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Heat Transfer in Human Skin Exposed to
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Moisture Evaporation
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Abstract. Thermal radiation is one of the damaging factors of forest fire.
As a result of exposure to radiant heat flow, thermal damage of the human
skin is possible. A layer of skin is considered with -effective
thermophysical characteristics. Thin layer of sweat excretion situated on
top of the skin. A mathematical model of heat transfer in the system of
“skin-excretion” is developed taking into account evaporation of moisture.
Typical simulation results are presented.

1 Introduction

The problem of the damaging factor impact of the forest fire on living organisms has
recently become relevant. One of these factors is radiation from a forest fire. Thermal
damage can occurs as a result of exposure to radiant heat flux on the skin [1].

Over the past decade, the scope of intensive research and application of heat exchange
phenomena has greatly expanded. It includes both the leading directions of technology
(chemical technology, metallurgy, construction, oil production, engineering, agricultural
technology) and the basic natural sciences (biology, geology, atmospheric and ocean
physics). At present time theoretical research of heat exchange processes is largely based
on their numerical simulation using computers. This became possible due to significant
progress in the development of computational methods to solve partial differential
equations and increasing the performance of up-to-date computers.

The goal of the present work is to numerically study the thermal effect on the skin of
radiation from forest fires taking into account moisture evaporation. To achieve this goal,
the effect of heat radiation on the human skin near the fire is studied.

2 Mathematical Setting-Up

The skin is a complex structure with its own peculiarities in various parts of the body. It
consists of three layers (Fig. 1) - epidermis, dermis and subcutaneous tissue
(hypodermis) [1].
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The epidermis includes mostly dead cells that act as a protective barrier against
moisture, ultraviolet radiation and high temperatures [2]. Sweat glands pass through the
epidermis. The epidermis and dermis have a thickness of about 1-2 mm. These two layers
are subcutaneous tissue (hypoderma), which contains sweat glands and large blood vessels,

allowing the skin to adapt to local heating or cooling, but only within certain limits [3].
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Fig. 1. Structure of the skin.

It is assumed that the examined area of the skin is affected by convective and radiant
heat flux from the forest fire front. Thermophysical characteristics do not depend on
temperature. The monolithic structure of the skin is considered. The heat transfer is leaded
within the skin by conduction. Skin is considered as one layer with effective
thermophysical characteristics.
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Fig.2. Geometry of the solution area: 1 — skin; 2 — sweat layer.

The geometry of the solution area is shown in Fig. 2. Heat transfer is described by non-
stationary differential heat equations with the corresponding initial and boundary
conditions:
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Where T}, p;, ¢;, A; — temperature, density, heat capacity, heat conduction coefficient (i=1
— sweat layer, 2 — skin layer). x, y — spatial coordinates. t — time. o — heat transfer
coefficient. Q., — heat effect of evaporation. Qy — heat flux from forest fire. &€ — emissivity
coefficient. ¢ — Stefan-Boltzmann constant. W,., — evaporation mass rate. A —
accommodation coefficient. P, — pre-exponent factor. E — activation energy. P, —
atmospheric pressure. R — universal gas constant. M — molecular weight.

3 Results and Discussion

Partial differential equations of the parabolic type are used for the mathematical description
of the heat transfer process. The numerical implementation is carried out using the finite-
difference method [4,5]. As a result, temperature distributions were obtained in the “skin-
excretion” structure. Numerical simulation was carried out for the following scenario. A
person deprived of personal protective equipment situated at some distance from the front
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of a forest fire. Heat releases as a result of combustion of forest combustible materials. Heat
transfer occurs to the human body through radiation [6].

For definiteness, the effect of radiant heat flux on a specific part of the body is
considered (namely, the frontal part of the human hand palm [7]). Table 1 shows the initial
data.

Table 1. Initial data.

Layer Skin and sweat
Temperature of the environmnet,

. 900
TB"V’ C
Initial temperature, T}, ’C 36,6
Layers thickness, mm 1

According to the obtained results it was found that when the sweat layer evaporates at
the time, the surface temperature of the skin reaches 54 © C. Thickness of the heating is
small in comparison with the dimensions of the layer under study. Comparative analysis
allows to draw a conclusion about the correct operation of the presented software
implementations for the mathematical model which describes heat transfer in the skin
structure under the influence of radiant heat flux from the forest fire front [6].
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Fig. 3. Dependence of the pain threshold when the sweat evaporates from the skin surface from the
ambient temperature at different salt content.

Analysis of the dependences in Fig. 3, 4 allows us to conclude that increasing the mass
content of salt in the sweat leads to increase of evaporation time. The onset of the pain
threshold increases the more caused by the lower ambient temperature. The pain threshold
time ranges from 0.04 s (ambient temperature of about 1573 K and mass concentration of
the salt in the sweat of 0%) to 0.1 s (ambient temperature of about 1073 K and mass
concentration of the salt in the sweat of about 40 %). The time for complete moisture
evaporation varies from 0.05 s (ambient temperature of about 1573 K and mass
concentration of the salt in the sweat of 0 %) to 0.15 s (ambient temperature of about 473 K
and mass concentration of salt in the sweat of 40%). The pain threshold times and complete
evaporation grow with increasing concentration of salt in sweat.
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Fig. 4. Dependences of time on salt content for evaporation of whole sweat layer.

4 Conclusion

Mathematical model of heat transfer in the skin structure has been developed. Algorithm
and program implementation of the skin warming has been carried out taking into account
radiation and convection with evaporation of the sweat layer in a high temperature
environment. The software components have been created to simulate the heat transfer in
the skin structure. These might be applied to the development of a new generation medical
information systems [8,9] and also for integration with GIS of forest fire hazard prediction
[10,11] based on deterministic-probabilistic approach [12].
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