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Abstract: Epidemiological studies indicate an increased risk of esophageal cancer from the
consumption of very hot foods and beverages. The contact time and the contact temperature are
decisive for the risk of injury. However, measuring the contact temperature is not easy in practice.
In the present study, a numerical simulation based on the solution of the heat conduction equation
was initially used to investigate whether and for what period of time a constant contact temperature
is to be expected under oral conditions. For small food samples (e.g., cooked potatoes) in contact
with the tongue, the simulation results in constant contact temperatures of up to 10 s before cooling
depending on thickness. Hot beverages, which spread as a thin film and thereby increase their surface
area, can therefore be consumed at higher temperatures than solid foods. Furthermore, orientating
measurements with a “measuring spoon” determined the contact temperature of 46.5 °C considered
to be just comfortable for any period >10 s and about 48 °C for periods of less than 10 s The course of
the contact temperatures determined in the experiment over time allows the corresponding threshold
values of consumption temperatures for various hot foods to be calculated. In view of the fact that
the contact temperature is obviously the determining factor for the risk of injury from burns in the
oral cavity in addition to the contact time, it makes sense to reference threshold values to the contact
temperature rather than to the surface or consumption temperature of a food product, which is
current customary practice. If this contact temperature is defined as a threshold value, the surface or
consumption temperature for any other food can be calculated.

Keywords: hot foods; temperature; esophageal cancer; thermosensing; sensory thresholds; methodological
study

1. Introduction

To assess the risk of injury of human skin from contacting hot surfaces, there is a relatively
extensive literature [1-10] and thresholds have been specified in standards and guidelines [11,12].
On the other hand, the risk of injury to the oral mucosa from hot foodstuffs has been little studied.
Only very hot beverages were classified by the World Health Organization’s (WHO) International
Agency for Research on Cancer (IARC) as “possibly carcinogenic for humans” (group 2A) [13,14] based
on sufficient findings in animal experiments [15-17] taking into account limited epidemiological data
indicating an increased risk of esophageal cancer [18]. The IARC recommends a temperature of
65 °C as a threshold value for very hot beverages [13,14]. Compared to beverages, significantly fewer
studies on hot solid foods are available, with the few that exist also showing a connection between the
consumption of very hot grilled or fried foods and an increased risk of esophageal cancer [19,20].

For skin contact with hot media, the following physical influencing variables are decisive criteria
for the risk of injury: contact temperature, duration of contact, material and type of surface [21].
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Beginning with the starting time of the contact between two solid bodies of different but constant
temperatures, both bodies have the same temperature in the contact surface, which remains constant
for some time, called contact temperature. Physically, it is clearly defined by the starting temperatures
of the hot and cold bodies as well as the thermal conductivities, specific densities and specific heat
capacities of both bodies, provided that they are “semi-infinite” bodies.

In practice, it is not easy to measure the contact temperature in the case of skin contact with a hot
surface. Instead, according to ISO 13732 [12], only the surface temperatures of the hot bodies that cause
burns on contact with the skin are to be measured and are defined as injury thresholds for various
degrees of skin damage determined in animal experiments. The evaluation procedures developed on
this basis for the contact of human skin with hot surfaces, as described e.g., by Siekmann [7], cannot be
transferred to the contact of hot food with the oral mucosa. The main difference between the contact of
hot food and hot surfaces with human skin or mucous membrane is that the hot food is only ingested
in small portions in the mouth, which quickly cool down due to the breathing air. The condition
“semi-infinite body” is thus in no way fulfilled. It was, therefore, necessary to check whether a constant
contact temperature might occur at all under these conditions and for what period of time. Direct
temperature measurement is out of the question under oral conditions. Another problem is that the
contact temperature in reality remains constant for only a few seconds, and then drops very quickly
because heat is also released from the hot medium into the environment during the contact and is
dissipated through the skin.

Therefore, a numerical simulation method was developed, which is based on a one-dimensional
solution of the heat conduction equation and allows different boundary conditions (with or without
simultaneous heat transfer to the environment outside the contact point). The simulation results for hot
solid foods clearly show that a constant contact temperature still exists for about 10 s in samples with
a thickness of 2.5 mm and, thus, represents the decisive factor for the sensation of pain in the mucous
membrane and for the risk of injury when eating hot solid foods. However, the contact temperature
only occurs directly in the contact surface and the simulation results can be used to estimate that
measurement is only possible with sensors thinner than 0.1 mm.

A device for measuring the contact temperature with the designation thermestesiometer was
developed in 1974 in the USA by Marzetta [1,4]. The measuring head consists of a silicone rubber which
has similar thermal properties to human skin. For the measurement, it is heated to 33 °C and placed
on the hot surface to be examined. The contact temperature is then measured with a thermocouple
which, according to Marzetta, is 0.1 mm below the surface of the measuring head. Siekmann [7] stated
that the thermocouple actually is 0.2 mm below the surface and a “small” mathematical correction
is necessary to correct the resulting error. Whether the instrument is also suitable for measuring the
contact temperature of small samples of food under oral conditions seems questionable and has not
yet been demonstrated.

Therefore, a simple, newly developed technique was used to test whether the difficult direct
measurement of the contact temperature can be replaced by reproducibly determining sample
temperatures that are perceived as pleasant or tolerable for a limited time by the sensory sensation
of the tongue. Orienting measurements showed that this is possible. With the test results obtained,
the course of the threshold value of the contact temperature over the contact time can be approximated
by an exponential function. With this function the consumption temperatures of any solid food with
known substance values can be calculated from the contact temperature.
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2. Materials and Methods

2.1. Numerical Simulation

The contact temperature Tx can be calculated with the following formula derived from
a heat balance [21,22]:

b .
T =T + blflbz.(Tl —Tp) withby = \/A-p1-cp and by = VA2-p2-C2 1)

With: A; o: Thermal conductivity; p2: Specific density; c; : Specific heat; T1: Temperature of the
hot body; Ty: Temperature of the cold body.

This formula applies to “semi-infinite bodies”. In reality, the contact temperature remains constant
only until the temperature fronts propagating from the contact surface in the bodies meet the outer
surface or edge areas. Here, cooling takes place by heat dissipation to the environment. The smaller
the hot body, the shorter the time of constant contact temperature.

Dissolved after the starting temperature of the warmer body, the following equation results:

T =To 4 K2 @
bi+by

Equation (2) can be used to calculate the starting temperature T of the hot body if T, and Tk
are given.
After long contact times, the adiabatic mixing temperature Ty is set, provided that both bodies
do not exchange heat with the environment. If the bodies have the masses m; and my, Ty is:
_ my-c;- Ty +mpcaTo

Tv = 3
M mip-C; +mp-Cp 3)

This formula is known as Richmann’s mixing rule [23]. The formula directly derives from the first
law of thermodynamics [24]. If both bodies are made of the same material, the contact temperature is
equal to the adiabatic mixing temperature and remains constant until the temperature is completely
equalized, provided that no heat is exchanged with the environment.

For the numerical simulation of the temperature field as a function of time and location,
both contacting solids are divided each into 13 layers of differentially small thickness parallel to
the contact surface. For more detailed depth studies, a larger number of layers would be needed.
The limitation to 13 was necessary to reduce the numerical effort and calculation times. The number
of time steps was also limited to 2,000 for the same reason. For parameter studies with the material
systems of interest here, it proved to be sufficient. For metallic systems, the calculation program had to
be extended to 10,000 time steps.

For each layer, energy balances are established, which also form the basis of the heat conduction
equation in its general form [25]. The difference between the amounts of heat supplied and
dissipated due to temperature gradients leads to temperature changes in the layers, which are
calculated in very small successive time steps. As a result, the progression of the temperature
profiles over time and over the distance x from the contact surface is calculated. Different boundary
conditions (with or without convective heat transfer or radiation to the environment outside the
contact area) can be implemented. The calculations were conducted with Excel 2016 V. 16.0.10325
(Microsoft, Redmond, WA, USA). The calculation sheet is available as Supplementary Material S1
(English version) and S2 (German version). Because thermal data for the mucous membrane (or other
surfaces inside the oral cavity) were unavailable, skin data were used for the calculations.
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2.2. Sensory Analysis and Evaluation

The contact temperature cannot be measured directly as explained above. However, it seems
possible to measure the following quantities:

e  The temperature T perceived as pleasant/tolerable for any period of time te > 10 s.

e  The temperatures T(t), which are regarded as barely bearable for a limited time t of 3 to 10 s.
The time until the contact is broken off is measured, which systematically decreases with
increasing temperature.

A hot, circular sample with a thickness of 8 mm was placed on the tongue for an initial
investigation into the development of the method. The tongue was chosen as the most thermal
sensitive oral area [26]. Polyvinyl chloride (PVC) was chosen as the sample material. Materials such as
glass or ceramics would have been preferable because their properties are closer to those of human
skin, but are more difficult to manufacture. Test persons hold the sample with a “measuring spoon” in
their hands and put it on their tongues so that the contact can be stopped immediately at any time.
The time is measured by a microswitch in the handle closing an electrical circuit when a force is applied
to the sample.

The construction of a “measuring spoon” equipped with thermocouples is shown schematically
in Figure 1. The thermocouples are used to control the sample temperature, but may not be necessary
if a control appears to be dispensable. The sample is surrounded with polystyrene foam outside
the contact surface in order to keep marginal influences to a minimum. A sufficient number of
measuring spoons with the desired temperatures are provided in small heating cabinets for carrying
out experiments with test persons.

Fixing screws for the

thermocouples (PVC) Thermocouple 2 Handle — - N
4 mm ¢ I P e <i ,,,,,,,,,,,,,,,,,,,,, ——
~ Drillings for
—— thermocouples, filled with Microswitch

: thermal grease
1mm l«— 15mm E— Thermocouple 1

Figure 1. Structure of the measuring spoon with thermocouples (sectional view, schematic).

A photo of a PVC sample with sample holder and polystyrene foam shell is shown in Figure 2.
This configuration is thermostated in the heating cabinet. Before sensory analysis, the sample holder is
inserted as quickly as possible in the receiving adapter on the handle. The drillings for inserting the
thermocouples and the fixing screws can be seen in Figure 3. Finally, Figure 4 shows schematically the
application of the measuring spoon on the tongue.

Figure 2. Photo of a polyvinyl chloride (PVC) sample with sample holder.
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Drillings

Fixing screws

Figure 3. Photo of a PVC-sample with drilling for thermocouples.

Sample

Line for time
measurement

Handle

Figure 4. Application of the measuring spoon conducting a test.

Starting from small values, the contact temperature of the PVC-sample is increased in steps of 1 °C.
The respective starting temperature to which the sample must be heated in order to reach the desired
contact temperature is calculated with Equation (2). For example, the calculation shows a starting
temperature of 73.3 °C for PVC at the desired contact temperature of 46 °C.

This relationship is shown graphically in Figure 5. The blue line applies to PVC. For comparison,
the calculated consumption temperatures for potatoes (orange) and water (grey) are also provided.
The exact numerical values for the contact temperature 55 °C are given. The consumption temperatures
of potatoes and water differ only slightly due to the considerable water content of potatoes. Potatoes
were found to be particularly suitable because the samples are easy to produce and do not denature
when heated. The sample surface may also be covered with a cling film for hygienic reasons,
if necessary, which has no influence on the temperature profile (data not shown). Some other sample
types may not be adequate to test by the device. E.g., cheese melts when heated and becomes disgusting.
Galantine also melts. This influences the cooling curve by latent heat. Even water may be examined;
however, leak problems occurred between sample holder and cling film as well as air bubbles.

—&— PVC
—@— Cooked potatoes

—o— Water

Starting or serving temperature °C

42 44 46 48 50 52 54 56

Contact temperature °C

Figure 5. Starting and consumption temperatures as a function of the contact temperature.
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3. Results

3.1. Simulation Results

To calculate the contact problem of food with human mucosa, 2,000 time steps are sufficient for
convergence. For metallic contact partners, 10,000 time steps are necessary. If the time steps are too
large, the procedure implemented in Excel becomes unstable, i.e., chaotic oscillations and no stable
results occur.

The simulation method was tested on the following special case for which an exact analytical
solution exists [27]: a hot body with a constant surface temperature is brought into contact with
a cold body whose temperature increases with contact until it reaches the temperature of the hot body.
The analytically exactly calculated temperature profiles over time and place (Gaussian error functions)
correspond well with the numerically calculated profiles. Furthermore, the simulation provides values
of the contact temperature and adiabatic mixing temperature according to Richmann’s mixing rule,
which correspond exactly to the analytically calculated values.

Figure 6 shows temperature profiles for the same times t from 0.25 s to 10 s above the location
coordinate x. The contact area is x = 0 and is dashed. A cylindrical sample of 2.5 mm thickness
consisting of boiled potatoes in contact with a geometrically equal control volume of human skin at
35 °C was used as a basis.

Cooked potatoes - Human skin
75

70

65

6Q

50

Temperature [°C]

45

40

35

30

O rmcccccccccecee--

-2.5 -2 Depth x [mm] -0.5 0.5 1 15 2 2.5

0.25s 0.5s 1s —15s 25s 5s 75s —10s

Figure 6. Temperature profiles for equal times t from 0.25 s to 10 s above the local coordinate x for
a cylindrical sample of boiled potatoes 2.5 mm thick and 70 °C starting temperature in contact with the
tongue. Tongue temperature: 35 °C.

In the simulation, a heat transfer between the free surface of the sample with aspirated breathing
air (20 °C) was considered. The heat transfer coefficient was estimated at 20 W/ (m?-K). In addition,
a heat transfer between the control volume of the skin and the surrounding tissue with an estimated
heat transfer coefficient of 300 W/ (m?-K) was assumed. The contact temperature is 54.5 °C and is
shown as a horizontal, dashed blue line. As can be seen, the temperature profiles displayed in different
colours intersect for the same times and the dotted line for the contact temperature at the contact point
at x = 0 in one point. This means that the contact temperature at this point is almost constant over
a period of 10 s. Figure 7 shows the temperature profiles over a longer period from 2.5 to 100 s.
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Figure 7. Temperature profiles for equal times t from 2.5 s to 100 s above the local coordinate x for
a cylindrical sample of boiled potatoes 2.5 mm thick and 70 °C starting temperature in contact with the
tongue. Tongue temperature: 35 °C.

The temperature profiles have already dropped below the starting temperatures of 70 °C or
35 °C from 5 s (yellow curve) due to the external heat transfer. The effect grows with increasing time,
and the temperature in the contact surface has already dropped to about 42 °C after 100 s, as the brown
curve shows.

The heat transfer coefficients mentioned are empirical values. For gases in free convection, they are
between 3 and 30 W/(m?-K) [28]. Increasing the heat transfer coefficient between the free surface of
the sample and the respiratory air to fictitious values up to 50 W/(m?-K) leads to faster cooling of the
edge areas, the temperature profiles in the contact zone around x = 0 remain unchanged over a period
of up to 10 s. According to Log [29], the heat transfer coefficient between the food sample and air
was estimated to be 10 W /(m?-K). During short periods an increase of the heat transfer coefficient
between the control volume and the surrounding skin tissue up to fictious values of 3000 W /(m?-K)
has only a very small influence. The reason for this is that the control volume and the surrounding
tissue have the same temperature at the start of the contact, so that no heat flow takes place for a short
time. Therefore, it can be assumed that even the blood circulation in the tongue tissue for short times
up to 10 s has no appreciable influence on the temperature field in the contact zone. The temperature
difference between the sample surface and the 20 °C assumed temperature of the breathing air is
much larger, so that there is a stronger effect here. The assumed numerical values of the heat transfer
coefficients therefore suffice for a realistic estimation of the duration of a constant contact temperature.
It was not the goal of the considerations to map all the details of the temperature field as accurately
as possible. However, the thickness of the samples has a big influence on the duration of the contact
temperature. A relatively small thickness of 2.5 mm was deliberately used to show the effect. Larger
thicknesses of the samples lead to longer periods of constant contact temperature.

Figure 8 shows the time course of the temperature profiles for the same configuration as shown in
Figures 6 and 7. The temperature profiles marked by different colours are valid for constant distances
x from the contact surface at x = 0. The calculated contact temperature (54.5 °C) is entered as a dotted
blue curve. The temperature profiles of the sample lie in the higher range of high temperatures with
distances of —0.1 mm to —2.5 mm. Below are the temperature profiles in corresponding layers of the
skin marked with positive x values. The black curve for x = 0 coincides with the dotted blue horizontal
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lines for the contact temperature for a period of up to about 10 s; as time increases further, it deviates
from this as expected due to the cooling of the sample in the direction of lower temperatures.

70 AR .
65 — Cooked potatoes
60 \
& 55
g
2 50
©
2
£ 45
(]
|_
40
35 Human skin
30
0 2 4 Time [s] 8 10 12 14 16 18 20
—-2.5mm -2.4 mm -2.2 mm —-20lmm —-1.82mm ——-1.63 mm
—-144mMm —F-1.25mm ——-1.05mm ——-0.86mm ——-0.67 mm ——-0.48 mm
-0.29 mMm ——-0.1 mm +0.1 mm 0.29 mm 048 mm —0.67 mm
—0.86mm ——1.05mm 1.25mm —144mm ——1.63 mm 1.82 mm
2.01 mm 2.2 mm 2.4 mm —2.5mm —x =0

Figure 8. Temperature profiles over time in different layers of a 2.5 mm thick sample of boiled potatoes
at 70 °C and human skin at 35 °C from the contact surface (x = 0) to the surfaces (x = £2.5 mm).

As can be seen, the constant contact temperature only occurs directly in the contact surface at x = 0.
The bright red curves for x = 0.1 mm are still about £2 °C away from the contact temperature or the
temperature at x = 0 after about 2 s. This means that the contact temperature can only be measured
with sensors that are significantly smaller than 0.1 mm.

The simulation results for food clearly show that a constant contact temperature exists for about
10 s and thus represents the decisive factor for the sensation of pain in the mucous membrane and for
the risk of injury when eating hot solid foods.

The results shown in Figure 8 for boiled potatoes are in good agreement with the results for hot
rice porridge spills on skin [29]. Both material systems obviously have similar thermal properties.

3.2. Initial Measurement Results

The results of the orienting measurements (test person: second author W.L.) are summarized in
Table 1. Measurement 1 was repeated several times beginning with a start temperature of 66.3 °C
or a contact temperature of 44 °C until a contact temperature T of 46.5 °C over a period of more
than 10 s proved to be well tolerated. Furthermore, several measurements were carried out at contact
temperatures of 47 °C, 48 °C and 49 °C. The measurement times until abortion of the tests after
exceeding the tolerance threshold are listed in Table 1. As expected, the times vary greatly, possibly
also due to inhomogeneities of the temperature field in the PVC samples. For further field tests,
the temperature should be limited to 48 °C in order to exclude any risk of injury. For this reason,
the threshold temperature T, cannot be determined for very small times t — 0. It is estimated at
T, =55 °C. Ref. [7] indicates the maximum threshold temperature at 1 s contact time for Pertinax at
95 °C. This corresponds to a contact temperature of approximately 54 °C. With the estimated value
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55 °C for t = 0, this value is deliberately not exceeded for safety reasons. More detailed information
require further investigation.

Table 1. Results of orienting measurements.

Measurement Starting Temperature T (°C)  Contact Temperature Ty, T; (°C) Measuring Time t (s)
1 75.0 46.5 >10
2a 76.8 47.0 4
2b 76.8 47.0 6
3a 80.3 48.0 3
3b 80.3 48.0 2
3c 80.3 48.0 4
4a 83.7 49.0 1
4b 83.7 49.0 2
4c 83.7 49.0 1

The value pairs compiled in the table are shown in Figure 9 as square points. To describe
the functional relationship between the measured contact time t and contact temperature T(t),
an exponential function of the following form is proposed:

T(t) =a - exp(k-t) + Ty 4)

The constant Ty of the Equation (4) stands for the contact temperature, which is perceived as
still tolerable over a longer period of time. It forms the horizontal tangent of the function for t — oo,
is directly determined by measurement 1 (see Table 1), and represents the horizontal tangent of the
exponential curve for long times (dashed red line in Figure 9). At time t = 0, T, is estimated as
described. The constants k and a can be calculated from (t = 0, Ty) and only one further pair of values
(t1, T1) as follows:

k =In((T2 — Tp)/(T1 — Tp))/(t2 — t1) and a = (T; — To)/exp(k - t1) ()
58
56 Tz =55 OC
T ., G’( Threshold value of contact
° temperature for hot beverages
ERY)
5 T1=49 °C
£
ot
= 48
S e e
o _ o
4 To=46.5°C
42
0 1 2 Time [s] 4 5 6 7 8

Figure 9. Measured value pairs and interpolation by an exponential function (Equation (4)).

The value pairs used to calculate the constants k (<0) and a as grid points are circled in red and the
course of the function is shown as a solid blue curve. The green dashed curve represents the average
of all functions approximated with the measured values. For comparison, the contact temperature
52.9 °C calculated from the threshold value for hot beverages 65 °C at t = 0 is entered and marked as
a grey circle. It is significantly higher than the measured value Ty = 46.5 °C for solid foods.
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The results of this pilot investigation show that the procedure described is practicable. It needs to
be validated by examinations with as large a group of test persons as possible.

With this function for the contact temperature, the start temperature, i.e., the consumption
temperature, can be calculated for any solid food with known substance data, see Figure 10. A sample
of PVC or other suitable material is sufficient.

100
95
90
85
80
75
70
65
60
55
50

Consumption temperature [°C]

o

5 Time[s] 10 15 20

Water Cooked potatoes Fish Cheese Lean meat PVC

Figure 10. Consumption temperatures of different solid foods calculated from the interpolated curve
for the permissible contact temperature in Figure 9; for comparison: water and PVC.

4. Discussion

The simulation method corresponds to the exact analytical calculation for the special case of a hot
body with constant temperature [27] and also provides the correct values of the contact temperatures.
For very long contact times (without heat exchange with the environment, i.e., for adiabatic conditions)
it supplies the exact mixing temperatures according to Richmann’s mixing rule [22].

The thermodynamic simulation of the contact of the oral mucosa with a hot sample leads to three
essential findings:

e A constant contact temperature only occurs directly in the contact surface. Even at a distance
of 0.1 mm, deviations of about £2 °C occur for times up to 2 s. Therefore, the contact
temperature could only be measured with sensors much smaller than 0.1 mm, which are not
commercially available.

e  The contact temperature remains constant for about 10 s in the samples examined, which are
only 2.5 mm thick, and only decreases continuously afterwards. Thus, the contact temperature
represents the essential parameter for assessing the risk of injury.

e  Orienting experiments indicate that it is possible to define a generalizable threshold value for the
contact temperature as a function of the contact time of hot foods, with which the consumption
temperatures of any food can be calculated. A transfer to hot drinks is not easily possible and
requires further investigation.

Physically, contact between a hot food sample and the tongue is not an ideal contact, i.e., a flat
contact at any point of the contact surface. In reality, the food meets a saliva film that is first heated and
partially displaced, but is also trapped in small caverns between the food and the surface of the tongue.
However, the thermal conductivity, density and specific heat of the saliva do not differ so much from
the values of the skin tissue that a significant influence on the temperature field at the contact point
can be expected (Table 2). The simulation shows that a constant contact temperature also occurs when
a higher heat transfer resistance is assumed in a thin contact layer. However, the heat flow through the
contact surface becomes smaller.
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Table 2. Material properties used.

. . Human Water . Meat
Material Properties Skin (60 °C) PVC Potatoes Cheese Fish (Lean) Vegetables
Thermal conductivity A
0.50 0.65 0.15 0.55 0.35 0.50 0.40 0.50
[W/(mK]
Density ¢ [kg/m?] 1020 983 1380 1050 1080 990 990 1050
Specifiy heat c [J/(kg-K] 2400 4184 960 3350 2430 3430 3200 3200
Thff?ijf:)ﬁ? ity 110635 164023 44578 139091 95566  1303.02 112570  1296.15
Literature [25] [30] [31] [32] [33] [32] [32] [32]

For water, the material values used—thermal conductivity, specific heat capacity and density—and
their temperature dependence are very precisely known. In the case of the solid substances examined,
conflicting data are sometimes given in the literature. In the case of foodstuffs, there is in any
case a natural range of variation. The data from Refs. [25,30-33] were used. The calculated contact
temperatures should, therefore, only be regarded as estimations. However, the effects on the simulation
results are minimal. The material properties used are listed in Table 2. The PVC sample was made of
a commercially available rod material made of rigid PVC. For more detailed investigations, a certified
material should be used.

Strictly speaking, the formula for the contact temperature applies only to solids. Pure heat
conduction takes place at the contact area. Convective heat transfer mechanisms play a role in the
contact of a liquid with a solid. The main difference between hot solid foods and hot drinks in contact
with the tongue or oral mucosa is that the drink spreads in the mouth as a thin film that mixes with
saliva and cools faster than a thicker layer of solid food. The heat exchange of a hot beverage with
the breathing air is also intensified by the fact that the surface area of the absorbed liquid quantity
increases considerably as a result of film formation. Lee et al. [34] give a corresponding explanation
for the fact that hot beverages can be absorbed at temperatures above the threshold value for pain
perception. With a film of 0.75 mm thickness, the existence of a constant contact temperature is reduced
to about 1.5 s duration, as the simulation shows.

Further limitations of the study include that skin data were used for the calculations. However,
it can be assumed that the data do not differ too much from the mucous membrane. The blood
circulation and thus the heat dissipation into the surrounding tissue could differ. This is included in
the heat transfer coefficient, which was varied for testing. During the tests, some of the hot samples
were placed on the top of the hand to check whether burning sensation occurs. The feeling of warmth
on the hand, however, was similarly perceived to that on the tongue (data not shown)—so there does
not seem to be much difference. This is confirmed by the fact that human skin pain receptors are
located at approximately 0.1 mm depth [29].

Another limitation not possible to be considered by the methodology is the influence of biting,
chewing, and salivary flow. For the calculation of cooling processes including influences such as
breathing more strongly with breathing air during reciprocation of the food in the mouth, or chewing
and wetting with saliva, too many model assumptions would be required and therefore this was not
attempted. With the described procedure, however, it is possible to determine which temperatures
and contact times are tolerable. In fact, food stays in the mouth only for a fraction of a second if it is
considered too hot. Otherwise, it is moved back and forth in the mouth, wetted with saliva, cooled
by breathing air, or completely eliminated. The aim of this work was not to illustrate this process but
rather to show if and for how long the contact temperature exists in order to be considered as the
determining parameter for the sensation of pain and to define threshold values.

5. Conclusions

Food portions that are too hot are moved inside the mouth, cooled by breathing air and, typically,
only reach the esophagus when they have cooled sufficiently. This reduces the risk of injury and
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carcinogenic risk of the esophagus. However, consumers may presumably consider consumption
temperatures that are higher than the preferable temperature T similar to the consumption of
very hot beverages [21,35]. In addition to the existing minimum serving temperatures (to avoid
a microbiological risk, typically 65 °C [36]), the introduction of maximum temperatures also appears
to be prudent. The results shown in Figure 10 indicate that the consumption temperature of foods with
high water content, such as potatoes, should not exceed 60 °C. It should be noted, however, that these
results are based on only a few orientation experiments and need further validation. Furthermore,
a habituation effect with regular consumption of very hot food can lead to a reduction of pain [37-39].
This must be considered in further experimental investigations. The methods presented here offer the
necessary instruments for the practical execution and quantitative evaluation of such investigations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-576X/4/3/38/s1,
Tables S1 and S2: Calculation table for numerical simulation of contact temperatures in Microsoft Excel format
(S1: English version, S2: German version).
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