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ABSTRACT: With the advancement of technology, food packaging has gradually changed to make
changes for the consumer's convenience. Self-heating packages allow customers to heat drinks by using
exothermic reactions. In this study, a cylinder made of 316L stainless steel was used to heat 200 mL tea
and 200 mL low-fat pasteurized milk using silicon dioxide and aluminum reactions. For this purpose,
after pouring the reactive material and closing the cylinder lid, the heating process began by placing
it inside the beverage. As a result, the temperature inside the cylinder after 82 s (1 minute and 22 s)
increased from 28.1 °C to 122.6 °C and this amount of heat led to an increase in the temperature
of the tea from 26.3 °C to 40.9 °C in 277 s (4 min and 37 s). Also, after 563 s (9 min and 23 s), the milk
temperature increased from 24.8 °C to 38.1 °C. Then, the heating of the cylinder containing this reaction
inside the mentioned beverages was simulated and modeled using COMSOL Multiphysics software.

Vol. 42, No. 6, 2023

It has been determined that the experimental data and simulated models were properly fitted.

KEYWORDS: Self-heating; Exothermic reaction; Kinetics; Simulation.

INTRODUCTION

Consumer demand and market trends are constantly
evolving in the direction of convenience foods, which
require easier maintenance and should have new features.
In the last two decades, the concept of active packaging
has been recommended as an innovative concept for food
packaging according to these demands [1].

Self-heating packaging is a type of active food
packaging that is able to heat food without the need to
use an external heat source. This type of canned food is
usually useful for mountaineers and people who do not
have access to microwaves and stoves (heating
appliances) [2]. The major limitation of this heating

system is that the major part of the package space is
engrossed by the heating device [3].

Various solid-state chemical reactions might be used to
supply a compact, lightweight, and powerful heat source [4]. One
of these solid-state exothermic reactions is the aluminum and
silicon dioxide reaction. Brody's studies in 2012 [5] showed that
by using aluminum and silica, the exothermic reaction could heat
a glass of coffee or a bowl of soup in less than 2 min.

In 2013, Coffey et al. [6] described the mechanism of
activating a type of self-heating can containing a solid-state
reaction. The can consist of a plunger coupled to the canister,
the blister containing the starter fluid, absorbent material,
and a solid-state reaction mixture.
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Table 1: Cylinder dimensions.

Amery H. et al.

4 Total height 84 )
Full dimensions of the Internal diameter 30
cylinder with lid (mm) External diameter 39

Thickness 4.5
Dimensions of the cylinder Internal height 73
without lid (mm) External height 76
Internal height 11.8
External height 17.5
Lid dimensions (mm) Internal diameter 38
External diameter 45
\_ Thickness 35 )
4 )

.

Fig. 1: Cylinder made of stainless steel 316L.

When the plunger was pressed by the user, the blister was
ruptured and the sequence resulted in the chemical reaction
between the fluid out of the blister and the absorbent
material. Thus, by generating intense localized heat, the
reaction of the solid-state reaction mixture and heat
generation began.

In 2015, Huselton [7] described a heating bag
containing a thermal element that reacted with water to
generate heat or steam in a multi-step chemical reaction
process. The most desirable ratios in this field included
a heating element with 30-45% aluminum powder,
10-20% calcium oxide powder, 15-25% calcium carbonate
powder, 10-15% calcium dihydroxide, 10-15% sodium
carbonate powder and 0.1-1% sodium hydroxide based on
the total weight of the heating element (approximately 50 g)
which were in contact with approximately 6 oz (177.44 mL)
of water. The reaction could reach a temperature of
approximately 212 °F (100 °C). According to his study,
temperatures above 200 °F could be maintained for at least
25 min and temperatures above 175 °F for at least 50 min.

Concerning the aluminum and silicon dioxide reaction,
in 2021, West et al. [8] offered a heat-generating
formulation comprising a mixture containing 15-25%
aluminum, with a particle size of 2-30 microns, 20-30%
silicon dioxide, 25-45% alumina and additives and reaction
aids such as potassium chlorate, calcium fluoride, and
barium peroxide.
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The main problem with self-heating cans is that they are
disposable and also limited to a specific type of beverage
inside the package and the volume of the container.
Therefore, the aim of this study was to make a reusable
cylinder made of stainless steel in which reactive materials
including silica and aluminum were poured, and thus the
exothermic reaction took place inside the cylinder. The
cylinder was then inserted into the beverage and heated it.
This cylinder has advantages more than self-heating
packaging including portability, the ability to use it in
different containers and most importantly its repeated usage
for more than one time. According to studies, heretofore, no
device like the present cylinder has been made to use in
beverages to warm up them.

EXPERIMENTAL SECTION
Materials

In this study, chemicals including aluminum powder
(Merck), silicon dioxide (Merck), alumina (Merck),
potassium chlorate (Merck), calcium fluoride (Merck),
barium peroxide (Merck), and sodium hydroxide (Merck)
were prepared.

As illustrated in Fig. 1, first of all, a cylinder made of
stainless steel 316L with the dimensions listed in Table 1
was made.

Methods

First, the reactants were combined in a certain ratio and
the amount of heat generated in different states was
measured by the digital thermometer (TP101 model made in
China). Then, the kinetics of temperature changes in
containers with a certain volume, containing tea and low-fat
milk, has been investigated. Since some errors like
the purity of reactants and excess moisture were important
to access trustworthy results, we used high-quality materials
as mentioned before. Moreover, all of the experiments were
repeated 2-3 times and the reproducibility of the
experiments was checked on different times and days.

Lastly, the heating of the cylinder containing this
reaction inside the mentioned beverages has been
simulated and modeled using COMSOL Multiphysics
software and the obtained results have been studied.

To perform the reaction of silicon dioxide and
aluminum, by adapting to Huselton's findings in 2015 [7],
sodium hydroxide and aluminum were used for activation.
For this purpose, some solid sodium hydroxide was first
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mixed with distilled water to form a supersaturated and
pasty state. Then, certain amounts of sodium hydroxide
and aluminum were combined and the rate of temperature
increase was investigated. According to the studies the best
result was obtained for a ratio of 8 to 1 ((sodium
hydroxide/aluminum) (w/w)) and therefore this ratio was
used for subsequent reactions.

To perform the reaction of aluminum and silicon
dioxide, by adapting to West et al., findings in 2021 [8] 1.5
g of aluminum, 2 g of silicon dioxide, and 2.5 g of alumina
with reaction aids including potassium chlorate, calcium
fluoride and barium peroxide in the amount of 0.2 g each,
(a total of 6.6 g) were weighed in a beaker by a laboratory
scale (with a sensitivity of 0.01 made by Electronic
Balance Iran) and then were combined.

The experiment was performed in 4 cases, as follows.

Block 1. Combining reactants + aids at once with
sodium hydroxide and aluminum; Block 2. Combining
reactants at once with sodium hydroxide and aluminum;
Block 3. Carrying out the reaction of sodium hydroxide
and aluminum, raising the temperature to the maximum
and then adding reactants + aids; Block 4. Performing
the reaction of sodium hydroxide and aluminum, raising t
he temperature to the maximum, and then add the reactants.

Then, to understand the effect of adding each of the
reactants (aluminum, silicon dioxide, and alumina) to the
mixture of sodium hydroxide and aluminum, each of these
materials was added to the mixture separately.

In the last step, to perform the reaction inside the
cylinder and to transfer heat to all parts of the cylinder
uniformly, 6 g of sodium hydroxide in a ratio of 1 to 1 was
combined with distilled water and to dissolve sodium
hydroxide in water completely, an electric magnetic heater
(MS-H-S model made by China Dragon Lab Company)
was used at ambient temperature. Then, this solution was
added to other materials with the same values as before to
check the temperature increase.

Investigating the heating of reactions inside the beverage

To investigate the behavior of aluminum and silicon
dioxide reaction in beverages, an aqueous solution
consisting of 6 g of sodium hydroxide in a 1:1 ratio
was prepared with distilled water and poured gently into
the cylinder containing reactants + aids. Then, the lid
of the cylinder was closed and to heat the drink, the
cylinder was immediately placed in a disposable 330 mL
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paper glass containing 200 mL of tea and once again in 200
mL of low-fat pasteurized milk at room temperature. Then,
a graph of temperature changes over time (Kinetics) was
drawn in Microsoft Excel 2019 software [9].

Performing simulation and modeling of heat transfer

At this stage, according to studies by Ho et al. in 2010 [10],
the heat transfer from reactants to the cylinder and food
samples was stimulated by COMSOL Multiphysics 5.5
software [11].

For modeling in the software, the whole system after
placing the cylinder inside the beverage consisted of the
following 3 parts:

e Inside the cylinder, which was the site of the exothermic
chemical reaction.

o Cylinder body.

e Beverage.

In general, the theory of heat transfer in fluids and solids

follows Fourier's law:

Q=pC, % +V.q @
q=-kVT 2)

where p is density in kg/m?, C, is heat capacity at constant
pressure in J/(kg K), T is the temperature in Kelvin, t is
time in s, g is heat flux in W/m2, Q is the amount of heat
produced in terms of W/m® and k is the thermal
conductivity in W/(m K).

Inside the cylinder (c), the reactants were mixed and the
chemical reaction took place:

T,
Q=pccp,c ot + vqc (3)

In Equation (3), the amount of heat generated (Q) was
equal to the amount of heat generated by the reaction (Q,):

Q=Q, 4)
Q= —1r.H Q)
where 7 is the reaction rate in mol/(m® s) and H is the
enthalpy of reaction in J/mol.

After generating heat due to a chemical reaction, the heat
was transferred to the cylinder body (s) (no heat was
generated in the cylinder body):

p.Cps=2=-(V.q) ®)

In the cylinder body, heat transfer was done in the form of
conduction. The general equation for this type of heat
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Table 2: Investigation of the composition of different ratios of sodium hydroxide and aluminum.

-

Amount of sodium

~
Temperature changes (°C)

Ratio hydroxide () Amount of aluminum (g) Initial temperature (°C) Final temperature (°C)
ltol 0.5 0.5 19.5 No temperature change 0
2to1 1 0.5 19.5 25.8 6.3
3tol 15 0.5 19.5 27.9 8.4
4t01 2 0.5 19.5 54.5 35
6tol 3 0.5 19.5 76.3 56.8
\_8tol 4 0.5 19.5 108.9 89.4 J

transfer was Equation (2), but this Equation was defined as
a surface with a thickness:

Q=-kAZ W)

In this Equation, Q" is the amount of heat transferred in
terms of W, A is the area in terms of m? and x is wall
thickness in terms of m.

Since most of the heat transfer from inside the cylinder to
the beverage was done by the cylinder body, Fourier's law
was written as follows:

eliminated. Therefore, all disposable glass walls with
bottom and top were closed and considered as thermal
insulation:
-n.q=0 12)
All of these Equations were based on information
obtained from the COMSOL Multiphysics software and
the COMSOL Multiphysics 5.4 software manual entitled
Heat Transfer Module, published in 2018, Ho et al. studies
in 2010, and Bahrami studies in 2009 [10-13].

RESULTS AND DISCUSSION

Q‘Cylz TIR—jTZ (8) In this section, the results of performing the chemical

Y reaction, heat generation of the reaction within the

Ry = % 9) beverage and heat transfer simulation and modeling are
T

In these Equations, Q° is the amount of heat

cyl
transferred in the cylinder body in terms of W, T, is the
temperature inside the cylinder in terms of Kelvin, T, is the
temperature outside the cylinder in terms of Kelvin, R,

is the conduction resistance of the cylinder in terms of
K/W, r; isthe inner radius of the cylinder in terms of m, r;,

is the outer radius of the cylinder in terms of m and L is the
length of the cylinder in terms of m.

The heat generated was then transferred to the beverage (f)
(no heat was generated in the beverage):

"'I“
prp,f%: '(qu) (10)
Because the heat transfer inside the beverage was in the
form of convection, the heat flux relation (q) was written
as follows:

-n.q=h(T-T) (11)

In this Equation ,is unit normal vector on the boundary
wall, h is hthe eat transfer coefficient in W/(m? K), T is the
temperature in the boundary wall (cylinder body) in Kelvin
and T,,, is fluid temperature away from the boundary wall
in Kelvin.

It should be noted that the simulation was performed
in optimal and closed conditions and also heat loss was

1980

provided and it should be noted that all of the experiments
were repeated 2-3 times and the reproducibility of the
experiments was checked on different times and days.

Performing the chemical reaction

The results obtained from the combination of sodium
hydroxide and aluminum can be seen in Table 2.

After selecting the ratio used for sodium hydroxide and
aluminum, the reaction of aluminum and silicon dioxide
was investigated.

According to studies by Zhang et al. in 2016 [14], the
Al/SiO; reaction in adiabatic conditions is associated with
significant self-heating after weakening of the primary
structures under different initial temperatures, which
shows a large amount of heat production after the thermite
reaction occurs.

The results of the study of 4 test cases in 45 min were
as follows.

According to Fig. 2 and the explanations provided in
Table 3, the results obtained from block 1 showed higher
temperature levels than other blocks, therefore the first
block was selected for other experiments.

The results of comparing mixing aluminum, silicon
dioxide and alumina with sodium hydroxide and
aluminum separately in 45 min are illustrated in Fig. 3.
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Table 3: Investigation of the warming capacity of aluminum and silicon dioxide reaction in 4 test cases.

/ The time to \
Test cases Initial Final Temperature reach the Explanations
temperature (°C) | temperature (°C) changes (°C) maximum
temperature
Block 1 19.9 176.8 156.9 107 s (1 min and Combir)ing reactant_s + aids at once with sodium
47s) hydroxide and aluminum.
Combining reactants at once with sodium
hydroxide and aluminum.
855 (1 min and The time to _reach thfa maximum temperature was
Block 2 24 140.8 116.8 25 ) faster than in the first case, but the maximum
temperature was lower and the amount of gas
production, in this case, was higher than in the
previous case.
95s (I minand | Carrying out the reaction of sodium hydroxide and
208 130.1 109.3 355) aluminum, raising the temperature to the
- maximum (130.1 °C) and then adding reactants +
aids.
Block 3 The time to reach the maximum temperature was
Lo faster than in the first case, but the maximum
130.1 - - Total time: 95 s . I d. contrary to
(1 min and 35 5) reaction temperature was lower and, ry
expectations, after adding the reaction materials,
the temperature did not exceed 130.1 °C and then
decreasing of temperature started.
86 s (1 min and Performing the reaction of sodium hydroxide and
211 135.3 114.2 26 s) aluminum, raising the temperature to the
27s maximum (135.3 °C) and then adding the
reactants.
In this case, after the temperature dropped to 130.5
°C, the temperature started to rise again and
Block 4 reached 165.9 °C after 27 s.
130.5 165.9 35.4 Total time: 113 s | The total time to reach the maximum temperature
(1 minand 53's) | was 113 s (1 min and 53 s), which took more time
than all the previous blocks and also the maximum
temperature was lower than the first block. In this
case, also, due to the lack of reaction aids, the
\ amount of gas produced was higher. /
110 1 110
100 1 F' Block 1 Block 2 ~100 1 Al
:5 90 1 ‘ = Block 3 Block 4 8 90 1 Al203
E 80 A W gy ] Sio2
] x ]
x 70 5 70 ]
% 50 1 50 ]
g 407 S 40 ]
w0y W 30 ]
F 20 1 20 1
TIME (MIN) TIME (MIN)

Fig. 2: Kinetic of temperature changes (the aluminum and
silicon dioxide reaction).

As shown in Fig. 3, the temperature of the aluminum rose
from 19.8 °C to a maximum temperature of 169.9 °C in 73 s (1
min and 13 s). The temperature of alumina and silicon dioxide
increased from 19.9 °C to 117.6 and 108.1 °C in 107 s (1 min
and 47 s) and 91 s (1 min and 31 s), respectively. As a result,
the time to reach the maximum temperature in aluminum was
shorter and the maximum temperature was higher than others.
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Fig. 3: Kinetic of temperature changes of aluminum, silicon
dioxide and alumina.

Since the materials after mixing were often solid,

heat transfer to all parts of the cylinder and outside
it was not done well, therefore after combining all
the reactants and aids, an aqueous solution with 6 g
of sodium hydroxide was mixed with distilled water
in a ratio of 1:1 and added to other reactants in the
cylinder.
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Fig. 4: Kinetic of temperature changes of reaction using
sodium hydroxide solution with new ratio.
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Fig. 5: Kinetics of the temperature changes of tea and milk
in the reaction of silicon dioxide and aluminum.

As shown in Fig. 4, by examining this ratio over a period
of 45 min, it was found that after 82 s (1 min and 22 s),
the temperature of this compound increased from 28.1 °C to
122.6 °C. Despite the lower maximum temperature
in comparison to the concentrated sodium hydroxide
solution, as mentioned, in order to transfer the temperature
evenly to all parts of the cylinder, the new ratio was selected
for further experiments.

According to the obtained results, the cylinder
containing reactive materials with a closed lid was
tested outdoors and it was concluded that this amount
of gas production did not cause the closed cylinder to
explode and the cylinder can be used for in-drink
testing.
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Investigating the heat generation of the reaction within
the beverage

The kinetic of temperature changes in food samples
(tea and milk) in the case of silicon dioxide and aluminum
reactions in the cylinder is illustrated in Fig. 5.

According to Fig. 5, after placing the cylinder in the
glass containing the tea, the beverage temperature increased
from 26.3° C t0 40.9 °C in 277 s (4 min and 37 s).

According to this diagram, the warming time of the milk
sample was longer than tea and after 563 s (9 min and 23 s)
the milk temperature increased from 24.8 °C to 38.1 °C.
Thus, temperature increase in tea and milk were 14.6 °C
and 13.3 °C, respectively.

The results were close to the results of studies by
Coffey et al. in 2014 [15], which used the Al/SiO; reaction
to heat 120 g of water. After activating the reaction using
an electric current, the water temperature rose from about
23 °C to about 46 °C in less than 2 min.

Also, according to studies by Wida in 2020 [16], a self-
heating coffee can was heated to 130 °F (54.4 °C) in 2 min
by an oxidation process (reaction of silicon dioxide and
aluminum).

In 2021, Defrin et al. [17] surveyed 115 healthy
volunteers to investigate the desired temperature for
drinking tea and several other foods. The threshold for
warm sensations (WST) and the threshold for heat-pain
sensations (HPT) were also measured on their tongues.
They concluded that individuals differed in terms of
temperature preferences for reasons still unknown and that
these preferences may be inherent. Participants were
divided into three sub-categories: low, medium and high
in terms of tea temperature selection. Of the 115
participants in this study, 19 preferred the temperature of
40-50 °C, 76 preferred the temperature of 51-71 °C, and
20 preferred the temperature of 72-82 °C to drink tea.
People in the "low temperature™ category had significantly
lower WST and HPT in the tongue and hands than those in
the "medium temperature” and "high temperature"
category (i.e., people who preferred to drink hot or boiling
tea, respectively). As a result, a similar gradual pattern was
observed for the reported preferences, in which "low
temperature" people preferred to consume other beverages
and foods at a much lower temperature than "medium
temperature” and "high temperature” individuals.

As shown in Fig. 5, tea temperature raised higher and
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Fig. 6: Virtual image of the glass and the cylinder before
starting the process.
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Fig. 7: Simulated kinetic of temperature changes in cylinder
and tea in 1200 s.

in a shorter period of time than milk. This was in contrast
to the results of Mahnoor Asghar's study in 2021 [18],
which reported that although milk has a higher boiling
point than water when it comes to boiling, milk boils faster
than water. The reason for this is a phenomenon known as
"specific heat capacity". While the specific heat of water
is 4.184 kJ/K kg, it is 3.93 kJ/K kg for milk. Thus, milk
boils faster than water.

On the other hand, the boiling point of milk is higher
than the boiling point of water due to a phenomenon called
"boiling point elevation". Thus, whenever a non-volatile
chemical is dissolved in a liquid, an increase in the number
of particles in the liquid causes it to boil at a higher
temperature [19].
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Heat transfer simulation and modeling

In order to simulate the heat transfer in the mentioned
reaction, first a shape of a glass containing a drink with
a cylinder inside was drawn, according to the dimensions
mentioned before. In Fig. 6, the virtual image of the
dimensions of the cylinder in a glass (containing 200 mL
of drink) is illustrated.

Reaction rates and enthalpies of aluminum and
sodium hydroxide reaction, as well as silicon dioxide
and aluminum reaction, were required to simulate the
heat transfer.

In 2014, Maxos et al. [20] reported the heat output
of the reaction of aluminum and sodium hydroxide as
422 kd/mol. In 2003, Aleksandrov et al. [21] found the rate
of this reaction as 6 mL/(s g). In 2000, Li and Ming [22]
reported the heat output of silicon dioxide and aluminum
reaction as 7.61 x 102 kJ/mol. In 2015, Apakashev
and Davydov [23] found the rate of this reaction as
5.7 x 107 mol/(m? s).

In order to obtain the temperature inside the
cylinder (reaction temperature), a point with coordinates
(0,0,4) inside the cylinder was selected and the temperature
was measured at that point during the simulation.
This point was almost identical to the location
of the thermometer during laboratory tests (near
the bottom of the cylinder).

Since in this simulation the heat transfer was done
in a closed environment without heat exchange
with the surrounding environment, the time to reach
the maximum temperature was faster than the results
obtained in the laboratory.

As can be seen in Fig. 7, during the simulation of
the heat transfer due to this reaction in the tea
container, after 0.36 s, the temperature inside the
cylinder increased from 25 °C to a maximum
temperature of 161.04 °C. The temperature of the
beverage has reached from 25 °C to the maximum
temperature of 69.23 °C in 2.87 s.

By comparing Fig. 4 and Fig. 5 with Fig. 7, it can be
seen that the reaction behavior in both graphs was almost
similar to each other and their difference was in the rate
of reaching maximum temperature and final temperature.
The difference between the experimental data and
the proposed model might be due to the failure to calculate
the heat loss.
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Fig. 8: Heat distribution at the maximum temperature inside
the cylinder (tea).
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Fig. 9: Heat distribution at the maximum temperature of the
beverage (tea).
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Fig. 10: Simulated kinetic of temperature changes in cylinder
and milk in 1200 s.

1984

Fig. 11: Heat distribution at the maximum temperature inside
the cylinder (milk).

In Fig. 8, the heat distribution in different parts of the
cylinder and tea, in 0.36 s (time-related to the maximum
temperature inside the cylinder) is illustrated. As can be seen,
in some parts of the cylinder, the temperature rises to higher
levels in comparison to other parts. This heat might be related
to the high gas production in this reaction, followed
by the heat due to the accumulation of these vapors.

Fig. 9 also shows the distribution of heat in different
parts of the tea and the cylinder in 2.87 s (time-related
to the maximum temperature of the beverage).

The kinetic temperature changes in the milk container,
which was simulated by software, are illustrated in Fig. 10.
The temperature inside the cylinder has reached the maximum
temperature of 161.35 °C from 25 °C in 0.36 s. The temperature
of milk also increased from 25 °C t0 69.99 °C in 0.99 s.

By comparing Fig. 4 and Fig. 5 with Fig. 10, the reaction
in both diagrams showed almost the same behavior and
according to the reasons mentioned, some differences were
observed.

In Fig. 11 and Fig. 12, the heat distribution is illustrated
in 0.36 s (time-related to the maximum temperature inside
the cylinder) and 0.99 s (time-related to the maximum
temperature of the beverage), in different parts of the cylinder
and milk. In these Figures, as before, in some parts of the
cylinder, a very high temperature was observed.

CONCLUSIONS

Due to the change in lifestyle and the need for rapid
preparation of food and beverages, the manufacture and
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Fig. 12: Heat distribution at the maximum temperature of the
beverage (milk).

use of self-heating packaging is a dramatic change in the
food industry. In this study, by using a stainless-steel
cylinder with aluminum and silicon dioxide reaction, the
temperature inside the cylinder in 82 s (1 min and 22 s)
increased from 28.1°C to 122.6 °C and by using this
amount of heat, the temperature of tea increased from 26.3 °C
to 40.9 °C in 277 s (4 min and 37 s). Also, after 563 s
(9 min and 23 s), the milk temperature increased
from 24.8 °C to 38.1 °C. Thus, temperature increases
in tea and milk were 14.6 °C and 13.3 °C, respectively.
It has been determined that the experimental data and
simulated models were properly fitted.

According to the obtained results and also the
innovation in using this device to heat the beverage, more
research is needed to increase the final temperature of the
drink and make the product safer (in terms of working with
sodium hydroxide solution).

In future research, reactive materials can be used with
new ratios to achieve higher temperatures. Furthermore,
for investigation on heat distribution in beverages, making
the cylinder with other materials and changing its size and
materials can be performed.

Nomenclature

Area, m?

Heat capacity at constant pressure, J/(kg K)
Enthalpy of reaction, J/mol

Heat transfer coefficient, W/(m? K)
Thermal conductivity, W/(m K)

=0 T >
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Length, m L
Unit normal vector on the boundary n
Amount of heat produced, W/m?® Q
Amount of heat transferred, W Q
Heat flux, W/m? q
Conduction resistance, K/IW R
Radius, m r
Reaction rate, mol/(m?® s) r
Temperature, Kelvin T
Time, s t
Wall thickness, m x
Greek symbols

Density, kg/m?® p
Subscripts

Reaction 0
Inside/Inner 1
Outside/Outer 2
Cylinder c
Cylinder cyl
External ext
Beverage f
Cylinder body S
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