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To determine the extent to which heat conduction through skin is affected by skin thickness, burn
temperature, and burn duration, we perform a suite of experiments using an in vivo porcine (pig) model.
Fourteen different burn conditions are considered, and each burn condition is replicated at least four
times, giving a total of sixty four individual experimental burns. The subdermal temperature within
the skin is recorded as a function of time during each experiment. To quantitatively interpret the exper-
imental data, we develop an exact solution of a simplified, depth-averaged, heat equation. Calibrating this
solution to the experimental data provide estimates of the effective thermal diffusivity of the skin, a, and
the effective thermal loss rate, k. Estimates of a and k are obtained for the fourteen different, clinically
relevant, burn conditions. Overall, we find a = 0.03 ± 0.02 mm2/s (to one significant figure), and is approx-
imately independent of the burn duration, burn temperature, and skin thickness (H). This estimate
implies that the time required for thermal energy to diffuse vertically down, through the skin of thicker
(H = 2.27 mm) and thinner (H = 1.40 mm) skinned animals is approximately 170 and 70 s, respectively.
We find that k = 0.002 ± 0.002/s (to one significant figure). In summary, our results provide contemporary
estimates for the thermal properties of in vivo porcine skin, which has broad application to heat transfer
modelling investigations of thermal injury prevention and thermal therapy studies.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Scald burns from accidental exposure to hot liquids are the
most common cause of thermal injury in children [1]. These burns
are extremely painful, may require prolonged treatment, and can
cause scarring [2]. Fundamental knowledge of how heat is
conducted through skin is essential to inform the development of
burn prevention strategies. One way to improve our understanding
of heat conduction in skin is to apply a mathematical model to
interpret an experimental data set.

Quality experimental data examining heat conduction in living
skin are rare. Most experimental research in this area is conducted
with pig skin, because pig skin is anatomically and physiologically
similar to human skin [3–7]. The most extensive experimental data
set exploring heat conduction in skin is the 1947 study by
Henriques and Moritz [8]. They excised skin tissue from pigs and
estimated the thermal conductivity, a, of the different layers of
non-living, ex vivo, skin. Henriques and Moritz [8] also estimated
the caloric uptake of pig skin in vivo when a metal heat source
was applied to the surface of the skin and used this information
to provide an estimate of the thermal conductivity for in vivo con-
ditions. Their estimates of a for the pig dermis is 0.096 mm2/s and
0.108–0.288 mm2/s for ex vivo and in vivo conditions, respectively.
More recent ex vivo studies using excised pig skin range from using
very thick, 5 mm tissue sections including fat [9], to using extre-
mely thin 30 lm sections of epithelial cells [10], and these studies
report values for a of 0.11 mm2/s and 0.029 mm2/s, respectively.
Unfortunately, it is unclear how these kinds of measurements,
using different portions of the skin layers in non-living tissue,
translate to the more complex situation in living tissue.

Mathematical models of heat transfer in skin are traditionally
based on the Pennes bioheat equation [11–13]. This model is an
extension of the standard linear heat equation [14,15] with an
additional source term that accounts for thermal energy loss
[11,12]. Often the source term is used to represent loss to the blood
supply, which is known as perfusion [11–13]. Studies that directly
combine mathematical modelling with comprehensive in vivo
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Nomenclature

t time (s)
x position (mm)
T(t) average temperature in the tissue layer (�C)
DTðtÞ change in the average temperature in the tissue layer

relative to the initial temperature (�C)
Tw temperature of the water (�C)
Ts surface temperature of the skin (�C)
td duration of the burn (s)
Tref reference temperature for the thermal loss (�C)

H skin thickness (mm)
k thermal loss coefficient (/s)

Greek symbols
a thermal diffusivity (mm2/s)
k constant in the exact solution of the mathematical mod-

el (�C)
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experimental data sets are scarce. Most previous mathematical
models have been parameterised by extrapolating experimental
data from existing literature [16–20], or from experimental data
sets that describe a single burn condition only [21,22]. In contrast,
here we use a mathematical model to directly interpret thermal
measurements in a suite of in vivo experiments. In these experi-
ments, we vary several key features such as skin thickness, burn
duration, and burn temperature. This approach provides us with
a unique opportunity to explore whether the thermal diffusivity
and thermal loss depend on skin thickness, burn duration or burn
temperature. These details have not been addressed in previous
combined studies that make use of both experimental measure-
ments and mathematical models [23].

Examining the relationship between temperature, burn dura-
tion and injury severity is essential for guiding scald burn injury
prevention standards. Accidental and non-accidental hot tap water
scalds may result from exposure to moderate temperature water
for long durations [24,25]. One key scald prevention approach is
regulating the temperature of hot water delivered by bathroom
taps in domestic dwellings, which in many countries is legislated
to be no greater than 48 �C [26,27] or 50 �C [28]. For this reason,
we focus our experiments on moderate temperature burn condi-
tions (50–60 �C) over relatively long durations (60–600 s). Since
we deal with a heat transfer process through a relatively thin layer
of skin, and our experiments do not measure spatial differences in
temperature within the thin layer of skin, we interpret the exper-
iments using a simplified, depth-averaged, mathematical model
that neglects spatial gradients [29,30]. This allows us to develop
an exact, closed-form solution of the simplified mathematical
model. We calibrate this solution to data from various experimen-
tal conditions, providing multiple opportunities to estimate a and
the loss rate, k. Our combined experimental and modelling study
provides valuable, quantitative information about heat conduction
in living skin that cannot be obtained by extrapolating from previ-
ous ex vivo experiments.
2. Materials and methods

2.1. Animal experiments

A porcine (pig) burn model is chosen because of the anatomical
and physiological similarities to human skin [3–7]. Juvenile pigs
have a skin thickness of 2–2.3 mm (12 weeks old) [31,32] and
1–1.3 mm (5 weeks old) [6], which closely approximates the skin
thickness of a human adult and a human child [33], respectively.
All methods conform to the Australian National Health and Medi-
cal Research Council published code of practice for animal
research. Ethics approval was obtained from the University of
Queensland’s animal ethics committee (QCMRI/446/15/QCHF),
and all animals were treated in a humane manner. Seven female
Large White (Yorkshire) juvenile pigs, weighing 27 kg and aged
12 weeks, and two female Large White (Yorkshire) weaner pigs,
weighing 10 kg and aged 5 weeks, were used. Pigs were delivered
to the animal house seven days prior to commencing the experi-
ment to allow for acclimatisation. Animals were given a standard
pellet diet and free access to water, with fasting overnight prior
to anaesthesia.

2.1.1. Study protocol
Scald burns were created on the backs of pigs whilst they were

under a general anaesthetic. Anaesthesia was induced with Keta-
mine 13 mg/kg (Ketamine 100 mg/ml CevaTM, Glenorie, NSW, Aus-
tralia) and 1 mg/kg Xylazine (Ilium Xylazil 100 mg/ml, IliumTM,
Troy laboratories Pty Ltd, NSW, Australia) and maintained with
Isoflurane (Attane, Bayer, Australia Ltd). Buprenorphine 0.01 mg/
kg (Temgesic� 0.3 mg/ml Reckitt Benckiser, Healthcare, UK) was
administered peri-operatively to provide analgesia and a transder-
mal Fentanyl 50 lg/hr patch (Durogesic�50, Janssen-Lilag Pty Ltd,
North Ryde, Australia) was applied for post-operative analgesia.
The hair on the back and flanks was clipped prior to scald creation.
On day seven (endpoint of main experiment) the animals were
euthanased with 15 ml of sodium pentobarbitone (LethabarbTM,,
Virbac Pty Ltd, NSW, Australia).

Eight burns were created on the paravertebral region of each
pig, with four burns per side. The burn injury was created by apply-
ing a purpose made scald device (Fig. 1). Two different diameter
devices were used for the two different age pigs, with a 50 mm
diameter for the older animals and a 30 mm diameter device for
the younger animals, as the smaller animals have a reduced surface
area available for burn creation. Pre-heated water was pumped
into the scald device and vacuum suctioned out at an equivalent
rate, ensuring a constant level of water within the device at all
times. We used a water bath (Grant Instruments, Cambridge, UK)
to maintain the water at a constant temperature. Water tempera-
ture within the scald device was recorded using a digital 54II
Fluke� thermometer (Fluke Australia Pty Ltd., North Melbourne,
Australia).

2.1.2. Temperature monitoring
For each experiment the subdermal temperature probe was

inserted using a previously described technique [34,35]. The sub-
dermal temperature probe was used to monitor the temperature
within the skin during each experiment. Briefly, prior to scalding,
a 14 gauge, 2.1 mm by 45 mm cannula was inserted obliquely from
outside the marked wound area and advanced under the dermis
until the tip was in the centre of the burn area. The stylet was
removed and a type K thermocouple (Radiospares Components
Pty Ltd., Smithfield, Australia) was inserted and taped into position.
A digital 54II Fluke thermometer automatically logged tempera-
ture measurements for the initial subdermal temperature, denoted
Tð0Þ, and then every second after the heated water was applied for



Fig. 1. Scald creation device and subdermal temperature monitoring. The scald creation device consists of a metal pipe covered with insulation tubing and a suction tube.
(A) Schematic showing inflow and outflow of hot water in the 50 mm diameter scald creation device. (B) Photograph showing an example of creating a burn where: (I) hot
water inflow; (II) suction of water out of the device; (III) insertion point of the subdermal temperature probe; and (IV) shows the Fluke thermometer, where the upper
number is the subdermal temperature and the lower number is the temperature of water in the scald creation device.
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the shorter burn duration experiments (60–120 s), or every 10 s for
the longer burn duration experiments (300–600 s). Subdermal
temperature logging was continued for at least 60 s after the heat
source was removed, or until a maximum, steady, subdermal
temperature was reached. The temperature of the external skin
surface was measured at a different site on the same animal using
a separate temperature probe. In the 12 week old pigs the follow-
ing burn conditions were tested: Temperature of the water,
Tw ¼ 50, 55, and 60 �C, for burn durations of td ¼ 60 and 120 s,
and then Tw ¼ 50 and 55 �C, for td ¼ 300 and 600 s. In the 5 week
old pigs, with thinner skin, four burn conditions were tested:
Tw ¼ 50 �C for td ¼ 60, 120, 300 and 600 s.

Overall, the experimental programme involved performing
fourteen different groups of burns. Each of the fourteen different
burn conditions was replicated at least four times, giving a total
of sixty four individual burns. The burn conditions included here
for analysis were specifically chosen as part of another study to
examine clinically mid-deep dermal burns. As such, for
Tw ¼ 60 �C, a burn duration of td ¼ 120 s led to a severe full
thickness burn injury and additional testing for longer durations
was not required. For experiments involving the 5 week old pigs,
the range of burn conditions tested was limited, based on ethical
approval for younger animals.

2.2. Mathematical modelling

Theoretical studies of heat conduction in biological tissues often
invoke Pennes’ bioheat equation [12,13,17,36,37]. This partial
differential equation describes the variation of temperature in a
biological tissue as a function of position and time. Since we mea-
sured the temperature at one location within the layer of skin, we
do not report any spatial differences in temperature throughout
the skin layer. Furthermore, we find that the initial subdermal tem-
perature, Tð0Þ, and the external surface temperature of the skin are
very similar, and so there is no initial variation in temperature with
depth. This observation, combined with the fact that these experi-
ments focus on heat transfer through a relatively thin tissue, moti-
vate us to consider a simplified depth-averaged mathematical
model that neglects spatial variations in temperature [29,30].
Accordingly, the experiments are modelled using an ordinary
differential equation instead of a partial differential equation.

Assuming the average temperature in the tissue is TðtÞ, the
mathematical model governing the dynamics of the experiments
can be written as,
dTðtÞ
dt

¼ a
H2 ½TburnðtÞ � TðtÞ� � kðTðtÞ � Tref Þ; ð1Þ

where t is time, a is the thermal diffusivity, H is the skin thickness,
TburnðtÞ is the temperature of the scald burn applied at the surface,
and k is the thermal loss rate. The thermal loss is taken to be pro-
portional to the difference between the average temperature within
the tissue and some reference temperature, Tref . Results in Appendix
A show how Eq. (1) can be obtained by depth-averaging the Pennes’
bioheat equation.

To solve Eq. (1) we must specify TburnðtÞ and Tref . For all exper-
iments we consider, we model the applied scald burn using

TburnðtÞ ¼ Tw t < td; ð2Þ

TburnðtÞ ¼ Ts t > td;

where Tw is the temperature of the water in the scald creation
device, td is the duration of the burn, and Ts is the surface temper-
ature of the skin. The choice for the form of TburnðtÞ in Eq. (2) exactly
replicates the applied surface temperature for the initial period,
t < td. Setting TburnðtÞ ¼ Ts in the latter period, t > td, is an approxi-
mation. Our rational for using this approximation is that it correctly
models the expected long time behaviour, TðtÞ ¼ Ts as t ! 1.

We must also specify the reference temperature for the loss
term in Eq. (1). Since the initial measured subdermal temperature
is very similar to the measured surface temperature, Tð0Þ � Ts, we
assume that Tref ¼ Ts. This means that when the heat source is
applied and the average temperature in the skin layer increases
above the initial temperature, there will be some loss of thermal
energy. This loss could represent perfusion into the blood supply
[12,13,17,36,37] or to another area of the tissue.

With these assumptions, and writing k ¼ ðaTw=H
2 þ kTsÞ=

ða=H2 þ kÞ for notational convenience, the solution of Eq. (1) can
be written as

TðtÞ¼ ½Ts�k� expð�t½a=H2þk�Þþk; t< td;

TðtÞ¼ Tsþ ½Ts�k�f1�expðtd½a=H2þk�Þgexpð�t½a=H2þk�Þ; t> td;

ð3Þ
To apply Eq. (3) to our experiments we assume that Tw, Ts, td and H
are either measurable, or are specified as a part of the experimental
design. Therefore, the only unknown parameters in the model are a
and k. To estimate these two parameters we calibrate Eq. (3) to
provide the best match to the experimental measurements of the
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subdermal temperature. We use MATLAB’s lsqcurvefit routine [38]
to provide a least-squares estimate of a and k.

3. Results and discussion

3.1. Experimental results

Data from a total of sixty four burns are used, with at least four
replicates for each burn condition. The average thickness of the
dermis, H, measured microscopically, is 2.27 ± 0.25 mm in the
12 week old animals, and 1.40 ± 0.14 mm in the 5 week old ani-
mals. Based on our experience, we assume that the position of
the subdermal probe is directly beneath the dermis, thus the depth
of the probe is approximately H. The average initial subdermal
temperature Tð0Þ, prior to scalding is 34.2 ± 0.8 �C, which is very
similar to the average initial external surface temperature of the
skin, Ts = 33.7 ± 0.9 �C. This suggests that, at the beginning of the
experiment, there is no spatial variation in temperature with
depth.

Results for subdermal temperatures are shown in Fig. 2. These
results are reported in terms of the average temperature profiles
that are obtained by averaging the experimental data across each
experimental replicate for each burn condition considered. Overall,
the trend is for the subdermal temperature to increase most
rapidly when the heat source is first applied. The subdermal
temperature then continues to increase, but at a slower rate, for
the remainder of the exposure. Once the heat source is removed
the temperature decreases. Some of the longer duration burn
conditions eventually approach a steady subdermal temperature
profile, which has also been reported by others [9]. For example,
the experiments with td ¼ 600 s and Tw ¼ 50 �C (Fig. 2D) appear
to approach a steady subdermal temperature of approximately
44 �C, after approximately 400 s. This indicates that there must
be some loss in the system otherwise the steady subdermal tem-
perature would eventually approach Tw ¼ 50 �C. We observe a
slightly different trend for the shorter duration burns (60–120 s)
since the subdermal temperatures do not appear to reach a steady
temperature within the timescale of these shorter experiments.
Fig. 2. Averaged subdermal temperature profiles for different burn conditions. Resu
(5 week old pigs), respectively. Different burn durations include: td ¼ 60 (black); 120 (red
error bars indicate the sample standard error, r/(n � 1). (For interpretation of the refere
article.)
Similar to others [8,39,40], our results in Fig. 2 indicate some
variation between different experimental replicates of the same
burn condition. We quantify this variation in terms of the sample
standard error. There are two main causes of this variability.
Firstly, these are in vivo animal experiments, and results are sub-
ject to the natural variations in skin structure between animals,
and natural variations between different anatomical locations on
the same animal. Secondly, although placement of the subdermal
probe is performed by the same person, some variation in the
probe placement is unavoidable. In particular, it is possible that
some probes were placed deeper into the subcutaneous tissue
beneath the dermis than others. However, our study is strength-
ened by including multiple replicates for the same burn condition
on different animals at different anatomical locations.

Comparing subdermal temperature profiles in thicker and thin-
ner skinned animals (Fig. 2C–D), indicates that the same burn con-
dition leads to different outcomes. In general, we see the same burn
condition applied to a thinner skinned animal leads to higher sub-
dermal temperatures compared to the thicker skinned animals. To
further explore these differences we show themagnitude of change
in subdermal temperature, DTðtÞ ¼ TðtÞ � Tð0Þ, for some of these
experiments in Fig. 3. For the same burn conditions we observe that
the magnitude and rate of increase in subdermal temperature is
greatest for thinner skin. To the best of our knowledge, this is the
first in vivo experimental study demonstrating directly comparable
data describing heat conduction in skin of different thickness.
3.2. Modelling results

All experimental measurements for each burn condition were
repeated at least four times. The model calibration procedure is
applied to each set of replicate data to produce several estimates
of a and k for each burn condition. Results in Fig. 4 compare some
experimental data to the solution of the calibrated mathematical
model. While the calibrated mathematical model does not capture
every detail of the experimental data, the key features are broadly
replicated.
lts in A–D correspond to Tw ¼ 60, 55 and 50 �C (12 week old pigs), and Tw ¼ 50 �C
); 300 (green); and 600 s (blue). Data points correspond to the sample mean, and the
nces to colour in this figure legend, the reader is referred to the web version of this



Fig. 3. Average change in subdermal temperature for 50 �C scalds. Data for both 5 week (red) and 12 week (blue) animals are given. Results in A correspond to td ¼ 60 s,
and results in B correspond to td ¼ 120 s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Comparison of experimental data for a single experimental replicate to the solution of the calibrated mathematical model for four different burn conditions.
Results in A–D correspond to Tw ¼ 60, 55, 50 �C (12 week old animals) and Tw ¼ 50 �C (5 week old animals), respectively. In all cases the experiments correspond to
td ¼ 120 s. Each plot compares the in vivo experimental data (orange) with the solution of the calibrated mathematical model (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Boxplots showing estimates of a and k for all burn conditions. The boxplots are created with MATLAB [38]. The solid black horizontal lines indicate the sample
mean across all experimental burn conditions, and the grey shaded region indicates the mean ± one sample standard deviation to illustrate the variability across all
experimental conditions. Results in A show estimates of the thermal diffusivity, the sample mean is a = 0.027 mm2/s and the sample standard deviation is 0.020 mm2/s.
Results in B show estimates of the loss rate, the sample mean is k = 0.00170/s and the sample standard deviation is 0.00186/s.
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Results summarizing estimates of a and k for the fourteen
different groups of experiments are shown in Fig. 5. Averaging
the estimates of a and k across all fourteen groups of experiments
gives a = 0.03 ± 0.02 mm2/s (to one significant figure), and
k = 0.002 ± 0.002/s (to one significant figure), where the variability
is given by the sample standard deviation. Visual inspection of the
results for the thermal diffusivity (Fig. 5A) indicates that the major-
ity of estimates of a for each experimental group liewithin one stan-
dard deviation about the mean. Since there appears to be no
discernible trend in the mean estimates of a for varying burn dura-
tion, burn temperature and skin thickness, it is reasonable to charac-
terize a using a constant for all experimental scenarios considered.

Results for the loss rate (Fig. 5B) indicate that the variability
between estimates of k between different groups of experiments
is greater than the variability of a between different groups of
experiments. Our results suggest that the thermal loss plays an
insignificant role in short duration burn conditions, whereas our
estimates of k are larger for the longer duration burn conditions.
It is difficult to speculate about the reason for this, however it is
possible that for longer duration exposures (P 300 s), there is an
increase in the rate of heat loss to the blood supply. In response
to heat exposure, vessels in the local tissue area may dilate,
increasing blood perfusion and enhancing heat dissipation.
Increased perfusion to the local tissue and surrounding tissue
may take several minutes to reach maximal effect.

Our estimates of a allow us to predict the approximate amount
of time required for the thermal energy to propagate vertically
down, through the skin, as H2/a. For the 12 week old animals, with
a = 0.03 mm2/s and H = 2.27 mm, the time taken will be approxi-
mately 170 s. Whereas, for the 5 week old animals, with
H = 1.40 mm, the time taken will be approximately 70 s.

Our average estimate of a is approximately 3–10 times smaller
than previously reported in vivo estimates from 1947 [8]. There are
several possible explanations for this difference. A key difference
between our experiments and those of Henriques and Moritz [8]
is that we directly measure the transfer of thermal energy verti-
cally down, through a layer of skin. In contrast, Henriques and
Moritz measure the caloric uptake of skin, and then convert this
quantity into an estimate of thermal diffusivity by making assump-
tions about the density and thermal conductivity of the skin.
Another important difference is in the experimental design. Hen-
riques and Moritz [8] create a burn using a heated copper disk,
whereas we create scald burns using hot water. Furthermore,
advances in technology now us to use modern, calibrated and
reproducible measurement instrumentation, whereas the previous
results from 1947 relied on custom-made measuring instruments.

4. Conclusions

In this work we consider a series of scald burns in an in vivo por-
cine model. We choose to work with a porcine model because pig
skin is anatomically and physiologically similar to human skin
[3–5]. Our experimental design allows for the collection of high
quality in vivo data, with multiple replicates performed on differ-
ent animals, and at different anatomical locations for the same
burn condition. Here, we examine how the thermal properties of
skin depend on burn duration, burn temperature, and skin thick-
ness. It is important to consider these variables because thermal
injuries may occur under many different conditions. To the best
of our knowledge, the experimental data set presented here is
the first in vivo study to directly compare heat conduction in thin
and thick skin (representative of a human child and adult skin)
subject to the same burn conditions.

To provide additional quantitative insight into our experimental
data set we also interpret our data with a mathematical model. In
particular, the focus of using the mathematical model is to provide
estimates of the thermal diffusivity and the thermal loss rate, and
to explore whether these estimates depend on burn duration, burn
temperature or skin thickness. Our overall estimates are
a = 0.03 mm2/s and k = 0.002/s (to one significant figure). For long
duration, moderate temperature burns, our estimates of a appear
to be independent of the burn duration, burn temperature and skin
thickness. In contrast, our estimates of k are more variable. The
model calibration procedure suggests that there is virtually no
thermal loss during the very short time burn duration experiments
whereas a larger loss rate is relevant for the longer duration burn
conditions.

Both experiments and modelling suggest avenues for future
research. Future experiments may include multiple temperature
measurements at different depths, which would allow for a greater
understanding of how heat is transferred through the different lay-
ers of the skin. In particular, whether heat transfer may change at
different dermal depths and potentially affect the predicted time
required to create a deep dermal versus a superficial dermal burn.
Additionally, placement of the temperature probe using ultrasound
guidance could be used, which would also enable in vivo quantifi-
cation of probe depth. Further investigations regarding the thermal
loss rate and the role of blood perfusion could also be studied by
repeating experiments on skin with no blood perfusion (non-
living tissue). Extensions of our modelling framework could
include spatial effects, but this would require additional experi-
mental data.

Our estimates of a can be applied with most confidence to
inform modelling studies of heat transfer where skin is exposed
to moderate temperatures for relatively long durations, similar to
the experimental procedure presented here. For example, this
could include burn prevention strategies [20,41,42], predicting
thermal damage for accidents [43], forensic medicine [29,30] and
thermal therapy studies [44]. Importantly, improving understand-
ing of temperature conduction in the skin is a vital first step
towards examining the relationship between heat conduction
and tissue damage, which has significant clinical applications. Fur-
thermore, all data used in our mathematical model calibration pro-
cedure is available for re-use in future studies (Supplementary
Material). This could be useful to enhance experimental design
and to minimise animal use.

The data and modelling presented in this paper are part of a
broader study investigating the pathophysiology of burns. The
mathematical modelling completed on this simplified dataset
enables an initial examination of the complex process of heat con-
duction in living skin and further work examining the relationship
between heat conduction and tissue damage is currently under-
way. Overall, our study highlights how collaboration between
researchers with expertise in animal/laboratory based experimen-
tal studies and theoreticians who specialize in applying mathemat-
ical models to interpret biological or clinical data can enrich the
overall value of results obtained.
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Appendix A. Approximate mathematical model

We begin by considering the conduction of heat in a one-
dimensional tissue, of thickness H. Assuming that the transport
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of energy is driven by linear conduction, and there is a loss of ther-
mal energy by some mechanism, such as perfusion, conservation of
energy arguments lead to

@T�ðx; tÞ
@t

¼ a
@2T�ðx; tÞ

@x2
� kðT�ðx; tÞ � Tref Þ; ð5Þ

on 0 < x < H, where T�ðx; tÞ is the temperature at position x and
time t, a is the thermal diffusivity and k is the loss rate. In this
model, we adopt a standard approach by assuming that thermal
losses are proportional to the difference between the local temper-
ature, T�ðx; tÞ, and some reference temperature, Tref . In many appli-
cations the loss term is thought to represent the transfer of energy
into the blood supply and the reference temperature is taken to be
the temperature of the blood [12,45].

Since we deal with a relatively thin layer of skin, and our exper-
imental measurements do not report spatial differences in temper-
ature within the layer of skin, we simplify Eq. (5) by averaging
T�ðx; tÞ vertically across the depth of the layer to give

TðtÞ ¼ 1
H

Z H

0
T�ðx; tÞ dx; ð6Þ

so that TðtÞ represents the spatially-averaged temperature
within the tissue layer [44]. To simplify Eq. (5) we divide both sides
by H and integrate from x ¼ 0 to x ¼ H. Treating a, k, and Tref as
constants, we obtain

dTðtÞ
dt

¼ a
H

@T�ðH; tÞ
@x

� @T�ð0; tÞ
@x

� �
� kðTðtÞ � Tref Þ: ð7Þ

If we further assume that the flux of thermal energy at the
lower boundary, where x ¼ H, is negligible, and we approximate
the temperature gradient at the upper boundary, where x ¼ 0,

as @T�ð0;tÞ
@x � TðtÞ�TburnðtÞ

H ; we obtain

dTðtÞ
dt

¼ a
H2 ½TburnðtÞ � TðtÞ� � kðTðtÞ � Tref Þ; ð8Þ

This is a simplified ordinary differential equation that describes
the dynamics of the average temperature of the layer of skin. We
note that many practical applications of mathematical models of
heat transfer processes in real biological tissues use spatially-
averaged models rather than spatial models. The motivation for
the use of such spatially-averaged models is that even relatively
sophisticated experimental measurements may not resolve spatial
temperature differences sufficiently to warrant the application of a
full spatial model [29,30].

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ijheatmasstrans-
fer.2016.05.070.
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