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Among the reported health benefits of a sauna session are weight loss, detoxification of the
body, and improved blood circulation. Side effects of sauna therapy, both beneficial and det-
rimental, also exist. It is well known that the human eye is one of the most sensitive parts of
the entire human body when exposed to high ambient temperature and humidity levels such
as in sauna therapy. This sauna heat interacts with the human eye and may lead to a variety
of ocular effects due to radiation emitted by the heater and high ambient temperature. How-
ever, the resulting thermophysiologic response of the human eye to various exposure con-
ditions during sauna therapy is not well understood. Therefore, it is of interest to
investigate the potential ocular effects that may occur during sauna exposure. This study
presents a numerical analysis of heat transfer in a heterogeneous model of a human eye
exposed to sauna. The heat transfer model is developed based on porous media theories.
In the heterogeneous human eye model, the effects of room air temperature and heater tem-
perature on the intraocular temperature increase are systematically investigated. The study
intends to focus attention on the different heat transfer characteristics between conventional
sauna (mainly convection) and infrared sauna (mainly radiation). The results show that at
the same room air temperature, the circulatory patterns within the anterior chamber of the
eye in regard to infirared sauna are more rapid than those for the conventional sauna. More-
over, eye temperature is also higher in the infirared sauna than in the conventional sauna.
The maximum temperatures of the eye exposed to conventional and infirared saunas at room
air temperature of 80° C are 48.25° C and 52.90° C, respectively. From the values obtained, a
guideline can be recommended to indicate the limitations in regard to temperature increase
in the human eye due to sauna therapy.

1. INTRODUCTION

A sauna is a small room designed to be heated to very high temperatures with
well-controlled humidity. Sauna therapy has been used for hundreds of years as a stan-
dard health-promoting practice, and can also be part of an effective weight loss pro-
gram. Saunas can be divided into two basic types: conventional saunas that warm
the air and infrared saunas that warm objects (Figure 1). The conventional sauna relies
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2 T. WESSAPAN AND P. RATTANADECHO

NOMENCLATURE
C specific heat capacity (J/(kgK)) B volume expansion coefficient (1/K)
e tear evaporation heat loss (W/mz) € porosity
F view factor p density (kg/m?)
G irradiation (W /mz) c Stefan—BoltZglann constant
h convection coefficient (W/m2 K) ©b blood perfusion rate (1/5)
k thermal conductivity (W/(m K)) r external surface area
n normal vector Subscripts
V4 pressure (N/ m?) am ambient
0 heat source (W/m?) b blood
T temperature (K) ext external
t time i subdomain
u velocity (m/s) met metabolic

on indirect means of heat: the air is heated and then the hot air makes contact with the
user’s skin (convection and conduction). In the infrared sauna, the radiant infrared
energy heats the air only slightly while heating the user’s body directly (radiation).
However, side effects of sauna therapy, both beneficial and detrimental, exist.
Increases in the human eye temperature are important for both laboratory and
clinical investigations [1]. Environmental conditions, namely ambient temperature,
influence the temperature increase in the eye. It is well known that the eye is one
of the organs most sensitive to environmental factors such as extreme temperature
conditions. This is due to the fact that the crystalline lens and cornea are nonvascular
tissues with a low metabolism, and also that the eye has no thermal sensors or
protective reflexes. The severity of the physiological effect produced by small tem-
perature increases can cause deterioration in eyesight. There are medical case reports
on the formation of cataracts in humans following accidental exposure to radiation
[2]. In fact, a small temperature increase in the eye of 3-5°C can induce the formation

Convenonal Sauna Inl'ared Sauna

Figure 1. Conventional and infrared saunas.
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HEAT TRANSFER ANALYSIS OF THE HUMAN EYE 3

of cataracts [3]. Additionally, it is reported that a temperature above 41°C is neces-
sary for the production of posterior lens opacity [4]. However, the resulting thermo-
physiologic response of the human eye to sauna exposure is not well understood. In
order to gain insight into the phenomena occurring within the human eye with tem-
perature distribution induced by sauna use, a detailed knowledge of both absorbed
radiation and temperature distribution is necessary. Thus, it is of interest to investi-
gate the potential ocular effects that occur during exposure to sauna.

The thermal modeling of human tissue is important as a tool to investigate the
effect of external heat sources and to predict abnormalities in the tissue. Most early
studies on heat transfer analysis in human tissue, especially in the eye, used heat con-
duction equations [5-11]. Some studies were carried out on natural convection in the
eye based on heat conduction models [12, 13]. Ooi and Ng [13, 14] studied the effect
of aqueous humor (AH) hydrodynamics on heat transfer in the eye based on a heat
conduction model. Meanwhile, the bioheat equation introduced by Pennes [15, 16],
based on the heat diffusion equation for a blood-perfused tissue, is also used for
modeling heat transfer in the eye [17, 18]. Ooi and Ng also developed a
three-dimensional (3D) model of the eye [19], extending their 2D model [18]. Porous
media models have recently been utilized to investigate the transport phenomena in
biological media rather than a simplified bioheat model [20-22]. Shafahi and Vafai
[23] proposed porous media along with a natural convection model to analyze ocular
thermal characteristics during exposure to thermal disturbances. Other research
groups conducted numerical analyses of heat and electromagnetic (EM) dissipation
in the eye [24-32]. Ooi et al. conducted advanced numerical modeling of the human
eye based on the boundary element method [33-37].

Our research group has numerically investigated the temperature increase in
human tissue subjected to EM fields in regard to many problems [37-45]. Wessapan
et al. [38, 39] utilized a 2D finite-element method (FEM) to determine the specific
absorption rate (SAR) and temperature increase in the human body exposed to leak-
ing EM waves. Wessapan et al. [40, 41] developed a 3D model of the human head in
order to investigate the SAR and temperature distributions in the human head dur-
ing exposure to cellphone radiation. Keangin et al. [42-44] carried out a numerical
simulation of liver cancer treatment using a complete mathematical model that con-
sidered the coupled model of EM wave propagation, heat transfer, and mechanical
deformation in the biological tissue in the couple’s way. Wessapan et al. [45-47]
investigated the SAR and temperature distribution in the eye during exposure to
EM waves using the porous media theory.

Advanced models of the eye based on porous media and natural convection
theory have been used in various heat transfer problems [29-36, 45-47]. However,
most studies have mainly focused on the effects of convective boundary conditions
and have not considered the effects of radiation from high-temperature sources in
the simulations. In sauna therapy, these radiation effects result in greater heat trans-
fer toward the eye, which can cause injury to the eye. Therefore, in order to provide
adequate information on the levels of exposure and health effects from sauna ther-
apy, it is essential to consider the combined effects of radiation and convection from
sauna exposure in the analysis.

This study presents a simulation of the temperature distribution in an
anatomical human eye exposed to sauna under various conditions. The temperature
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4 T. WESSAPAN AND P. RATTANADECHO

distribution in various tissues in the eye during exposure is obtained by numerical
simulation of a heat transfer model that is then developed based on porous media
theories. This study intends to focus attention on the differences in heat transfer
characteristics between conventional sauna (mainly convection) and infrared sauna
(mainly radiation). A 2D heterogeneous human eye model is used to simulate tem-
perature distribution and fluid flow in the eye model. The analysis of heat transfer
in the eye is investigated using a heat transfer model (based on porous media theory)
which was first proposed by Shafahi and Vafai [23]. In the heterogeneous eye model,
the effects of room air temperature and heater temperature on temperature distri-
bution and fluid flow in the eye during exposure to sauna are systematically investi-
gated. Temperature distribution and fluid flow obtained by numerical simulation of
heat transfer equations based on porous media theory are presented. In this work,
the model excluded the presence of both eyelid and metabolic heat generation in
order to simplify the modeling procedures. The obtained values represent the
phenomena accurately in determining temperature increase and fluid flow in the
eye, as well as indicating the limitations that must be considered when temperature
increases due to sauna exposure under different conditions.

2. FORMULATION OF THE PROBLEM

In many countries, sauna has always been a part of daily life. However, side
effects of sauna therapy, both beneficial and detrimental, exist. Figure 2 shows the
eye exposed to sauna under various conditions. The sauna heats the eye primarily
by conduction and convection from the heated air and by radiation from the heated
surfaces in the sauna room, which leads to tissue damage and cataract formation.
Due to ethical considerations, exposure of humans to sauna for experimental pur-
poses is limited; Therefore, it is more convenient to develop a realistic human eye
model through numerical simulation. Analysis of the heat transfer in the eye will
be illustrated in Section 3. The system of governing equations and the boundary con-
ditions is solved numerically using the FEM.

Ambient Convection

Thermal Radiation

Figure 2. Human eye exposed to sauna therapy.
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HEAT TRANSFER ANALYSIS OF THE HUMAN EYE 5

3. METHODS AND MODEL

The first step in evaluating the effects of exposure to sauna therapy is to deter-
mine the energy transferred by convection, radiation, and the evaporation process as
well as its spatial distribution. Thereafter, energy absorption which results in a
temperature increase in the eye and other processes of transport phenomena can
be considered.

3.1. Physical Model

In this study, a 2D model of the eye, which follows the physical model in the
previous research [23], is developed. Figure 3 shows the 2D eye model used in this
study. This model comprises seven types of tissue: cornea, anterior chamber, pos-
terior chamber, iris, sclera, lens, and vitreous. These tissues have different dielectric
and thermal properties. In the scleral layer, there are two further layers known as the
choroid and retina, which are relatively thin compared with the sclera. To simplify
the problem, these layers are assumed to be homogeneous. The iris and sclera, which
have the same properties, are modeled together as one homogenous region [13]. The
thermal properties of these tissues are given in Table 1. Each tissue is assumed to be
homogeneous and thermally isotropic.

3.2. Equations for Heat Transfer and Flow Analysis

To solve the thermal problem, a model of both unsteady heat transfer and
boundary conditions is investigated. Heat transfer analysis of the eye is modeled
in two dimensions. To simplify the problem, the following assumptions are made:

1. Human tissue is a biomaterial with constant thermal properties.
2. There is no phase change of substance in the tissue.

Vitreous (e)

Anterior
Chamber

Figure 3. Vertical cross section of the human eye [23].
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6 T. WESSAPAN AND P. RATTANADECHO

Table 1. Thermal properties of the eye [13]

Tissue p (kg/m?) k (W/m°C) C,(J/kg°C) p (N s/m?) B (1/K)
Cornea (a) 1,050 0.58 4,178 — —
Anterior chamber (b) 996 0.58 3,997 0.00074 0.000337
Lens (¢) 1,000 0.4 3,000 — —
Posterior chamber (d) 996 0.58 3,997 — —
Vitreous (e) 1,100 0.603 4,178 — —
Sclera (f) 1,050 1.0042 3,180 — —
Iris (1) 1,050 1.0042 3,180 — —

3. There is a local thermal equilibrium between blood and tissue.
4. There is no chemical reaction in the tissue.

This study utilized a pertinent thermal model based according to porous media
theory [23] to investigate the heat transfer behavior of the eye when exposed to
sauna.

In this study, the motion of fluid is considered only inside the anterior chamber
[13]. There is blood flow in the iris/sclera, which plays the role of adjusting eye tem-
perature to the rest of the body [23]. For the remaining parts of the eye, metabolic
heat generation is ignored based on the fact that these comprise mainly water [13].
The equation governing the flow of heat in the cornea, posterior chamber, lens,
and vitreous resembles the classical heat conduction equation given by Eq. (1):

oT;

Ci—t
pl al

:V(klle) ;i:aacadve (1)

This model accounts for the existence of AH in the anterior chamber. The heat
transfer process consists of both conduction and natural convection, which can be
written as follows:

Continuity equation:

Momentum equation:

Gui
P,-E + piuiV - up = —Vp; + V- [W(Vu; + Vu[T)]
+ pigBi(Ti — Trer); i=0

3)

where i denotes each subdomain in the eye model as shown in Figure 3, p is the
tissue density (kg/m?), B is the volume expansion coefficient (1/K), u is the velocity
(m/s), p is the pressure (N/m?), p is the dynamic viscosity of AH (N s/m?), 7 is time,
T is the tissue temperature (K), and T, is the reference temperature considered here,
which is 37°C. The effects of buoyancy due to temperature gradient are modeled
using the Boussinesq approximation, which states that the density of a given fluid
changes slightly with temperature but negligibly with pressure [13].
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HEAT TRANSFER ANALYSIS OF THE HUMAN EYE 7

Energy equation:

oT;
p,-C,'g—V(k,'VTi) = —pC,‘u,‘-VT,‘; i=b (4)

The sclera/iris is modeled as a porous medium with blood perfusion, which
assumes that local thermal equilibrium exists between blood and tissue. The blood
perfusion rate used is 0.004 1/s. A modified Pennes’ bioheat equation [20, 23] is used
to calculate temperature distribution in the sclera/iris:

oT;
—=V- ((1 — S)k,‘VT,‘) + prbOJb(Tb — T,)

at ext; i :f (5>
where C is the heat capacity of tissue (J/kg K), k is the thermal conductivity of
tissue (W/m K), Ty, is the temperature of blood (K), py is the density of blood
(kg/ m?), C,, is the specific heat capacity of blood (J /kg K), and oy, is the blood per-
fusion rate (1/s).
In the analysis, the porosity (¢) used is assumed to be 0.6. Heat conduction
between tissue and blood flow is approximated by the blood perfusion term,

P Coop(Ty, — T).

(1-¢)p,Ci

3.3. Boundary Condition for Heat Transfer Analysis

The corneal surface, shown in Figure 4, is considered under convective, radiat-
ive, and evaporative boundary conditions. The study focuses on the variation in heat
transfer characteristics between a conventional sauna (surface-to-ambient radiation)
and an infrared sauna (surface-to-surface radiation).

3.3.1. Conventional sauna (Case I). In this case, the room air temperature
is assumed to be equal to the room surface temperature (walls). Therefore, it is
reasonable to simplify the radiation at the corneal surface as a surface-to-ambient
radiation type:

~1.(=kVT) = hym(T; — Tym) +e0(T} = T ) +eon Tji=a (6)

Continuity boundary
_ condition
Convective, radiative and i
I &k VT -k, VT,)=
evaporative boundary condition e n-(kVT, ~k,VT,)=0

-n(-kVT)=h,, (T,~T, )+eo(T; ~T% )+E

am am am

No slip boundary condition
v=0 o
Convective boundary condition

~n\-kVT,)=hy (T, -T.)

Figure 4. A 2D finite-element mesh of the eye model and boundary conditions for analysis.
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8 T. WESSAPAN AND P. RATTANADECHO

3.3.2. Infrared sauna (Case Il). In this case, the infrared heater is at a tem-
perature higher than that of the walls, while the room air temperature is assumed to
be equal to the wall temperature. Radiation at the corneal surface is a multiple sur-
face radiation exchange, and thus surface-to-surface radiation is modeled using view
factor analysis:

~1.(=kVT) = hyn(Ti — Tam) + (G —oT}) +e on T'i=a (7)
Irradiation, G, can be written as a sum according to
G= FheaterGT}?eater + FamGT:m +e (8)

where I'; is the external surface area corresponding to section i, e is the tear
evaporation heat loss (W/mz), Tam 1s the ambient temperature (K), %,,, is the con-
vection coefficient (W/ m” K), Fis the view factor between surfaces, Ficater is the hea-
ter view factor, and F,,, is the ambient view factor.

The temperature of blood is generally assumed to be the same as the body core
temperature, which causes heat to be transferred to the eye [13]. The surface of the
sclera is assumed to be under the convective boundary condition:

—n- (=k;VT;) =hy(To — T;) on Ii=f )

where /1, is the convection coefficient of blood (65 W/m2 K),and I'y and I’ are
the corneal and scleral surfaces of the eye, respectively.

3.4. Calculation Procedure

In this study, FEM is used to analyze the transient problems. In order to obtain
a good approximation, a fine mesh is specified in the sensitive areas. This study pro-
vides a variable mesh method for solving the problem, as shown in Figure 4. The
system of governing equations and boundary conditions is then solved. All computa-
tional processes are implemented using COMSOL™ Multiphysics to demonstrate
the phenomenon that occurs in the eye exposed to sauna.

The 2D model is discretized using triangular elements, and the Lagrange quad-
ratic is then used to approximate the temperature variation across each element. A
convergence test is carried out to identify the number of elements required. This con-
vergence test leads to a grid with approximately 10,000 elements. It is reasonable to
assume that, at this element number, the accuracy of the simulation results is inde-
pendent of the number of elements.

4. RESULTS AND DISCUSSION

In this analysis, the effects of room air temperature and heater temperature on
temperature distribution and fluid flow in the eye during exposure to sauna are
systematically investigated. The following discussion focuses on the transport
phenomena that occur within the eye exposed to conventional and infrared sauna.
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HEAT TRANSFER ANALYSIS OF THE HUMAN EYE 9

In this study, the effect of thermoregulation mechanisms has been ignored. The con-
vective coefficient due to the blood flow inside the sclera is set to 65 W /m? K [13].
For the simulation, the thermal properties are taken directly from Table 1.

4.1. Verification of the Model

In order to verify the accuracy of the present numerical model, the simple cases
of the simulated results from this study are validated against the numerical results
obtained with the same geometric model by Shafahi and Vafai [23]. Moreover,
the numerical results are then compared to the experimental results from a rabbit
study by Lagendijk [5]. The validation case assumes that the rabbit body tempera-
ture was 38.8°C, the tear evaporation heat loss is 40 W/m?, the ambient temperature
is 25°C, and the convection coefficient of ambient air is 20 W/m? K. The results of
the selected test case are shown in Figure 5 for ocular temperature distribution.
Figure 5 clearly shows a good agreement for ocular temperature distribution
between the present solution and those of Shafahi and Vafai [23] and Lagendijk
[5]. This favorable comparison lends confidence to the accuracy of the present
numerical model.

4.2. Conventional Sauna (Case )

4.2.1. Effect of room air temperature. In the case of the conventional sauna,
when the room air temperature is higher than the eye temperature, namely 60, 80,

39.0
+
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Figure 5. Comparison of the calculated temperature distribution to temperature distribution obtained by
Shafahi and Vafai [23] and Lagendijk’s experimental data [3]; /u =20 W/m? K and T, =25°C.
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10 T. WESSAPAN AND P. RATTANADECHO

and 100°C (shown in Figure 6), heat convected and radiated from the ambient air
flows into the eye and the ocular temperature rises above normal body temperature.
At t=10min, the maximum temperatures inside the eye are 42.91, 48.25, and
53.81°C for room air temperatures of 60, 80, and 100°C, respectively.

4.3. Infrared Sauna (Case Il)

This case assumes that the heater view factor (Feater) 18 0.1 and the ambient
view factor (F,,) is 0.9.

In the case of the infrared sauna, infrared heating gives rise to energy transfer to
the eye exposed to the sauna. In Figure 7, the effect of heater temperature is also
investigated. This figure shows a comparison of temperature distribution within
the eye at 10min with a room air temperature of 80°C corresponding to heater
temperatures of 200, 250, and 300°C. It is found that the heater temperature has a
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Figure 6. Temperature distribution in the eye exposed to a conventional sauna at room air temperatures of
(a) 60°C, (b) 80°C, and (c¢) 100°C (at =10 min).
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Figure 7. Temperature distribution in the eye exposed to an infrared sauna at a room air temperature of
80°C and heater temperature set to (¢) no heater, (b) 200°C, (¢) 250°C, and (d) 300°C (at = 10 min).

significant influence on temperature increase within the eye. Greater heater
temperature provides greater heat radiation to the eye, thereby increasing the ocular
temperature. During infrared sauna exposure at 7,,om = 80°C, the maximum tem-
peratures in the eye are 50.28, 51.40, and 52.90°C for heater temperatures of 200,
250, and 300°C, respectively.

4.4. Comparison Between Conventional and Infrared Sauna

Consider the temperature distribution at the extrusion line (Figure 8). Figure 9
shows the temperature distribution versus papillary axis (along the extrusion line) of
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12 T. WESSAPAN AND P. RATTANADECHO

Figure 8. Extrusion line through the eye when temperature distribution is considered.
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Figure 9. Temperature distribution versus papillary axis of the eye exposed to conventional and infrared
sauna at various times.



HEAT TRANSFER ANALYSIS OF THE HUMAN EYE 13

the eye exposed to conventional and infrared saunas at various times. This figure
shows that the effect of sauna type has a substantial impact on temperature distri-
bution within the eye for all exposure times. In all cases, the maximum temperature
occurs at the corneal surface. At all exposure times, the infrared sauna induced a sig-
nificantly higher temperature increase in the eye than did the conventional sauna.

Figure 10 shows the circulatory patterns within the anterior chamber exposed
to conventional and infrared saunas at a room air temperature of 80°C and a heater
temperature of 250°C. In both cases, a clockwise circulation appeared in the anterior
chamber. This seems to imply that the heat gradually travels inward and passes
through the front of the eye (cornea) to the lens.

In comparison, in the conventional case, the circulatory pattern has a lower
speed than that of the infrared sauna. At low flow speed, the temperature gradient
is less steep in the anterior chamber, where conduction is the dominant heat transfer
mode across the fluid layer. On the other hand, in the case of the infrared sauna with
higher flow speeds, different flow regimes are encountered with progressively increas-
ing heat transfer. In this case, convective heat transfer plays a significant role in
transferring heat.

The maximum velocities inside the anterior chamber are 4.06 x 10™* and
4.63 x 10~*m/s for the conventional and infrared sauna, respectively. Based on this
study, it can be concluded that flow speed varies according to ocular temperature
gradient.

In this study, the maximum temperature in the eye exposed to conventional
and infrared sauna at Tje,er = 300°C for a room air temperature of 80°C is 48.25
and 52.90°C, respectively. This may cause potentially serious eye damage, especially
in the case of exposure to the infrared sauna. The accumulated heat due to the com-
bination of infrared energy and ambient air raises the eye temperature to 52.90°C;

Conventional Sauna Infrared Sauna

Vmax=4.06e-4 m/s V,.=4.63e-4m/s

Traam = 80 OC Troom T 80 OC: ]—;‘121119?‘ = 250 OC

Figure 10. Velocity distribution inside the anterior chamber exposed to conventional and infrared sauna at
a room air temperature of 80°C and a heater temperature of 250°C.
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14 T. WESSAPAN AND P. RATTANADECHO

such a high temperature in the regions of the cornea and lens may lead to damaged
eyesight and tissue destruction [2, 3].

5. CONCLUSIONS

While all saunas produce sweating, weight loss, detoxification of the body, and
improved blood circulation, conventional saunas and infrared saunas do this
differently. A conventional sauna warms the air, while an infrared sauna warms
the objects in the air (i.e., a human within an enclosed space). This study focuses
attention on the different heat transfer characteristics of conventional and infrared
saunas. The effects of room air temperature and heater temperature on temperature
distribution and fluid flow in the eye during exposure to sauna are systematically
investigated. Temperature distribution in various ocular tissues during exposure is
obtained by numerical simulation of a heat transfer model, which is then developed
based on porous media theories.

It is found that increasing ocular temperature results from an increase in both
room air temperature and heater temperature. The results show important
information related to a complex interaction among ambient temperature, heater
temperature, fluid flow, and temperature distribution in the eye during exposure
to sauna. This study also shows that exposure time has a marked influence on
temperature increase and fluid flow in the eye. At all exposure times, the infrared
sauna induced a significantly higher ocular temperature increase than did the con-
ventional sauna. Based on these results, saunas are potentially harmful to both
eye and eyesight, especially the infrared sauna. Excessive or prolonged exposure to
infrared sauna carries a higher risk of eye injury than conventional sauna. Staying
within recommended time limits and wearing eye protection can help avoid risk.

The results obtained represent the phenomenon sufficiently accurately to
determine the ocular temperature increase and enable recommendation of a guide-
line to indicate the limitations that must be considered at high temperatures due
to sauna exposure under different conditions. Thus, the health effect assessment of
sauna exposure requires the utilization of the most accurate numerical simulation
of the thermal model. A further study will be developed to provide a more realistic
3D model for simulations. This will allow a better understanding of a realistic situ-
ation of the heat transfer process during sauna therapy.
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