Heat is transported through liquids by two interconnected
mechanisms. Conduction is the transfer of heat through a
material caused by the movement of energy between nearby
molecules®. Convection transports heat by the bulk motion of
the fluid. Warmer, lighter regions rise while cooler, denser
regions sink, setting up a circulating flow that redistributes
energy?. In practice the two mechanisms coexist: conduction
controls the microscopic transfer between adjacent fluid
layers, but once buoyancy forces overcome viscous resistance,
fluid motion begins, forming natural convection currents that
speed up heat transfer through the fluid?.

Thermal conductivity(k) controls how quickly heat spreads
through a fluid when the fluid itself is not moving*. In refined
sunflower, rapeseed and palm oils, k, falls from
~0.167Wm'K'at20°Cto~=0.137 Wm' K at 230 °C, so
a hotter fryer or transformer tank must rely increasingly on
convective motion to move the same amount of heat®. Specific
heat determines the thermal energy storage capacity: adiabatic
scanning calorimetry shows that cp of vegetable oils rises
almost linearly with temperature and is higher in
monounsaturated oils, allowing them to absorb more energy
per degree than polyunsaturated oils®. When convection is free
to develop, it often dominates overall transfer. In deep-fat
frying using canola, corn, palm, and soybean oils, the surface
heat transfer coefficient (h) decreased almost linearly as
viscosity increased. Oil degradation, which raises viscosity,
reduced h by up to 30% under the same conditions’. These
examples underline that k, cp and buoyancy-driven flow
jointly dictate how rapidly and uniformly heat can be removed
or supplied in industrial and culinary equipment.

Vegetable oils are important in high-temperature cooking.
Their flash points around 250 °C, non-toxic nature and flavour
neutrality make them the ideal choice for frying and roasting.
Interest is also growing in them as bio-derived thermal fluids.
Solar cookers and domestic sensible-heat storage pots use
sunflower, palm or blended oils as sustainable substitutes for
synthetic thermal oils, due to lower cost and ready
biodegradability8. Laboratory 3-o hot-wire measurements
confirm that these fluids retain acceptable conductivity up to
250°C and can be tailored via fatty-acid composition or
nanoparticle additives for specialised cooling, quenching or
lubrication services®.

This study investigates how composition impacts heat transfer
by measuring vertical temperature stratification in six oils;
canola, sunflower, sesame, mustard and two
sunflower—mustard blends, heated from below. By logging
temperatures at the base, mid-height and surface for two
minutes, we quantify the residual change in temperature (AT)
across the beaker. A small AT indicates strong natural
convection, whereas a large AT signals conduction-
dominated, stratified behaviour. By comparing pure and
blended oils under the same heating conditions, we can

XXXX-XXXXIXXIXXKXKXXX

identify how viscosity, density, and fatty acid composition
affect natural convection

1.1 Key Parameters

Viscosity (w): the main influence on convection. In frying
studies, a 70 % rise in p drove a proportional fall in h, a
(Ir|=0.96), illustrating how even modest thickening, whether
from low-temperature choice or oxidative ageing can suppress
circulation and elevate hot-spot temperatures’.

Density (p) & thermal expansion (B): together are the forces
behind natural convection. Oils richer in unsaturated chains
are slightly less dense and possess larger B, yielding higher
Rayleigh numbers and earlier transition to convection.
Thermal conductivity (k) & specific heat (c,): determing,
respectively, controls how fast heat spreads through a fluid
and how much energy the fluid can store as its temperature
increases. Both vary systematically with degree of saturation,
k decreasing and c, increasing as temperature rises>®.
Chemical composition: fatty-acid chain length and
unsaturation impact all the above. Quench-cooling data show
that lower-saturation (thus lower-u) oils wet hot surfaces
faster, while high-saturation oils may partially solidify at room
temperature, virtually eliminating convection®.

By comparing temperature profiles, this experiment identifies
which aspects of oil composition, like viscosity or density
have the strongest effect on convective heat transfer, a
question with direct implications for food engineering,
renewable heat storage and bio-based thermal-fluid design.

1.2 Key Equations

1. Fourier’s Law of Conduction (Describes heat

transfer by conduction):
-k dr
= T

Where k = thermal conductivity(W/mK), q = heat
flux (W/m?), dTdx = temperature gradient!
2. Heat transfer equation:
q =mc, AT
3. Newton’s Law of Cooling (Convective Heat
Transfer)
q=hA(T,— T,)
Where h = heat transfer coefficient (W/m2K),
influenced by viscosity, A = surface area, T ;=

surface temperature, T, = fluid temperature?

4. Rayleigh Number (Predicts the strength of natural
convection):
AT L3 _ gBAT L3 p? ¢
Ra= gﬁva - uk :
Viscosity enters here via: v=, kinematic viscosity,
lower pu (dynamic viscosity) translates to higher Ra
and hence stronger convection.10

5. Thermal Diffusivity

k
a=—-
pc,
Which demonstrates how fast a material responds to

© 2025 SJIE
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heating!!

2. Methods
2.1 Experimental Setup

Given our experiment aimed to analyse convection of heat
through different types of oil, our experimental setup aimed to
measure the heat of oil at three points against time. To achieve
this, 200mL beakers were filled to the 50mL graduation with
the respective oils, whereby the three points could be
measured to maintain simplicity at OmL (the base of
convection), 25mL and 50mL. Furthermore, a hot plate was
installed beneath the beaker to heat the oil. The hot plate used
was temperature probe based thus its heating was in
accordance with the heat of the liquid used mostly for
maintaining an elevated heat of liquid. Additionally, a thermal
camera was installed horizontally to the hotplate’s base using
a retort stand. The thermal camera intended to observe and
measure the heat at the desired measurement zones (bottom -
OmL, middle - 25mL, top - 50mL). Finally, the oils to be
measured were, canola oil, sunflower oil, sesame oil, mustard
oil and a 50/50 by volume blend of sunflower-mustard oil and
a 75/25 by volume blend of sunflower-mustard oil (75% being
sunflower oil). A diagram of this experimental setup is shown
below.

Figure 1 - Experimental setup:

2.2 Data Collection Procedure

1. A 100 mL beaker was filled with 50 ml of canola oil.

2. Beaker was placed on the heating plate with the
temperature probe submerged in the oil, not touching
the base.

3. The thermal camera’s capture points were set on the
computer software at the base of the beaker, the 25
mL and 50 mL graduation line.

4. The temperature of the oil was recorded at all thermal
camera capture points every 30 seconds for 2 minutes
including the initial temperatures.

5. Steps 1-4 were repeated five times with the canola
oil

6. Steps 1-5 were repeated with the other oils.
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7. Once individual oils testing was completed, steps 2-
5 were carried out with 50 mL of 1:1 sunflower-
mustard oil blend and again for 50 mL of a 3:1 ratio
of sunflower-mustard oil blend.

8.  When blended mixtures were tested, observation of
homogeneity was visually assessed and recorded.

2.3 Sources of Experimental Error

To assess the reliability of the results, errors were grouped into
human error, equipment-related error and experimental design
limitations. While these factors caused some inconsistencies,
the overall trends remained fairly consistent with expected
thermal behaviour.

Human Error

Accurately starting and recording time points was difficult
across trials, especially when we often had to reposition the
beaker or thermal camera. A Delay of a few seconds was
common at the beginning of each trial. The 50 mL oil volumes
were estimated by eye in 100 mL beakers, leading to small
variations in fluid height. Parallax error may have also
affected meniscus readings, resulting in slight volume errors.
Additionally, creating 50/50 or 75/25 oil blends without
pipettes also created decent variability, which could influence
heating behaviour due to differences in viscosity and density
between oils.

Equipment Error

The hotplate operated based on internal oil temperature targets
instead of hot plate surface temperature, which caused
significant variation between trials , with some beakers
starting to heat on a surface over 200°C and others around
60°C. Slight changes in thermal camera positioning may have
skewed results, particularly at the bottom of the beaker where
reflected heat affected readings. In some cases, early
measurements were delayed due to the time required to select
bottom, middle, and top zones on the thermal camera
interface.

Experimental Design Limitations

Mixtures were not stirred during heating to allow for natural
convection and temperature gradient formation. As a result,
the heavier oils like mustard may have settled unevenly,
causing localised differences in heating. Even when they were

pre-mixed, density and viscosity differences between oils
could have led to stratification during heating.

3. Results and Discussion

3.1 Temperature Profiles of Pure Oils
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The temperature profile of pure oils was examined at various
height intervals (bottom, middle, top) in order to analyse key
factors of heat transfer such as viscosity, thermal
conductivity and specific heat capacity. All these factors
influence heating behaviour, in particular the ratio between
conduction and convection, and which factor is dominating
heat transfer. This notion was evident in the results where
intriguing discoveries were made.

Figure 2 highlights the temperature increase, and thus heat
transfer through the height of sesame oil over the course of 2
minutes. Among all the pure oils tested, sesame oil
consistently reached the greatest final temperature across all
levels (bottom: 95.74°C, middle: 65.42°C, top: 51.9°C). This
finding suggests that sesame oil has a higher thermal
conductivity, enabling a faster rate of energy transfer.
Alternatively, it may also indicate a lower specific heat
capacity, allowing the oil to heat up quicker per unit of energy.
Additionally, the consistent rise of each level's temperature as
opposed to a more asymptotic nature is indicative that
convection-based heat transfer was likely developed in the
later stages of the experiment. Thus, initially, when the oil was
still, before convection currents influenced oil movement,
conduction from the base layer of the oil was relatively
efficient in heating vertically upwards.

Figure 2 - Temperature over time for sesame oil & sunflower
oil:
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Conversely, sunflower oil displayed a high level of early
convection compared to other oils due to its relatively lower
viscosity. Figure 2 showcases the highest rate of temperature
increase in the top layer in the earlier stages of heating,
indicating the early onset of convection compared to other
pure oils. This is likely due to sunflower’s lower viscosity
compared to sesame oil for example, and thereby, fluid motion
is initiated sooner allowing for greater heat distribution
upwards. However, despite the early onset of convection, this
oil did not reach particularly high temperatures after the 2
minutes of elapsed time, suggesting sunflower oil may have a

XXXX-XXXXIXXIXXKXKXXX

lower thermal conductivity. This intriguing finding conveys
the essential distinction between high rates of convection, and
total heat absorbed. Although natural convection is driven
primarily by temperature-induced density gradients, the
ability for heat to transfer through the oil (i.e., thermal
conductivity) ultimately granting the formation of these
convection currents. In sunflower oil, fluid motion is initiated
earlier due to its lower viscosity, facilitating vertical heat
transfer despite the total thermal energy absorbed being
relatively low.

Mustard oil had the most uniform and efficient heat transfer
and distribution, exhibiting the second highest overall
temperature. Additionally mustard oil’s final temperature
difference between the bottom level and top level is relatively
small, and thus this more uniform heating profile is indicative
of consistent and effective convection currents throughout the
oil after the onset of convection. Although Mustard oil is
considered to be the most viscous of the 4 pure oils studied,
its performance suggests that once convection was initiated in
the fluid, convection dominated in heat transfer, significantly
contributing.

Figure 3 - Temperature over time for mustard oil & canola
oil:
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It is evident in our findings that viscosity is a key driver for
convection performance. However there are other thermal
properties which play a crucial role. It is important to state that
based on the experimental data, it can be concluded that
viscosity of the oils significantly impacts the onset and
efficiency of convection, but not necessarily their overall
performance in heat transfer. For example, figure 3 represents
the temperature profile for canola oil. It can be deduced that
despite canola oils' relatively lower viscosity compared to
other oils, temperatures across all levels were particularly low
over the 2 minutes. This observation is indicative that other
thermal properties such as thermal conductivity and specific
heat capacity heavily impact overall heat transfer, and the
fluids ability to develop strong convection currents and
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transfer heat, despite the perceived advantage of a less viscous
liquid.

As fluids heat, density gradients are created, governing density
driven convection as the fluid begins to circulate. A fluid with
a low thermal conductivity may struggle to create these steep
temperature gradients necessary for density based convection.
In a similar context, a high specific heat value would suggest
poor convection too given the innate requirement in this
context for a greater energy input to reach the same increase
in temperature. Given this insight, it can be taken that an oil
such as mustard oil, which is comparably more viscous than
canola oil, may outperform canola oil (or a less viscous oil) in
the possibility that either its thermal conductivity is higher,
and/or its specific heat capacity is lower.

3.2 Temperature Profiles of Oil Blends

Figure 4 presents the temperature profiles of the two
sunflower-mustard oil blends (50/50, 75/25). Both blends
experienced a similar final temperature at the top level of the
beaker, highlighting a likely comparable overall capacity for
heat transfer performance. However, a few nuances can be
explored in how these blends heated and reached their final
temperatures. The 50/50 blend experienced a steadier, more
gradual and linear temperature increase, while conversely the
75/25 blend suggested a slightly fast heating at the top layer
compared to the 50/50 blend. Additionally the 75/25 mix
showcases greater variations through lower levels too. These
findings suggest that the 50/50 blend facilitated greater heat
retention and uniform conduction, likely due to a greater
quantity of mustard oil, and therefore more favourable thermal
conductivity properties. Furthermore, the 75/25 mix
experienced greater convection early on due to sunflower oil's
lower viscosity. It can additionally be noted that the heat
transfer process in the 75/25 mix (more sunflower oil) can be
described as less consistent and efficient.

Figure 4 - Temperature over time for 50/50 sunflower-
mustard oil and 75/25 sunflower-mustard oil:
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As the oil blends were mixed by hand in the experiment, there
is a level of human error, and more so natural propensity for
the oil to be ineffectively mixed (due to differences in
viscosity, density etc). Thus, despite our best efforts to
physically mix the oils, differing densities and viscosities
cause the mixture to behave not as a single, homogeneous
fluid. Therefore, temporary layering in the oil or incomplete
mixing may have been involved, and thus causing thermal
stratification and distinct (or not distinct) density
layers/regions, with the denser mustard oil settling to the
bottom, and vice versa with sunflower oil. This can cause local
regions in the beaker where thermal properties are altered
(conduction dominating in some regions and convection in
others). Overall, it can be concluded that errors with layering
and inconsistent miscibility, leading to thermal stratification
may have contributed to inconsistencies observed in the 75/25
blend’s temperature profile.

Localised convection currents likely impacted uniform
heating and convection onset timing. As discussed, sunflower
oil experienced convection currents early on. Hence, the 75/25
oil mix would have experienced more early convection
currents. However, these currents were likely formed locally
in convection cells, especially near the bottom where viscosity
was lowest (highest temperature), and lacked the ability to
circulate upwards promoting heat transfer. Conversely, in the
50/50 blend, while the more viscous mustard oil created a
higher resistance to motion initially, this blend likely
developed stronger convection currents, properly transporting
and transferring heat upwards through the oil blend, due to
greater heat accumulation in the mustard-oil base (denser),
and thus creating more drastic density gradients for convection
to be thereby facilitated. This notion is represented in figure 4
where the 50/50 mix, while exhibiting lower temperatures at
each level, displays a smoother, more consistent heating trend.

3.3 h-values for Oils/0il Blends

Figure 5 identifies the heat transfer coefficient (h), for pure
oils as well as oil blends, insightfully quantifying the
efficiency of heat transfer between the heated plate and the
oil via convection. Consistent with transient natural
convection, h decreases asymptotically as the thermal
boundary layer thickens and the temperature difference
between the hot surface and the bulk oil shrinks, weakening
buoyancy-driven flow (lower density gradient) and reducing
heat flux per unit temperature, hence balancing convection
and conduction towards a steady-state condition.

Derivation of h-values are sourced from equating equation 2
(heat transfer equation), and equation 3 (Newton's law of
cooling):
q = mcpAT, q=hA(T,— T,)
mcpAT=hA(TS— T,)
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Figure 5 - Convection heat-transfer coefficients plot:

Pure oil and oil blend convection heat-transfer coefficients versus time plot - h(t)

h(W/m?K)
g

0 20 40 60 80 100 120 140
Time (s)

=@=Canola —A—Sunflower —¢-Sesame —¥—Mustard —#—50/50 —e—75/25

Findings of the convective heat transfer coefficient (h) and
trends seen in figure 5 reinforce experimental findings in
sections 3.1 and 3.2. Calculation of the convection
coefficient values for the mustard oil blend found that
initially heat transfer by convection occurred in a large
magnitude due to the large temperature disparity
between the solution and the heating mantle. As the
temperature became more uniform throughout the
solution and the density differences driving natural
convection weakened, less convection occurred and the
convection coefficient value decayed. The nonlinearity
of the graph can be explained by the solution beginning
to approach steady state conditions, with the h value
decreasing until the heating effects and the cooling from
the external surroundings balance and h reaches a stable
level. Figure 5 shows a fast initial drop in h meaning that
initial heat exchange in the system is efficient, providing
evidence that the mustard and sunflower oil mixture is a
viable option for thermal energy storage systems as it
quickly absorbs heat and effectively retains and slowly
releases it.

3.4 Key Influencing Factors

Several fluid properties influenced the heating behaviour
observed in the experiment. These include viscosity, thermal
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conductivity, convection strength, and the formation of
density gradients. Table 1 outlines the key factors in order of
importance based on the experimental results.

Figure 6, Table 1 - Ranked Factors affecting heat transfer in
oils

Effect on heat

transfer

Factor Observed impact

Canola oil showed
strong stratification,
while mustard oil
heated more evenly.

Viscosity Affects how easily
convection

currents form.
Higher  viscosity
slows down fluid

motion.

Convection
strength Mustard and
sunflower oils
showed earlier or
stronger convection

compared to canola.

Circulates heat
from the bottom to
the top once a
temperature
gradient forms

Determines  how
well heat moves
through the fluid.

Thermal
conductivity

Sesame oil heated up
faster and more
evenly than others,
suggesting better
conductivity.

Specific heat

capacity Oils with higher | Sunflower oil heated
specific heat | slowly overall
require more | despite early
energy to heat up. | convection.

Mixing and

stratification | Uneven  mixing | 75/25 blend had
can cause localised | more variation,
layering and | likely due to
inconsistent incomplete  mixing
heating. or separation.

Initial

surface Hotplate  control | Some trials (e.g.

temperature | affected how much | sesame oil) had high
energy was | starting temperatures

at the base due to
heat retention.

delivered early in
the experiment.

While not all results were perfectly consistent, most trends
generally matched what would be expected from each oil’s
physical properties. Canola, the most viscous, showed delayed
and weak convection, with heat staying mostly at the bottom.
Mustard, although viscous, heated more evenly once
convection had started, possibly due to a lower specific heat
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or stronger fluid circulation. The sesame oil consistently
reached high temperatures at all levels which suggests better
internal heat transfer, likely due to higher thermal
conductivity. Furthermore, the sunflower oil, which had low
viscosity, showed signs of early convection but lower overall
heating, suggesting that lower conductivity limited how much
energy the fluid retained.

A lot of the differences between how the oils heated up can be
explained using heat transfer principles. The first concept is
the Rayleigh number, which tells us when natural convection
is likely to kick in. It depends on factors such as viscosity and
the temperature difference across the fluid. Oils like mustard
and sunflower are less viscous, so they’re more likely to start
circulating earlier which was reflected in our results, with both
showing early signs of convection and more even heating
compared to thicker oils like canola, where the heat mostly
stayed near the bottom.

Similarly, the Biot number helps explain how heat moves
inside the fluid compared to how it interacts with outside air.
Oils like canola, which developed strong internal temperature
gradients and slow top heating, likely had higher Biot
numbers, meaning that their internal resistance to heat flow
was dominant. However, sesame likely had a lower Biot
number which allowed for more even internal heating.

The blended oils also showed these patterns to some extent,
with the 50/50 mix showing steady and consistent heating,
while the 75/25 mix heated faster at the top but was less
uniform overall. This could be due to uneven mixing, or slight
stratification caused by differences in density or viscosities
between the two oils.

3.5 Real-World Relevance

The thermal behaviour of vegetable oils plays a crucial role in
both culinary applications and industrial process design. In the
kitchen, oils with higher specific heat capacities can absorb
and retain heat more efficiently, offering better temperature
stability during cooking processes such as frying or sautéing.
The main implications of heat retention and absorption in
vegetable oils apply to the quality and safety of food
preparation, highlighting the essentiality of understanding of
chemical properties in vegetable oils specifically. In industrial
settings, particularly within process engineering, the thermal
conductivity and heat capacity of oils influence their
suitability as heat transfer fluids in systems such as biofuel
production, lubrication, and thermal storage. Understanding
these properties is therefore essential for optimizing heat
management, ensuring process consistency, and maintaining
system efficiency.

The thermal stability of cooking oils is crucial for food safety
and product quality control especially during processes that
require high temperatures or an even heat distribution. Since
the specific heat capacity of a stationary fluid directly impacts
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how its temperature changes over time, its value provides a
myriad of implications for how the fluid behaves chemically
under different thermal conditions. For culinary applications,
these behaviours can influence the quality of the product and
the safety of its consumption, in the case of vegetable oils,
using an oil that is not able to suitably adjust to high
temperatures results in the production of harmful chemicals
and smoke. Selecting an oil that is suitable for its respective
use is crucial to avoid this, and thus knowledge of the oils
ability to absorb and retain heat is required. As seen in the data
collected throughout this report a range of vegetable oils
interact differently with temperature due to their ability to
conduct heat, with oils with higher specific heats taking longer
to heat up but retaining the heat for longer, and oils with low
specific heats increasing in temperature at a faster rate. The
heat transfer coefficient also influences the oils thermal
properties, with oils like sesame and canola having lower h
values and therefore lower heat exchange initially. This
information allows culinary experts to determine the
suitability of vegetable and other types of oils when using
them for their practice, for instance, oils with higher specific
heats retain heat for longer and therefore affect how evenly
food can be cooked or seared. Other applications involve the
oil's stability at a certain heat which is critical in deep frying,
or preventing substantial temperature swings when food is
added to the hot oil. Overall, knowledge of an oil’s thermal
properties can hold significant influence in their application
in a culinary context.

Vegetable oils have gained increasing attention as alternative
heat storage and heat transfer fluids in industrial applications
such as their use in chemical reactors or thermal energy
storage systems. The specific heats and heat transfer
coefficients of the oils plays a critical role in their suitability
for these applications, as it is often required that the oil be a
viable means of transferring or retaining heat effectively. Oils
with higher h values initially with steady decreases in h as they
heat up are suitable for thermal energy systems due to their
ability to quickly absorb heat and retain it for extended periods
of time, this study found that sunflower and mustard oils
match this criteria the most effectively. Sunflower oils have
recently been integrated into the energy space with their use
in solar thermal systems. In a comparative study that tested
the viability for sunflower oil and water for a solar collector,
sunflower oil was found to dissipate heat at a faster rate
(0.462°C/min)!* while also being heated more efficiently
(12.4%) when flowing through the system compared to
waters 0.292°C/min*! and 9.9%?! respectively, making it a
great option for efficient energy collection. This is partly due
to the oil's lower heat capacity which enables it to absorb and
dissipate heat at a faster rate than that of other fluids.
Vegetable oils also offer sustainability advantages, as they are
biodegradable and have a significantly lower environmental
impact surrounding their production process. Thus vegetable
oils provide a promising look into future solutions for energy
storage that are cost efficient and stable for the long term.
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An additional consideration is the phenomenon of stratified
heating, where uneven temperature distribution occurs within
a fluid body. This is especially relevant in large-scale
operations, where inadequate mixing or poor thermal
conductivity can lead to localized overheating or under
processing. Thermal stratification is highly relevant in the
utilisation of vegetable oils in thermal energy storage (TES)
systems, as the formation of distinct temperature layers can
enhance their efficiency as maintaining thermal stratification
enables better temperature control and energy efficiency.
Sunflower is another apt candidate for TES systems as upon
testing it showed many valuable thermal properties, such as
minimal thermal degradation until about 400°C 12
additionally, sunflower offered many similar characteristics to
that of other thermal oils making it a viable option due to its
wide availability and relatively cheap production costs. The
use of vegetable oils in TES systems becomes particularly
advantageous at higher storage temperatures, as oils maintain
stable thermal properties while water is limited by its boiling
point, making it necessary to undergo additional costs to
ensure the storage vessel is pressurised and fitted with
stratification devices to ensure optimal heat distribution.
Overall, sunflower oil particularly and other vegetable oils
provide a viable solution to maintaining optimal stratification
in TES systems due to their thermal characteristics.

4. Conclusion

Within our experiment five different oils were used as well
as oil blends to determine their convection profiles and their
convective heat transfer coefficient. Sesame oil reached the
highest temperatures and heated the fastest, reflecting its
high conductivity and/or low specific heat capacity, whilst
sunflower oil had high convective heat transfer potentially
due to low viscosity whilst having a low temperature
increase. This finding suggested lower conductivity whereby
convective forces dominated. Mustard oil had the most
uniform temperature distribution once density/convection
currents developed. Finally, canola oil’s strong stratification
can be attributed to its high viscosity. Furthermore, the
50/50 blend had a relatively smooth heating whilst
maintaining moderate responsiveness hence effective
convection. In comparison, the 75/25 blend warmed quickly
but unevenly amongst the thermal camera capture points.
This was likely due to partial layering (honhomogeneity) and
thermal stratification. The convective transfer coefficient (h)
decreased asymptotically as the thermal boundary layer
thickened, reflecting transient heating natural convection.

Through our experiment, it is suggested that heat-transfer of
oils in any industry as well as culinary applications
engineering strategies should control mixing to maintain
homogeneity within the oils and disrupt boundary layering.
Moreover, engineers can consider finned surfaces to
accelerate convection of oils to increase area limited by the
beaker base. Additionally, our results made evident the
changes oil blends can have convective heat transfer by
manipulating physical attributes such a viscosity or density.
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Hence, implementing more complex blends based on these
attributes can accelerate heating and thereby increase energy
efficiency.
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Graphical Abstract

Studying the effectiveness of Infrared (IR) cameras on dynamic targets in a
surveillance-based context.

Forward Motion Simulation - Lateral Motion Simulation

- Heat signature moves in a - Heat signature moves in a m
straight line up to one metre - straight line across the field of

from the camera. A i

IR cameras are effective at detecting dynamic targets but do have limitations that are not ideal in the security and
surveillance industry.

Abstract

The development and widespread adoption of infrared (IR) cameras, capable of detecting static and dynamic heat signatures,
have enabled the creation of advanced security and surveillance systems. While most of the current research into the
effectiveness of IR cameras in security-based settings involves the use of static heat signatures, an understanding of how these
cameras perform on dynamic targets is also vital as moving heat signatures are ubiquitous in real-world scenarios. This study
aims to determine the efficacy of IR cameras on a heat signature in a range of different motions to justify or challenge their
prevalent use in commercial and residential surveillance systems. In this research, both forward motion and lateral motion
setups were used consisting of a one-meter straight path, in-line with the IR camera, and a 70 cm straight path, facing the IR
camera side-on, respectively. Both experimental setups tested the heat signatures moving at multiple speeds. This study found
in the forward motion test that the IR camera was accurate in observing the temperature of the heat signature, however, greater
distances between the heat signature and the camera resulted in lower temperature recordings. The lateral motion test found the
sense time for the heat signature increased as its speed decreased, and that there is a speed great enough at which the heat
signature remains undetected by the IR camera. Consequently, this research has confirmed that limitations do exist in IR
camera surveillance technology, meaning that while significantly effective, these systems cannot be completely relied upon.

Keywords: infrared camera, heat signatures, dynamic targets, security, surveillance, forward motion, lateral motion.
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1. Introduction

1.1 Motivation

Heat transfer is defined as the movement of thermal energy,
in the form of heat, between physical systems with different
temperatures. This transfer can occur through three primary
mechanisms: conduction, which involves molecular agitation
within a material without any bulk motion of the substance;
convection, the transfer through the movement of fluid or gas
currents between bodies; and radiation, the transfer of energy
through electromagnetic waves, which does not require a
physical medium (Biosystems Heat and Mass Transfer -
ScienceDirect, n.d.). All these modes of transfer operate under
the same fundamental principle — the tendency toward
thermodynamic equilibrium — whereby two objects at
initially different temperatures in thermal contact will
eventually reach the same temperature (Heat Transfer, n.d.).
Subsequently, heat transfer from one body to another affects
the temperature of each object and thereby alters the infrared
(IR) radiation emitted, also known as the ‘heat signature’
(Thermal Sensors - Department of Informatics, n.d.). This heat
exchange impacts not only the thermal state of each object but
also the intensity of the emitted infrared radiation (Infrared
Radiation - an Overview | ScienceDirect Topics, n.d.). Such
radiation can be converted into visible images that depict the
spatial distribution of temperature differences in a scene
observed by a thermal (IR) camera (Havens & Sharp, 2016).
These IR cameras operate similarly to visible light (VIS)
cameras: electromagnetic radiation from objects passes
through a lens system (and possibly additional optical
components) before forming an image of the object on a
detector (Vollmer, 2021). Originally developed as
surveillance and night vision tools for military use (Gade &
Moeslund, 2014), thermal cameras have since been
commercialised due to decreased manufacturing costs and
technological advancements, now serving broader
applications in sectors such as agriculture, building inspection,
gas detection, and other fields related to heat energy and air
conditioning (Kristo, 2016). However, while thermal cameras
are widely used in these static diagnostic applications, their
effectiveness in dynamic surveillance scenarios—particularly
for detecting and measuring the heat signature and
temperature of moving objects—remains insufficiently
explored. This article aims to assess how effectively thermal
surveillance cameras can detect and measure a radiating
moving object's heat signature and temperature.

1.2 Literature Review

Detection of humans is the first step in many surveillance
applications, and as such, general-purpose systems should be
robust. For wide-area surveillance and tracking applications,
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Leykin and Hammoud (2016) describe a tracking framework
that integrates colour and thermal imagery using a Bayesian
approach based on particle filtering. In their method, each
object (human) is represented by a bounding box location and
a 2D colour histogram, allowing for robust tracking across
varying conditions (Bhusal, n.d.). Similarly, Zin et al. (2007)
proposed a system for human detection, based on the
extraction of the head region, and Davis and Sharma (2004)
proposed a detection system that uses background subtraction,
gradient information, watershed algorithm and A* search to
robustly extract the silhouettes

Although prior research demonstrates the potential of
combining thermal and visual data for robust tracking, few
studies isolate and evaluate the standalone performance of
thermal cameras in detecting moving radiating objects,
revealing a gap that this research aims to address.

2. Experimental Method

2.1 Forward Motion Procedure

To assess the thermal signature generated during forward
motion, a one-metre straight-line path was marked on a flat
surface in a location that allowed unobstructed movement of
the heat pack. The InfiRay thermal imaging camera was
positioned 23 cm laterally from the zero point and angled such
that the entire interval remained within the field of view
throughout each trial. This distance ensured complete
visibility of the heat pack at both the starting and ending
positions. The heat pack, heated to approximately 50 °C, was
aligned so that its centre coincided with the zero point. It was
then moved smoothly along the path until its centre reached
the one-metre mark. This motion was executed over three
fixed durations: 10, 5, and 2.5 seconds, with three separate
trials conducted for each time interval to ensure repeatability.

Before recording, the camera’s point temperature tool was
configured to track maximum and minimum temperatures in
each frame. This tool was adjusted to monitor the area
occupied by the heat pack across the path while avoiding
background interference. While continuous recording was
possible, individual recordings were taken for each trial to
simplify data management and to allow the exclusion of
inaccurately timed or inconsistent runs.

2.2 Lateral Motion Procedure

The camera was fixed in a side-on position to ensure the
entire heat pack remained completely visible as it moved
across a 70 cm path perpendicular to the camera’s field of
view. The camera was located 1.1 meters away from the centre
of the heat packs traverse path. Eight sense points were
designated at 10 cm intervals along this path, including the
start and end positions, using the camera’s point temperature

function to enable consistent spatial

temperature measurements. The midpoint sense
point (P3) was selected for detailed analysis due to its
central location and relatively stable background
temperature. A temperature spike at P3 was defined as a
frame-to-frame increase exceeding 3°C, surpassing the
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cameras reported +2°C margin of error and sufficiently
capturing the reported temperature increases.

Three-time metrics were recorded: point cross time, the
duration for the heat pack to fully traverse P3; sense time, the
delay between crossing P3 and the onset of the temperature
spike; and total cross time, the time taken to traverse the entire
70 cm path.

To minimise thermal interference from handling, the heat
pack was moved using a thin hook attached to a loop on its
tag, ensuring all operator contact remained outside the
camera’s field of view. Trials were performed at six discrete
total cross times between 10 seconds and approximately 0.35
seconds.

2.3 Lateral Motion Analysis Method

Figure 1 — Diagram of shomg how the lateral motion recordings
were analysed to gain meaningful data.

The analysis of the lateral motion videos aimed to quantify
and explicate the camera’s response delay in detecting
temperature changes under motion. The individual frames of
each of the relevant recordings were extracted and indexed
numerically (e.g. Frame_0001 has frame number 1). For each
run at each speed, three particular frame numbers were of
interest (Figure 1):

»  Frameenuy, the first frame where the sense point was
fully positioned over the object

e Framegike, the first frame displaying a temperature
spike at the sense point

e Frameexi, the first frame when the object had fully
passed the sense point

The camera had a reported frame rate of 25Hz. Two key
time-based metrics, the sense time and the point cross time,
could therefore be calculated as:

1
Sendp e = X (60 W00Ruoisc — 9 WP oo 00) POIN

1
L rods e = 25> (Freomaic — 6 0008 00)

These values describe the time between the object passing
through the sense point and the thermal sensor registering

XXXX=XXXXI XX XXX

temperature spike, and the duration the object remained over
the sense point.

3. Results and Discussion

3.1 Forward Motion

Figure 2 — Graph of the distance travelled by the heat signature
against the maximum recorded temperature.

Note that data was collected sequentially, beginning with
the 10 second intervals and without replacing the heat pack
from any of the nine runs (three repeats of three intervals). As
both the Ocm and 100cm points were taken with the pack at a
standstill (velocity of 0), the disparity between temperature
values is associated with the pack gradually losing energy to
its surroundings between runs rather than the velocity during
the pack's movement affecting the accuracy of the reading. For
each time interval, the heat pack at the end of the 100cm
interval read approximately 2.5 degrees cooler than it did at
the beginning. The equation for this trend is shown by the
equation in Figure 2, this equation was modelled upon the 5s
interval runs as it fitted the linear trend the most tightly. Given
that the camera was situated a further 23cm away from the
zero-centimetre point of the interval, theoretically a room
temperature reading of 20° C would be achieved at a certain
distance:

Y = —0.3024x + 43.657
_ 20—43.657
T T =03024
= 7823 + 23
= 805.308 ¢cm

Excel treats x as the number of points taken, which in this case
were every decimetre, such that the 23cm extra is an additional
2.3 dm. Extrapolating this trend back to the camera suggests
that the temperature of the heat pack for while the five second
interval data was collected would've been:

Y = —-0.3024(—-2.3) + 43.657

Y = 4435252
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The existence of this trend suggests that there is a specific
distance at which the camera operates most effectively.
Having an object of controlled temperature would have been
useful for identifying the distance at which the camera
operated most accurately. A physical thermometer would not
work as effectively because there would be no way to easily
to identify the warmest sections of the packs surface as the
camera does.

Zone Of
. Undetection

Figure 3 — Graph of movement velocity against sense time.

3.2 Lateral Motion

Figure 3 shows that for lateral object movement speed less
than 1.17m/s, the camera sensed a temperature change more
quickly as the object’s velocity increased. Beyond this speed,
the sense point did not record a temperature spike at all,
indicating a complete failure of detection. This zone, defined
as the zone of ‘undetection’, constitutes the speed above which
our heated object went undetected by our sense point.

This relationship of faster speeds resulting in lower
detection times is unexpected. Theoretically, as the slower
moving object remains within each pixel’s field of view for a
longer duration, it was expected for the camera to accumulate
more thermal signal to record a stronger and more stable
temperature reading. In contrast, a fast-moving object may not
give the sensor enough time detect and respond if only present
for 1-2 frames. Hence the most logical explanation for this
unexpected relationship is that when the heat object moved
quickly across the cameras field of view, it may have caused
an abrupt spike in infrared radiation which was more
noticeable to the camera than lower speed runs as the ratio of
signal to background noise was increased.

The median sense time for all successful detections was
0.37s. Significant variability however was seen across runs,
particularly at lower speeds. Standard deviation in sense time
was highest for the two slowest speeds (0.07m/s and 0.12m/s)
at 0.326 and 0.323, respectively, with corresponding relative
standard deviations (RSDs) of 64% and 84%. Faster
successfully detected runs exhibited less variability, with runs
at speeds 0.18m/s and 0.35m/s reporting RSDs of 18% and
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27%. This shows that slower movement speed not only
resulted in higher sense time but also greater absolute and
relative sense time variation. This variation can be attributed
to fluctuations in object emissivity, ambient thermal noise,
and possible inconsistencies in object trajectory relative to the
sensors focal point during the experiment.

Figure 4 — Graph of movement velocity against iooint cross time.
o etected 3

The boundary of ‘undetection’, as seen in Figure 4,
represents the boundary point cross time at which no object
crossing in lesser time was detected by our camera. The
minimum time the camera took to sense a temperatures spike
was 0.12 seconds (3 frames after object crossed the sense
point). This is the point at which our previously consistent
trend of greater motion speed corresponding to lower sense
times abruptly fails, and no temperature spike at all is
recorded.

The presence of this boundary suggests that a heated object
can pass through the cameras frame without setting off a
temperature spike at high enough speeds. Consequently,
systems that rely on detecting a temperature spike to set off a
trigger, may fail to register a fast-moving heated object,
despite its presence in the frame. Our data suggested that any
object crossing the sense point in less than 0.12 seconds (3
frames) avoided causing a temperature spike in the sense point
and therefore avoided detection. This may be due to the
inability for the IR radiation emitted by the object to
accumulate significantly within the sensor’s thermal detection
threshold within its brief exposure period.

These findings are highly pertinent for industrial
applications. A camera set to detect a heated object (intruder,
wild animal etc) may fail if the heated object is not detected
by the camera’s sense point and thus doesn’t set off a trigger.
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Table 1 — Speed required for different sized objects to avoid
detection at a distance of 1.1 meters and detection boundary of 0.12
seconds.

Object (Length) Speed Speed Required to
Required to Avoid Detection
Avoid (km/h)
Detection (m/s)
Heat Bag (0.2m) 18 6.6
Human (0.4m) 36 13
Large Dog (0.7m) 6.4 23

Table 1 displays the speed required of various everyday
heated objects to avoid detection by our thermal camera at a
distance of 1.1 metres. This highlights an important
overlooked limitation of detection that must be considered in
industrial application

3.3 Combined Interpretation and Implications

Both the forward and lateral motion experiments
demonstrated the importance of motion speed and direction in
influencing infrared camera thermal detection. The
experiment was limited in that there was little empirical
analysis into the interaction of these two effects.

In the lateral experiment, the threshold speed for
undetection was found to be 1.17m/s at a fixed camera
distance of 1.1m. Beyond this speed, no temperature spike was
observed. However, it is likely that this boundary is not only
affected by object size, but also the object’s distance from the
camera. However, it is likely that this boundary is not only
affected by object size, but also the object’s distance from the
camera.

Firstly, a distant object occupies fewer pixels in the
camera’s field of view. Consequently, at the same physical
speed, a distant object traverses each pixel faster, thus
reducing its likelihood of detection. This means more distant
objects may can avoid detection even at lower speeds than
those observed at 1.1m. In effect, the objects in Table 1,
positioned greater than 1.1m away from the camera, would be
capable of avoiding detection at even lower speeds.

Secondly, as illustrated in the forward motion experiment,
thermal signatures at a distance becomes increasingly diffuse
relative to the background. It was calculated that our heat pack
would fail to register a distinct signature at a distance of
805.308cm. This limiting distance, calculated above for our
heat pack, is relative to the size of the 2D projection of the
object in question. At this limiting distance an object would
go undetected regardless of lateral motion.

Together, these findings suggest that for a given object size
and temperature there exists a two-dimensional detection
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boundary, defined by both distance and speed. If an object
stays below this boundary, in either dimension, it can avoid
detection. This offers a valuable framework for describing
thermal camera limitations in surveillance applications and
beyond.

4. Conclusion

The research undertaken provides insight into the
effectiveness of IR cameras detecting objects in mation,
especially in a security and surveillance context. Through tests
simulating forward motion, it was found that the IR camera
was effective in tracking the location and measuring the
temperature of the heat signature in motion. However, it was
discovered that the recorded temperature experienced a
gradual, but significant decrease as the distance between the
IR camera and heat signature increased. On average, a 2.5 °C
decrease in temperature was recorded 1m further away from
the camera. The tests simulating lateral motion measured the
sensing time of temperature spikes due to the heat signature
and found in all cases that a temperature difference was
detected, it took a minimum of 3 frames (i.e. 0.12s) for a
change to be recorded. This test also concluded that, contrary
to the hypothesis, a faster moving heat signature resulted in a
smaller temperature spike sensing time by the IR camera.
Most notably, the lateral test confirmed the existence of a
critical speed beyond which the IR camera could no longer
detect the heat signature. This threshold was determined to be
greater than 1.17m/s. As a result, IR cameras were found to be
a generally effective security tool but have notable limitations
in detecting dynamic heat signatures. To improve the
reliability of such systems, optimal camera positioning should
be considered, as the closer a heat signature is, the greater the
temperature spike recorded by the camera will be. Also,
avoiding lateral movement of heat signatures relative to the
sensor increases the likelihood of detecting fast-moving
objects. This limitation can also be addressed by deploying
additional cameras focused on the same area. Finally, while
this study measured the effectiveness of InfiRay cameras,
other thermal camera brands on the market such as Hikmicro
and FLIR, may perform better with dynamic heat signatures
or possess greater framerates. A future comparison of different
cameras in security settings would prove a worthwhile study.
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‘ Characteristics of Construction Materials: Thermal Expansion and Cooling Behaviours
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Problem Methodology Findings

Abstract

Thermal expansion has been an issue that led to multiple challenges in fields such as transport and construction
for many years. Accounting for this is an essential component of selection and usage of many materials, with the
degree of uniformity to which materials expand is a centrepiece in designing products. The usage of a heat
visualisation cameras allows for accurate mapping of the distribution of heat within a material and identify the
uniformity of cooling and suggest the presence of uneven thermal expansions, the source of thermal stresses.

Experimental testing allowed for the modelling and analysis of isotropic and anisotropic expansion, whereby
wood was found to have the highest coefficient of thermal expansion (a), indicating that when exposed to
temperature variations, the change in atomic length was the largest in this material. However, experimental and
theoretical a values had significant discrepancy, pointing to inaccuracy due to hygroscopic behaviour of samples
and other errors. Material choice for industrial and construction applications is directly dependent on the thermal
characteristics and behaviour of the material. The experiment found that Wood had the highest heat retention rate,
therefore useful for insulation and structural applications. Further, the fibreboard had the lowest retention and
highest rate of cooling, indicating its usefulness in rapid cooling situations and temperature stabilisation.

Keywords: Coefficient of Thermal Expansion, Isotropic, Anisotropic, Heat distribution, Homogenous
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1. Introduction

Thermal expansion is the tendency of a
material change in size in response to temperature
changes, whereby in most cases increased
temperatures induce a dimensional expansion and
decreased temperature results in a dimensional
contraction of a given substance. In solids this
phenomenon occurs through the solid-state lattice
arrangement of particles and the interatomic
anharmonic potential' of a substance. From collision
theory, as temperatures rise, thermal energy supplied
causes an increase in kinetic energy, resulting in
increased  particle vibrations and average
interatomic separation?.

Thermal expansion of solids can be
observed in respect to length, area, and volume,
whereby either uniform expansion (isotropic
expansion) or direction dependent expansion
(anisotropic expansion) occurs. The linear thermal
expansion coefficient (1) quantifies the degree at
which a solid’s respective lengths due to
temperature changes. This coefficient can also be
considered in terms of volume and area changes.
The formula for aiis seen below.

1 dL

a= i
Linitiar dt

Furthermore, observations of the heat
distribution along the surface of a material as it cools
is useful for identifying the usage of various
materials in different contexts. Non-uniform thermal
cooling can be a result of anisotropic crystalline
structures or a nonhomogeneous material
composition, which can lead to significant thermal
stresses within a material due to variations in
thermal expansion along different directions. This
theory plays an essential role in many fields such as
construction where thermal stresses can be highly
hazardous and compounded when materials are
under external stresses. Furthermore, electronics
rely on consistent uniform crystalline structures for
repeatability and reliability as well as dissipating
heat efficiently and quickly. This naturally extends
to a quantitative analysis of the volumetric ability of
a material to lose heat rather than a qualitative
analysis of distribution. This essential in deciding
appropriate materials in heating and cooling
applications such as insulation within constructions.
Using a thermal camera has the advantage of
analysing a map of the heat and thus the uniformity
or lack of temperature within a material.

2. Methods

Experimental testing sought to quantitatively
measure thermal expansion and rates of cooling for
circular samples of wood, marble, ceramic, and
medium density fibreboard. This was achieved
through measuring the difference in diameter and

height of the samples once reaching 75°C. Once this
occurred, thermal cameras were then employed to
measure heat loss throughout each sample, with
measurements been taken over a 10-minute period.
Prior to heating, measurements of the diameter and
height of the 4 different materials were taken using
a calliper to optimise accuracy.

The procedure involved heating the samples in a
laboratory oven to 75°C, this was done at the same
time to ensure reliable and uniform thermal
exposure for all 16 samples. However, this was
somewhat limited by the oven set up, whereby some
samples were placed at the top of the oven and some
at the bottom, which would have impacted the
consistency of heat flux applied to each sample.
Once the oven had been consistently at the desired
temperature for fifteen minutes, each sample had its
dimensions measured using the same calliper, this
was used to quantify any thermal-induced
expansion. Once all 16 samples had their dimensions
measured and back up to the desired temperature,
further testing was used to focus on cooling
tendency and heat distribution. The experimental
set up used can be seen in figure 1.

L]

Figure 1: Scientific drawings of experimental set up and
equipment used

To assess the distribution of thermal energy
during cooling and heat loss, measurements were
recorded at 1-minute intervals over a 10-minute
duration through the thermal camera. The
experimental setup can be seen in figure 1, whereby
the thermal camera was placed vertically above the
samples held by a clamp to ensure a consistent field
of view. Specific temperature readings were taken
for each sample, whereby measurements were taken
at the centre, around the circumference, and across
the radius. The data collected consisted of multiple
temperature readings as well as a photo of the overall
temperature distribution. These measurements
provided a time-resolved data set of heat loss across
each material surface and provided qualitative
evidence of the differing ways heat travelled through
each medium.

All the data collected in the experiment was
then analytically studied, through various statistical
methods, to draw accurate and reliable conclusions.
The raw data of such can be found in the appendix,
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3. Results and Discussion
3.1 Thermal Expansion

Volume percent increase from 23°C to 75°C for
various materials

24.46

18.79
20 1
i\t 15 12.66
10 7.5
) .
0
Marble Ceramic Wood Medium-density

fibreboard
Material

Figure 2: Bar graph for percentage volume increase of
four tested materials when heated to 75°C

Volume was defined as V = nr’h, assuming
perfect cylindrical shape and uniform expansion
across each material’s radius and height. The results
indicate that wood has the highest volume change
from room temperature to 75°C), with marble then
ceramic, and  medium-density  fibreboard
experienced the lowest degree of expansion. The
extent to which different materials thermally expand
is dependent on atomic structure and intermolecular
forces as well as material homogeneity.>

Thermal expansion varies between
materials primarily as a result of increased particle
separation, either due to increased bond length
between atoms or cell wall swelling. The coefficient
of thermal expansion is a material-specific property
quantification of this, indicating the extent to which
different materials expand or contract at the same
temperature, in this situation it has been defined as
the fractional increase in length per unit rise in

temperature®.
AL

a=—_
Linitiar X AT

()

Table 1: Comparison of calculated linear thermal
expansion coefficients from experimental procedure
versus theoretical linear thermal expansion coefficients’

Material AL AT a (Experimental) a Percentage
(Theoretical) Difference
m oC oCI aCI (% )
Marble 0.00257 52 0.000486 0.0000141 3350
Ceramic 0.00250 52 0.000465 0.0000081 5640
Wood 0.00252 52 0.000483 0.00003 1510
Medium- 0.00248 52 0.000478 0.0000003 160000
density
fibreboard

Example calculation for marble length expansion
75°C

3.1.1 Uncertainty

It should be acknowledged that the
experimental procedure does hold potential
uncertainty. A calliper was used to measure the
radius and height, which had a resolution limit of
0.01lmm and hence a measurement of Imm has an
uncertainty of +/-0.005mm. This corresponds to a
percentage uncertainty of 0.5%, which is reasonably
small and unlikely to pose any significant
uncertainty in recorded data. However, since the
small scale of the measurements, uncertainty is
higher than in a larger scale situation. Further to this,
potential human error could have arisen from
inaccurate calliper placement, whereby the calliper
was not in the centre of the circular objects nor
consistently in the same position for each
measurement. The laboratory oven used is regularly
calibrated to ensure that the internal temperature
matches that displayed, however the potential for
this inconsistency remains as the experimental
procedure did not use a thermometer to confirm
internal temperature of the oven or the material.
Furthermore, humidity was not controlled therefore
a constant moisture content was not achieved in the
conditions of which the samples were being tested.
This resulted in some samples having a higher
moisture content and therefore hygroscopic
behaviour which reduces accuracy and reliability of
the calculated expansion coefficient.

3.1.2 Material composition & purity

The materials used; acacia wood, alumina
ceramic, marble and medium-density fibrewood,
cannot definitively said to be of 100% purity as this
was not tested prior to experimental procedure.
While materials of high purity and isotropic
structure typically exhibit a relatively uniform
thermal expansion due to consistent atomic bonding
and vibrational energy, impurities or amorphous
components—such as lignin and other structural
proteins in wood—can disrupt this uniformity,
influencing thermal expansion behaviour- beyond
just structural considerations. Impurities can often
result in anisotropic thermal properties, whereby the
thermal conductivity differs in various directions®,
producing a non-uniform profile or a thermal
expansion coefficient inconsistent with theory. This
is particularly true for wood samples, such as the
acacia wood used in this procedure, where typically
smaller samples are not fully representative of the
behaviour of engineered timber products at larger
scales due to the present of annual rings or the
stacking arrangement of wood planks’. This theory
is a plausible explanation for the wood’s deviation
from the theoretical value of 0.00003 (m/mx°C) by
15.09 times. Further to this, typically marble
samples are primarily composed of 90-99% calcite,
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CaCOs3, as well as dolomite and serpentine®. The 33
times difference between marbles’ theoretical
coefficient 0.0000141 (m/mx°C) and the
experimental coefficient suggests variation from
assumed purity levels; likely the material was
composed of materials in high quantities other than
calcite such as quart or resins. The same can be said
for the alumina, Al>Os, ceramic and medium-density
fibreboard, considering they deviated by 56 and 159
times, respectively, from the theoretical quantity.
However, considering the small scales of the
coefficients, that the absolution magnitude of the
deviations appears larger than they physically area.

Wood and marble were found to have the
largest thermal expansion coefficient in the x
direction (length of the sample) with values around
0.00003 and 0.000141 respectively. These are
higher than the coefficient for medium-density
fibreboard due to the presence of pores within the
fibreboard, diluting the volumetric change as the
pores somewhat hide this. This is due to the particles
expanding into the pores of the material before out
of the original dimensions. The readings taken
within the lab of volume through measuring length
is not reflective of the actual volume of the
fibreboard itself, as this formula assumed porosity
was not apparent within the solid. As such,
volumetric displacement would give a higher
accuracy measurement and thermal expansion
coefficient, however, this is not applicable in large
scaler industry and is not a feasible process in this
way.

The significant discrepancy between
theoretical and experimental o values can be
primarily attributed to high moisture content trapped
within the materials, otherwise known as
hygroscopic behaviour, which can be exacerbated in
high humidity environments. Hygroscopic materials
will experience distortion of dimensional and
thermal properties, such as the coefficient of thermal
expansion, heat capacity and volume. The effect
moisture content has directly depended on the
composition of the material, specifically the
difference between the cellulous wood and the non-
cellulous other samples. Wood does not have a
constant equilibrium moisture content, whereby
water within the material can be free and in the cell
cavities or bound and within the cells themselves, as
such the evaporation of water particles into pressure
increasing gases does not occur. Instead, the rate of
cell wall swelling increases with moisture content by
5-25% until the fibre saturation point occurs, where
after this point the rate significantly declines due to
capillary condensation’. As such, wood has the
highest o value and volumetric expansion yet the
lowest discrepancy between the experimental and
theoretical ones.

Furthermore, studies suggest that during
thermal cycling, the process of stressing and
relaxing the material, cause changes to the

microstructures of the material which as more cycles
are perform stabilise out. This influences properties
such as the thermal expansion coefficient which
would be expected to deviate significantly from the
tested values during an initial cycle.’ If many cycles
were performed, the thermal properties should
converge to those found in literature as the
nanostructures within the material begin to reach a
more stable state due to the constant stress and
relaxation!®.

For certain porous or hygroscopic
materials, rising temperatures causes the kinetic
energy of trapped water molecules within the
material to increase. As the energy of particles rise,
they spread out more and water undergoes a phase
change from the liquid to gaseous state, generating
internal pressure forces within the pores of the
material and leading to expansion. This occurs to a
greater extent in materials with a high moisture
content and low porosity, as there is no open spaces
for this gas to occupy This occurrence within the
measurements lead to the significant overestimation
of the expansion coefficient, as this is not due to
atomic vibration which thermal expansion is defied
by, rather pressure driven volumetric change. As
such, it can be assumed the experimental coefficient
combines this as well as atomic vibration. The effect
of this was largest in the fibreboard, whereby despite
its porosity, it can be assumed that it had a high
moisture content which caused the largest
discrepancy between its actual and experimental o
value.

Conversely, the manufactured fibreboard is
characteristically ~dimensionally stable!'! when
exposed to most moderate ranging temperatures
such as general temperature cycles throughout the
year. However, it is very sensitive to moisture and
moisture induced swelling occurs, this theory
supports the assumption that the fibreboard was
significantly moist, accounting for the largest
difference between actual and experimental results,
whereby the results calculated were distorted by
dimensional and volumetric expansion. Similarly,
ceramics also have a low thermal expansion and
exhibited moisture-related expansion in the same
way that fibreboard did, just to a lower extent

3.1.3 Anisotropic vs Isotropic

Materials tend to respond differently when exposed
to high temperature environments, whereby the
expansion and general material properties may be
considered anisotropic or isotropic. Isotropic
expansion describes a material in which has a
constant linear thermal expansion coefficient (at) in
terms of cylindrical coordinates z, r, and theta,
resulting in a uniform percentage increase in height,
width, and depth. On the other hand, anisotropic
describes a non-constant thermal expansion
coefficient, resulting in an uneven shape distortion
when exposed to thermal energy. The isotropic or
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anisotropic tendency of a material is constant
regardless of thermal quantity analysed, that is if a
material has anisotropic expansion, it will also have
anisotropic thermal conductivity due to differing
structure characteristics'?>. However, if the material
is non-homogenous, such as wood or marble, then it
can be highly dependent on the sample tested and
exhibit significant disparities.

Natural materials tend to be anisotropic,
with Wood, Medium-density fibreboard, and Marble
all found to have anisotropic expansion due to
differing o values between the height and length
(width) seen in appendix tables 4 and 5, a
phenomenon in which aligns with preexisting
thermodynamic theory. The diverging coefficients
arise from differing crystallographic orientations
within the material, specifically whereby grains of
material are elongated or stretched in each
direction’®. As such, the experimental findings can
be seen in table 2, whereby the coefficient differed
between the height and length expansion, with the
height expansion (in the z direction) coefficient be
10 times greater than that of length.

Wood and marble are therefore more
responsive to thermal increases, and the extent at
which atomic vibrations accumulate under these
conditions is greater than those of ceramic and
fibreboard. For both materials, due to their
anisotropic nature, expansion for wood occurs to a
larger extent on the transverse plane (normal to the
grain)’ and for marble it occurs along the grain.!*
Therefore, the magnetite and direction of thermal
expansion is influenced by the specific shape and
lattice preferred orientation of the material, which is
not consistent across the general categories of wood
and marble.! Resultingly, this tendency depends on
the specific type or wood, or marble used and cannot
be generalised as such. This increases stresses in
some points, generating weak points which can
undermine structural integrity. To account for and
control this, this theory can be used to inform
engineering decisions on where best to add
structural support mechanisms when using these as
building materials.

Alumina ceramic (Al>O;3) on large scales is
isotropic!® due to the lattice composition of the
compound, with the hexagonal packing and atomic
structure facilitating the relatively equal expansion
along all directions in a plane. On a molecular scale,
individual grains may be considered anisotropic,
however for most materials on a large scale these
differences cancel each other out and the material is
isotropic in bulk.!* This is the case for construction
and large-scale applications of ceramics. As such,
the a found should theoretically be the same and the
material isothermal, however this was not found in
experimental investigation, with the calculated
values differing significantly. This raises the
potentially errors which existed in the experiment,
impacting the validity and reliability of readings,

overall reducing the accuracy. A uniform material is
often desired as it follows theory for isotropic
homogenous materials, making it easier to predict
the response under changing thermal conditions.
Resultingly, these materials are often used for high
temperature situations due to the uniform
temperature  distribution minimising thermal
stresses and optimising material lifespan.

4. Cooling

Analysis of the chronological cooling of
materials using the thermal cameras allows for the
visualisation and analysis of heat distribution over
time. This is useful for the identification and
analysis of the uniformity, or lack of, of the cooling
of the material. Figure 3 (below) demonstrates this
sequential cooling and photos at equal time intervals
of each material cooling.

Qualitative Thermal Scale

Cool Warm

Figure 3: Infrared images of cooling of plates of wood
(row 1), ceramic (row 2) and marble (row 3) at regular
time intervals of 1 minute from time = 0 to time = 5 with
scale bar

Hot Hottest

Figure 3 indicates that each material has an
initial non-uniform distribution in the xy-plane. This
is likely due to the slight variations in airflow
patterns within the oven and non-uniform cooling
during transportation from the oven to thermal
camera. A possible resolution to this would be to
increase the time that the materials were left in the
oven. Irrespective of this, theoretically if the
materials are isotropic (thus their conductivities are
constant in every direction), their temperature
should reach a radial distribution due to
maximisation of entropy achievable in this radially
symmetric configuration.!” This is apparent for the
ceramic in row 2 which shows that as time
progresses the distribution (initially non-uniform)
approaches a more radial distribution with the
highest temperature in the middle which diffuses
outwards by Fourier’s law.

q =—kVT.

Whilst often Fourier’s law assumes
symmetry in the radial direction around the midline,
this is what is being analysed in this experiment thus
the analysis is of 2D conduction in a non-steady
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state. This radial distribution characteristic of a
uniform material is however not present in the wood
and marble distributions which as seen in wood has
an area in the top right corner across the whole-time
evolution that is consistently hotter than the centre
and in marble has a section in the bottom left that is
consistently cooler than its surroundings.

If isotropic, this irregularity in the heat distribution
should vary but due to its presence amongst the
whole time series, it indicates the non-constant
conduction coefficient of the materials and thus the
anisotropic nature of the material and its cooling.
This is expected of materials such as wood which are
uniform often in the direction of the grain but non-
uniform across the grain, an orthotropic material,
symmetrical in 2 planes.!® Furthermore, the
nonuniformity of wood is due to natural growth
patterns which can vary on the environment that the
tree is grown making each piece of wood have a non-
uniform distribution.

Marble is formed when calcite (limestone)
is under high pressure and temperature in which the
calcite crystals dissolve and reform to produce the
much denser marble. In this recrystallisation, any
impurities within the calcite can produce
heterogeneities within the marble evident within
marble’s characteristic grains where the rock has a
differing mineral composition and crystalline
structure.!” This results in the material not only
being anisotropic but also non-homogenous and thus
a non-uniform heat distribution indicating reasoning
as to the deviation from the radial heat distribution.
Just as wood has grain boundaries, so does marble
and these barriers alter heat transfer due to the
differing compositions between the two sides of the
boundary and the associated conduction
coefficients.?

The cooling of cork was not analysed due
to its rapid cooling because of its small volume. This
caused the cork to hold minimal thermal energy, and
its rapid cooling saw no clear pattern emerge thus
minimal analysis of the distribution of the heat could
be performed. In examining the heat retention of
these materials, over the course of 10 minutes, the
marble lost an average of 19.55°C and the ceramic
lost 24.25°C. The wood and cork which the
experiments were run for 9 minutes due to time
constraints showed an average loss of 14.75°C and
22.55°C respectively. All four materials showed a
linear cooling trend as shown in figure 4 below.

Marble, wood and ceramic all showed
strong linear relationships and were still in the
process of cooling down however, the cork had less
of a linear relationship. As observed in the
experiment, cork was the smallest and thinnest
material and had the largest change in temperature
in the first minute. As can be seen in the graph, the
cooling starts to slow as the temperature approaches
room temp, creating a more characteristic cooling
curve. This suggests that while cork quickly releases

heat initially, it stabilises at a slower rate as it
approaches ambient conditions. From these trends in
figure 4 ceramic cooled the fastest followed by cork
while marble and wood retaining heat better. In
observing varying relationships, a common graph
used in the regression of cooling data would be an
exponential model. This was done as can be seen in
figure 5.

Average Central Temperature vs Time
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Figure 4: Linear Regressions for cooling data
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Figure 5: Exponential Regressions for cooling data

As can be observed in the R? values, the
exponential regressions seem to fit the data better
than the linear regressions, however the graphs still
do not appear to be characteristic of a typical
exponential cooling curve. This is because after 10
minutes had elapsed, the materials were still
undergoing cooling and had not yet reached the
recorded room temperature of 23°C. If the
experiment were to continue until room temperature
was reached, it is likely the cooling curves would fit
an exponential graph very well. Since the materials
differed slightly in size and volume for a more
accurate comparison, the values for rate of change of
temperature over time per unit volume can be found
in table 2 below.

y = 62.217@ 004"

.
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Table 2: Cooling Rates
Material Raw sample Rate of change per unit volume

volume (cm?) (°C/min cm’)
Wood 122.8 0.0131
Marble 86.7 0.0216
Ceramic 52.5 0.0443
Cork 26.1 0.0806

As seen in table 2, wood retains heat better
than the other materials while cork retains heat the
worst. Even though ceramic had the greatest
temperature loss, when considering the volumes of
each sample of material, the cork lost the fastest.
This reflects how each material has varying thermal
properties which are influenced by factors such as
their surface area, density and specific heat capacity.
For example, ceramic, despite having the greatest
overall temperature loss, had a higher volumetric
cooling rate, highlighting its lower thermal mass
relative to its volume.

These findings can be applied to material
selections in real world applications as they have
practical implications where the ability to retain or
dissipate heat is important in efficiency and
performance. In construction, materials like wood
are often favoured for interior structures and
insulating elements due to its higher heat retention
while ceramics are used where rapid cooling is
needed such as in cooking surfaces and some heat
exchangers. Likewise, cork’s ability to cook quickly
would be advantageous in applications that require
effective insulation or a quicker temperature
stabilisation. These fundamental thermal behaviours
are important considerations for designing energy-
efficient systems and selecting appropriate materials
for specific thermal management needs.

4. Practical and Industrial Applications

Within construction, materials are often
under high levels of tensile and sheer stress and thus
must be able to handle these forces. On top of this,
the natural cycle of the day as well as other factors
such as the environment, geographical location,
climate and proximity to heat sources such as
furnaces exposes materials to different temperatures.
Unequal distribution of heat within a material
creates thermal stresses along the temperature
gradient due to unequal thermal expansion.?! In
larger buildings, due to the larger load on the
structure, it is essential to minimise the temperature
gradient and distribute the heat in a uniform manner
to decrease the thermal stresses on the materials.

As such, isotropy and homogeneity are
often ideal cases as this allows for reliable
predictions based on thermodynamic theory for
homogenous materials whereby there is a uniform
temperature gradient, and thus uniform thermal
stress applied in all directions. For anisotropic
materials, the thermal stress and structural fatigue
must be correlated to the nonuniformity of the

material, as such this makes it an unreliable
construction material as these nonuniformities may
vary between samples of materials due to an often
lack of homogeneity. Due to expansion in different
crystallographic  direction and uneven atomic
spacing, materials with both high thermal expansion
coefficients and significant anisotropy are often
unsuitable for wusse in precision electrical
applications, as dimensional changes can induce
stress, misalignment, or changes in electrical
performance due to geometry-dependent energy
transfer limitations

Thermal cycling is often used to test
thermal and structural integrity, determining the
suitability of the given specimen for its intended
purpose. The experimental procedure conducted one
round of this cycling at a small temperature range;
however, these tests can accumulate to 500 plus
cycles. In industry these tests involve placing the
material in oxygenated environments and exposing
it to extreme thermal cycles of significantly high and
low temperatures.?? Furthermore, the effect of UV
and air humidity can also be tested in similar
stimulations® to give a comprehensive overview of
the response of a given material. This intense testing
procedure is vital in forming engineers of the
durability, stability, bonding performance, and
thermal responsiveness of differing materials. For
anisotropic materials on a molecular level, each
individual cycle creates microscopic damage at the
grain boundary, and due to the anisotropic nature of
many materials as well as their uneven grain
distribution, some boundaries are more damaged
than others. The extent of damage is directly
proportional to the size of the temperature
differences in the cycle, therefore more damage
occurs on a seasonal basis as opposed to day to
day.?* Studies found that for marble, permanent
expansion of certain types occurred by 0.2% (in
volume) after exposure to 50 thermal cycles®

This is important to understand for marble
as it is often used for historic restorations of art as
well as small-scale construction within residential
and commercial buildings. The diurnal heating of
marble can cause large temperature differences in
which literature indicates that these cycles can
widen grain boundaries and produce sub-surface
fractures due to the stresses induced in the non-
symmetrical heat distribution reducing the structural
integrity of the marble.?® This suggests the
minimisation of the usage of large slabs or marble
that will have a large temperature gradient and
elucidates the usage of thermal visualisation for
historic marble sites to identify internal fractures and
weak points within the stone’s internal structure.

Wood’s high thermal expansion and
orthotropic properties are important considerations
within its usage in construction. Its high thermal
expansion which when used with other materials
with varying thermal expansion coefficients can
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have the same effect of varying temperatures within
a material as it produces areas of differing thermal
expansions causing stress on the materials. The
mismatching of thermal expansion coefficients is
central to the warping, delamination and fractures of
materials that can cause a severe decrease in
structural integrity of materials and a core
consideration within all applications where varying
materials are used especially for high load bearing
situations.?® These results highlight the usage of
expansion joints within construction that allow for
this natural expansion?’ of the wood without
incurring stress between pieces of wood by allowing
for the natural expansion of the wood. Furthermore,
the observed variations of temperature along grain
boundaries (similar to the marble) indicate that for
many purposes the wood grain must be aligned in
order to minimise thermal stresses amongst the
material.

Contrary to the wood and marble,
ceramic’s uniform heat distribution in the analysed
plane due to its isotropic crystalline structure. This
supports its usage in high temperature systems
where its ability to evenly distribute temperature
reduces the probability of crystal deformation and
fissures forming in these situations such as kilns and
electronics. For applications such as electronics
where precision and repeatability are essential, the
use of the ceramic’s homogeneity is highly
advantageous due to its predictability and explains
their resurgence in the technological age.?®

The low expansion of cork sees its use
where gasket integrity is essential such as sealing
wines where the possibility of intense cycles of
expansion and contraction due to temperature
fluctuations pose serious risks to the structural
integrity of the glass especially as the bottle ages.
Due to the small volume of the supplied cork and it
being highly composed of air, the cooling phase was
too fast for the time gaps, and it was difficult to
observe any specific patterns within the cork
however this may be quite advantageous as an
insulator where air has a high thermal resistance to
conduction and especially within a cultural shift
towards more ‘green’ materials it may see the more
widespread and frequency use of cork.?’

5. Conclusion

The report analyses the heating up and
associated thermal expansion as well as the cooling
down due to convection and the associated
distribution of heat in various materials. It was found
that materials such as marble, wood and the cork
(medium-density fibreboard) exhibited anisotropic
expansion, a result of their natural origins causing
their nanoscopic structures to be non-uniform. There
was a significant deviation of the calculated thermal
expansion coefficients between the experiment and
literature which is likely due to the expansion of

trapped water within the materials and it being the
first time the materials are thermally cycled in which
it is expected that these values deviate from
literature. It 1is suggested that for future
investigations, rather performing a single cycle, the
materials are thermally cycled, and the thermal
expansion is analysed per thermal cycle.
Furthermore, it should be analysed if post heating
and cooling the materials return to their initial
volumes to see if the heating process caused plastic
deformation and from this whether the trapped water
had irreversible effects. During the cooling it was
found that similarly to thermal expansion, the
‘natural”’ materials had a non-uniform heat
distribution due to their structural anisotropy where
the ceramic, comprised of alumina, had a radial heat
distribution due to its crystalline structure which is
isotropic and homogeneity of material supporting its
use in high-temperature applications requiring
dimensional stability. It was found, which aligns
with theory, that an exponential function fitting the
cooling data the best compared to linear models.
These insights are essential to material selection
within real world applications such as construction
and electronics.
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Appendix
Table 3: Dimensions of materials at room
temperature (23(°C/C)
diameter  height (m) volume (m°)
(m)
Marble 0.102 0.0107 8.67E-05

ceramic 0.104 0.00622 5.25E-05
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wood 0.100 0.0155 4
cork 0.0996 0.00335 0.000450 | 0.000417 | 0.000503 | 0.000349
Avg.:
0.000461 | 0.000414 | 0.000502 | 0.000348

Table 4: Diameter of materials at (75°C)

diameter marble ceramic  wood  cork

(75 °C)
(mm)

1 0.127 0.129 | 0.125 | 0.124

2 0.128 0.129 | 0.126 | 0.124

3 0.128 0.129 | 0.126 | 0.124

4 0.126 0.129 | 0.125 | 0.125

Avg.: 0.127 0.129 | 0.125 | 0.124

Table 5: Height of materials at (75°C)

Height marble ceramic wood cork

(75 °C)

(mm)

1
0.0369 | 0.0318 | 0.0402 | 0.0286

2
0.0356 | 0.0321 | 0.0409 | 0.0287

3
0.0365 | 0.0316 | 0.0405 | 0.0286

4
0.0360 | 0.0320 | 0.0408 | 0.0287

Avg.:
0.0362 0.031 | 0.0406 | 0.0286

Table 6: Volume of materials at (75°C)

Volume
(75 °C)

marble

ceramic

wood

cork

(mm)
1

0.000471

0.000413

0.000491

0.000347

2

0.000456

0.000418

0.000510

0.000348

3

0.000468

0.000410

0.000503

0.000347

Example calculation for marble sample at 75°C:

0
V=mn(

V = nr’h

127
> )20.0369 = 0.00471m?

Table 7: Experimental thermal expansion
coefficient calculation

Material Initial  Final Temperature Linear thermal
length  Length  Change expansion
coefficient
m m °C °c!
Marble | 0.102 0.127 52 0.00486
ceramic | 0.104 0.129 52 0.00465
wood | 0.100 0.125 52 0.00483
cork | 0.0996 0.124 52 0.00478
Example calculation for marble:
AL
a=—->7
Linitiar X AT
0127-0.102 _ 0.00486/ °C

10

T 0.102%(75-23)




