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ABSTRACT ARTICLE HISTORY
Heating is the main biological effect of the electromagnetic (EM) fields to Received 14 January 2015
human eye. This study intends to focus attention on the differences in the Accepted 20 August 2015
heat transfer characteristics of the human eye induced by EM fields in

different body positions. The effect of three different body positions - sitting,

supine, and prone - on natural convection of aqueous humor (AH) in the

anterior chamber of the eye is systematically investigated. The specific

absorption rate (SAR) value, fluid flow, and the temperature distribution in

the eye during exposure to EM fields are obtained by numerical simulation of

EM wave propagation. In this study, the frequencies of 900 and 1,800 MHz are

chosen for the investigations. The heat transfer model used in this study is

developed based on natural convection and porous media theories. The

results show that the AH temperature inside the anterior chamber is the

highest in the supine position at both frequencies. It is found that during

exposure to EM fields, body position plays an important role on AH natural

convection and the heat transfer process within the anterior chamber and its

periphery in the front part of the eye. However, the body position has no

significant effect on temperature distribution for the middle part of the eye.

The obtained results provide information on the body position and thermal

effects from EM fields exposure.

1. Introduction

In the eye, the natural convection is caused by buoyancy effects arising from the gravity force on density
differences in a body of the AH in the anterior chamber. The cornea is cooled by the air and tears the
evaporation film. This convective flow of the AH is influenced by the difference in temperature between
the external cornea and the internal lens. Moreover, the AH natural convection induced by the intense
electromagnetic (EM) fields has a significant impact on the temperature increase within the anterior
chamber [1-3]. Intense exposure to EM fields causes heating of tissues with potentially harmful effects.
It is well known that the eye is one of the organs most sensitive to environmental factors such as EM
fields. Recommendations that limit the exposure have been issued by the International Commission
on Non-Ionizing Radiation Protection (ICNIRP 1998) [4] and the Institute of Electrical and Electronics
Engineers (IEEE 2005) [5]. Normally natural convection is highly dependent on the geometry of the hot
surface. Therefore the changes in body position that change the anterior chamber orientation could have
a significant effect on the convective flow of the AH. Moreover, body position also affects the natural
convection in the eye, especially when subjected to EM fields.
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Nomenclature
C specific heat capacity (J/(kgK)) € permittivity (F/m)
E electric field intensity (V/m) o electric conductivity (S/m)
e tear evaporation heat loss (W/m?) W angular frequency (rad/s)
f frequency of incident wave (Hz) p density (kg/m?)
H magnetic field (A/m) Wy blood perfusion rate (1/s)
h convection coefficient (W/m?- K) T external surface area
j current density (A/m?) .
k thermal conductivity (W/(mK)) Subscripts _
n normal vector am ambient
P pressure (N/m?) b blood
Q heat source (W/m°®) ?xt external '
T temperature (K) ! subdomain
u velocity (m/s) met metabolic
¢ time r relative
B volume expansion coefficient (1/K) ref reference
m 0 free space, initial condition

magnetic permeability (H/m)

Several numerical models of the eye heat transfer have been investigated to illustrate the tempera-
ture distribution in the eye in different environmental conditions. At the beginning, most studies of
heat transfer analysis in human tissue, especially in the eye, used heat conduction equations [6-12].
Some studies were carried out on the natural convection in the eye based on heat conduction models
[13, 14]. Ooi and Ng [14, 15] studied the effect of aqueous humor (AH) hydrodynamics on heat trans-
fer in the eye based on a heat conduction model. Meanwhile, the bioheat equation, introduced by
Pennes [16, 17], based on the heat diffusion equation for a blood perfused tissue, was used for model-
ing the heat transfer in the eye as well [18, 19]. Ooi and Ng also developed a 3D model of the eye [20],
extending their 2D model [18]. Recently, porous media models have been utilized to investigate the
transport phenomena in biological media instead of a simplified bioheat model [21-23]. Shafahi
and Vafai [24] proposed porous media along with a natural convection model to analyze the eye
thermal characteristics during exposure to thermal disturbances. Advanced models of the eye based
on natural convection theory have been used in the various applications [25-33]. Ooi et al. and Tan
et al. conducted advanced numerical modeling of the human eye based on the boundary element
method [29-33]. Furthermore, Heussuer et al. [34] developed a numerical model that includes a
vertical blood stream in the choroid.

Our research group has numerically investigated the temperature increase in human tissue
subjected to EM fields in several problems [1-3, 35-41]. Wessapan et al. [1-3] investigated the SAR
and temperature distributions in the eye during exposure to EM waves using the porous media theory.
Wessapan et al. [35, 36] utilized a 2D finite element method (FEM) to obtain the specific absorption
rate (SAR) and temperature increase in the human body exposed to leaked EM waves. Wessapan et al.
[37, 38] developed a 3D model of the human head in order to investigate the SAR and temperature
distributions in the human head during exposure to mobile phone radiation. Keangin et al. [39-41]
carried out a numerical simulation of a liver cancer treatment using a complete mathematical model
that considered the coupled model of EM wave propagation, heat transfer, and mechanical
deformation in the biological tissue in the couple’s way.

However, most studies have mainly focused on the modeling and the influence of the external
conditions, but they have not considered the effects of eye geometry configuration such as body
position and anterior chamber orientation in the simulations, although it directly affects heat transfer
from the eye surface. In practical situations, these effects lead to enhanced convection heat transfer
within the anterior chamber, which can cause changes in temperature to the eye. Therefore, in order
to provide adequate information on the levels of exposure and health effects from EM fields’
exposure, it is essential to consider the effect of body position in the analysis.
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(a) Sitting (b) Supine (¢) Prone

Figure 1. Human eye exposure to EM radiation in different body positions.

This study presents the simulation of the SAR, fluid flow, and temperature distributions in an ana-
tomical human eye exposed to EM fields in different body positions. The work described in this paper
is substantially extended from our previous work [1-3] by further enhancing the focus on the effect of
change in body position on natural convection within the anterior chamber. A 2D heterogeneous
human eye model is used to simulate the SAR, fluid flow, and temperature distributions in the eye
model. The EM wave propagation in the eye is expressed mathematically by Maxwell’s equations.
The analysis of heat transfer is investigated using a recently developed heat transfer model based on
natural convection and porous media theory [24]. In the heterogeneous eye model, the effect of three
different body positions - sitting, supine, and prone - on natural convection in the anterior chamber of
the eye is systematically investigated. The SAR, fluid flow, and temperature distributions in the eye
during exposure to EM fields of 900 and 1,800 MHz are obtained by numerical simulation of the
EM wave propagation and heat transfer equations. The eye model excluded the presence of the eyelid
as well as the metabolic heat generation in order to ease the modeling procedures.

2. Formulation of the problem

It is well known that the eye consists primarily of water, especially the AH in the anterior chamber.
When the eye is exposed to EM fields, the temperature gradient within the anterior chamber plays
an important role in AH natural convection. This study investigates the effect of body position on
natural convection in the anterior chamber when subjected to EM fields. Figure 1 shows human eye
exposure to EM radiation in different body positions. Owing to ethical consideration, exposing the
human to EM fields for experimental purposes is limited. It is more convenient to develop a realistic
human eye model through the numerical simulation. A highlight of this work is the illustration of the
transport phenomena, including the heat and mass transfer in the eye during exposure to EM fields in
different body positions. The analyses of the SAR, heat transfer, and fluid flow in the eye exposed to
EM fields will be illustrated in Section 3. The system of governing equations as well as the initial and
boundary conditions are solved numerically using the FEM.

3. Methods and model

This study focuses on the differences in heat transfer characteristics of the human eye induced by EM
fields in different body positions. The first step in evaluating the effects of a certain exposure to EM
fields in the eye is to determine the induced internal EM fields and its spatial distribution. Thereafter,
EM energy absorption, which results in a temperature increase in the eye and other processes of
transport phenomena, can be considered.

3.1. Physical model

A 2D model of the eye, which follows the physical model in the previous research [24], is developed.
Figure 2 shows the 2D eye model used in this study. This model comprises seven types of tissue: the
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Figure 2. Human eye model vertical cross section [24].

cornea, anterior chamber, posterior chamber, iris, sclera, lens, and vitreous. These tissues have differ-
ent dielectric and thermal properties. In the sclera layer, there are two more layers known as the cho-
roid and retina, which are relatively thin compared to 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. The dielectric and thermal properties of tissues are given in
Tables 1 and 2, respectively. Each tissue is assumed to be homogeneous and electrically as well as ther-
mally isotropic.

3.2. Equations for EM wave propagation analysis

The mathematical models are developed to predict the electric fields and the SAR with respect to the
temperature gradient in the eye. To simplify the problem, the following assumptions are made:
The EM wave propagation is modeled in two dimensions.

The eye in which the EM waves interact with the eye proceeds in the open region.

The free space is truncated by scattering boundary condition.

The model assumes that dielectric properties of each tissue are constant.

In the eye, the EM waves are characterized by transverse magnetic fields (TM-mode).

A ol A

Table 1. Dielectric properties of tissues at 900 MHz and 1,800 MHz [42, 43].

Frequency: 900 MHz Frequency: 1,800 MHz
Tissue & o (S/m) g, o (S/m)
Cornea (a) 52.0 1.85 55.0 2.32
Anterior Chamber (b) 73.0 1.97 75.0 240
Lens (c) 513 0.89 411 1.29
Posterior Chamber (d) 73.0 1.97 75.0 2.40
Vitreous (e) 743 1.97 73.7 233
Sclera (f) 521 1.22 52.7 1.68

Iris (f) 521 1.22 527 1.68
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Table 2. Thermal properties of the eye [14].

Tissue o (kg/m3) k (W/m°C) G, (J/kg°C) U (Ns/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 (c) 1,000 04 3,000 - -
Posterior Chamber (d) 996 0.58 3,997 - -
Vitreous (e) 1,100 0.603 4178 - -
Sclera (f) 1,050 1.0042 3,180 - -
Iris (f) 1,050 1.0042 3,180 - -

The EM wave propagation in the eye in Figure 2 is calculated using Maxwell’s equations, which
mathematically describe the interdependence of the EM waves. The general form of Maxwell’s equa-
tions is simplified to demonstrate the EM fields penetrated in the eye as the following equation:

N

c

V x (s,—]—> VxH, | - pkH, =0 (1)
(1)

where H is the magnetic field (A/m), y, is the relative magnetic permeability, €, is the relative dielec-

tric constant, £, = 8.8542 x 10" F/m is the permittivity of free space, and k, is the free space wave

number (m™Y).

3.2.1. Boundary condition for wave propagation analysis
EM energy is emitted by an EM radiation device and falls on the eye with a particular power density.
Therefore, the boundary condition for solving EM wave propagation, as shown in Figure 3, is
described as follows:

It is assumed that the uniform wave flux falls on the left side of the eye. Therefore, at the
left boundary of the considered domain, an EM simulator employs TM wave propagation port with
specified power density:

S:/(E—El)-El//El-EldAl 2)

Scattering hommdary condition
(clectromagnetic wave propagation analysis)

nx(VXE) - jknx(Exn)=—n x(E, x jk(n—k)ex— jk-r)

______________________ 1
e |
e e |
<
i Continuity boundary G |
Convective. radiative ar o b e |
evapuralive bo undary ¢ - condition : 5
(heat transfer ar (electromagnetic wave N |
- propagation analysis) \\ |
~1 | Scacterin,
—n(—kVI) =+ e ) 2 \ Seattering
(= RVI) = (1 =1 o) nx(E, E,)=0 Downdary
1 i condition
4
EC\T 1:1”1) +E bo\m;uy - Continuity boundary (electromagneric
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Ar i Sk / I anaiy
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Figure 3. Boundary condition for analysis with a 2D finite element mesh of the eye model.
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Boundary conditions along the interfaces between different mediums, for example, between air
and tissue or tissue and tissue, are considered as continuity boundary condition

nx (B, —E) =0 (3)

The outer sides of the calculated domain, i.e., free space, are considered as scattering boundary
condition:
n x (V x E;) —jkE, = —jk(1 — k - n)Ey, exp(—jk - 1) (4)

where k is the wave number (m™"), o is the electrical conductivity (S/m), » is the normal vector,
j=+V/—1, and E, is the incident plane wave (V/m).

3.3. Interaction of EM fields and human tissues

Interaction of EM fields with biological tissue can be defined in terms of SAR. When the EM waves
propagate through the tissue, the energy of EM waves is absorbed by the tissue. The SAR is defined as
the power dissipation rate normalized by material density [23]. The SAR is given by

SAR = % B (5)

where E is the electric field intensity (V/m), o is the electric conductivity (S/m), and p is the tissue
density (kg/m?).

3.4. Equations for heat transfer and flow analysis

To solve the thermal problem, a coupled effect of the EM wave propagation and the unsteady bioheat
transfer are investigated. The temperature distribution corresponds to the SAR. This is because the
SAR in the eye distributes owing to energy absorption. Thereafter, the absorbed energy is converted
to thermal energy, which increases the tissue temperature.

Heat transfer analysis of the eye is modeled in two dimensions. To simplify the problem, the
following assumptions are made:

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

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

This study utilized the pertinent thermal model based on the porous media theory [24] to investi-
gate the heat transfer behavior of the eye when exposed to the EM fields.

In this study, the motion of fluid is considered only inside the anterior chamber (subdomain b in
Figure 2) [14]. There is a blood flow in the iris/sclera part, which plays a role to adjust the eye tem-
perature with the rest of the body. For the rest of the parts, the metabolic heat generation is neglected
based on the fact that these comprise mainly water. The equations governing the flow of heat in cor-
nea, posterior chamber, lens, and vitreous resemble the classical heat conduction equation given in
Eq. (6):
aTl‘
ot
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:

piCi - v ) (kIVTI) + Qext; i= a,c, da e (6)

V-u=0i=5b (7)
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Momentum equation:

aui

pia

where i denotes each subdomain in the eye model as shown in Figure 2, 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?), u is the dynamic viscosity of AH (N -s/m?), t is the 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 the 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.

Energy equation:

+p;uiV ou; = =Vp; + V- [W(Vu; + VulT)} + pigBi(Ti — Trp);i=1b (8)

oT;

ot
The sclera/iris is modeled as a porous medium with blood perfusion, which assumes that local

thermal equilibrium exists between the blood and the tissue. The blood perfusion rate used is

0.004 1/s. A modified Pennes’ bioheat equation [24] is used to calculate the temperature distribution
in the sclera/iris.

p;Ci V- (kVT;) = —pCiutj - VTi 4+ Que;i=b 9)

oT;
ot
where C is the heat capacity of tissue (J/kgK), k is the thermal conductivity of tissue (W/mK), T, is
the temperature of blood (K), p; is the density of blood (kg/m3), Cy, is the specific heat capacity of
blood (J/kgK), w;, is the blood perfusion rate (1/s), and Q. is the external heat source term (EM
heat-source density) (W/m?).

In this analysis, the porosity (¢) used is assumed to be 0.6. The heat conduction between the tissue
and the blood flow is approximated by the blood perfusion term p,Cpw;, (T, — T).

The external heat source term is equal to the resistive heat generated by the EM fields (EM power
absorbed), which is defined as

(1-¢)p,C =V - ((1—-e)kVTi) + p,Coop(Ty — Ti) + Qe i = f (10)

1 _
Qext :Ectissue’Elzzg'SAR (11)

where 0y, is the electric conductivity of the tissue (S/m).

3.4.1. Boundary condition for heat transfer analysis

The heat transfer analysis excluding the surrounding space is considered only in the eye. The corneal
surface, shown in Figure 3, is considered under the convective, radiative, and evaporative boundary
conditions.

—1+ (—kV'T) = ha(T; — Tam) +ec(T} = T2 Y+eonT,i=a (12)

where I is the external surface area corresponding to section i, e is the tear evaporation heat loss
(W/m?), T,,, is the ambient temperature (K), and h,,, is the convection coefficient (W/m?-K).

The temperature of blood is generally assumed to be the same as the body core temperature, which
causes heat to be transferred into the eye [14]. The surface of the sclera is assumed to be under the
convective boundary condition

—n- (7kiVT,‘) = hb(Tb - T,) on le :f (13)

where h,, is the convection coefficient of blood (65 W/m?-K). T'; and T, are the corneal surface and
scleral surface of the eye, respectively.
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3.5. Calculation procedure

In this study, FEM is used to analyze the transient problems. The computational scheme is to
assemble finite element model and compute a local heat generation term by performing an EM cal-
culation using tissue properties. In order to obtain a good approximation, a fine mesh is specified in
the sensitive areas. This study provides a variable mesh method for solving the problem as shown in
Figure 3. The system of governing equations and both the initial and boundary conditions are then
solved. All computational processes are implemented using COMSOL™ Multiphysics, to demonstrate
the phenomenon that occurs in the eye exposed to the EM fields.

The 2D model is discretized using triangular elements and the Lagrange quadratic is then used to
approximate the temperature and SAR variations across each element. A convergence test is carried
out to identify the suitable number of elements required. This convergence 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 independent of the number of elements.

4. Results and discussion

When the eye is exposed to EM fields, the gravity effect on the AH flow and heat transfer will have a
different effect depending on the eye orientation, which is relative to the body position. In this study,
the AH is considered to be incompressible, steady-state, Newtonian, and the Boussinesq approxi-
mation is applied for natural convection with constant physical properties. The AH natural convection
of the human eye at different body positions induced by EM fields is systematically investigated. This
work focuses on the effect of three different body positions: sitting, supine, and prone on natural
convection in the anterior chamber of the eye. The EM frequencies of 900 and 1,800 MHz are chosen
for the investigations since they are used in most parts of the world. The coupled model of the EM
propagation and thermal as well as fluid fields is solved numerically. For the simulation, the dielectric
and thermal properties are directly taken from Tables 1 and 2, respectively.

39.0
L 2
385 |
XK K
L x XX
380 S
&
375 | o ¥
- RS
"
37.0 e
o 4
T 365 / — ——Present Study
B }/
360 J © Shafahi, 2011
o /‘f & Experimental data
355 /’"/1 (Lagendijk, 1982)
i {
350 &/
/
Y
345
34.0 . :
0 0.005 0.01 0.015 0.02 0.025

Pupillary axis (m)

Figure 4. Comparison of the calculated temperature distribution to the temperature distribution obtained by Shafahi and Vafai
[24], and Lagendijk’s experimental data [8]; hgm =20 W/m?-K and T, = 25°C.
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4.1. Verification of the model

To perform verification of the models presented here, the case without EM fields of the simulated
results from this study are validated against the numerical results obtained with the same geometric
model by Shafahi and Vafai [24]. Moreover, the comparison between experimental results for a rabbit
obtained by Lagendijk [6] and the present numerical results has been performed. The validation case
assumes that the rabbit body temperature is 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 depicted in Figure 4 for temperature distribution in the eye. The figure
clearly shows a good agreement between experimental and numerical temperature distribution in
the eye. This favorable comparison ensures that the numerical model can accurately represent the
transport phenomena in the eye.

4.2. SAR Distribution

Figures 5a and 6a show the SAR distribution evaluated on the vertical cross section of the eye in dif-
ferent body positions during exposure to the EM frequencies of 900 and 1,800 MHz, respectively. The

SARmax= 135.3 Wikg SARmax= 135.3 Wikg SAR = 135.3 W/kg | .
- lg ‘ lg
Sitting Supine
(a)
Tmax= 40.052 °C L= 40.053 °C Toax=40.050 °C |,.
Temperature .) g lg lg :
Sitting Supine Prone
®
Vmax= 2.981e-6 m/s Vmax= 3.389%e-5 m/s Vimax= 3.432e-6 m/s
Velocity ]
. i
Field | '

8 i
Sitting Supine Prone
(©)

Figure 5. The SAR, temperature distribution, and velocity field in the eye at various body positions exposed to the EM power
density of 100 mW/cm? at the frequency of 900 MHz.
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Trax=40.326 °C Tet=A08337C Ti= 40325 %0
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Vax= J.524e-5 m/s Vinax= 1.916e-3 m/s V= 1.731e-5 m/s
Velocity lg

Field

¢ ¥
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®)

Figure 6. The SAR, temperature distribution, and velocity field in the eye in different body positions exposed to the EM power
density of 100 mW/cm? at the frequency of 1,800 MHz.

SAR values in the eye are increased corresponding to the electric field intensities. From the previous
work [2] at the power density of 100 mW/ cm’, the maximum electric field intensities of the frequencies
of 900 and 1,800 MHz are 391.8 and 231.2 V/m, respectively. Besides the electric field intensity, the
magnitude of the dielectric and thermal properties (Tables 1 and 2) in each tissue will directly affect
SAR distributions in the eye. For all cases, the highest SAR values are obtained in the region of the
corneal surface. For all body positions, the frequencies of 900 and 1,800 MHz display maximum
SAR values of 135.2 and 45.9 W/kg, respectively. It is found that the body position has no influence
on the SAR values in the eye. This is because gravity has a negligible influence on the EM energy
absorption behavior of the eye tissue.

4.3. Temperature distributions and velocity fields

Normally natural convection is highly dependent on the geometry of the container surface. Therefore,
the changes in body position that change the anterior chamber orientation could have a significant
effect on the convective flow of the AH. Moreover, the body position also affects natural convection
in the eye, especially when subjected to EM fields. A numerical simulation was carried out to
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investigate the temperature distributions and velocity fields in the human eye exposed to EM fields in
different body positions. In order to gain insight into the effects of body position on natural convec-
tion within the anterior chamber during exposure to EM fields, effects of an ambient temperature
variation and thermoregulation were neglected. The ambient temperature was set to the human body
temperature of 37°C. The convective coefficient due to the blood flow inside the sclera was set to
65W/m*-K [14].

Form the simulation of the 900 MHz frequency, the EM energy absorbed (SAR) is the highest over
the front part of the eye (Figure 5a), corresponding to its large temperature gradient (Figure 5b).
However, for the 1,800 MHz frequency, it is observed that a large temperature gradient is significantly
produced by the EM energy absorbed (Figure 6a) at the middle part of the eyeball (Figure 6b). For the
middle part of the eye, the temperature profile for each body position is almost the same. The
temperature profiles especially within the vitreous for three different body positions are closer to each
other for both 900 and 1,800 MHz frequencies. It means that body position has little effect on heat
transfer in the middle part of the eye when exposed to EM fields. However, the body position still
plays an important role on AH natural convection and the heat transfer process within the anterior
chamber and its periphery in the front part of the eye.

The effect of body position on velocity field in the eye during exposure to EM fields in different
body positions is shown in Figures 5¢ and 6¢. When the human eye subjected to EM fields, the AH
motion in the anterior chamber occurs mainly by natural means such as buoyancy. Since the AH
velocity associated with natural convection is relatively low, the heat transfer coefficient encountered
in natural convection is also low. This is because the velocity fields vary corresponding to the tem-
perature gradient in the eye. At the peripheral region of the anterior chamber where the convection
flow is small, temperature distributions are primarily governed by the conduction mode. Within the
anterior chamber, in the case of a lower temperature gradient, the circulatory patterns have a lower
speed, where a circulatory pattern with a higher temperature gradient flows faster. Besides the tem-
perature gradient, the changes in body position that change the anterior chamber orientation have a
significant effect on the AH natural convection. Figures 5¢ and 6c show the circulatory patterns in the
anterior chamber in the eye in different body positions during exposure to the EM frequencies of 900
and 1,800 MHz, respectively.

In sitting position velocity field of the 900 MHz (Figure 5c¢) flow is slower than that of 1,800 MHz
(Figure 6¢), but the 900 MHz case has a more complex motion. The natural convection of the
900 MHz forms the two circulatory patterns with opposite direction in the anterior chamber
(Figure 5¢). These patterns imply that the generated heat is transferred in two directions: one is to
the corneal surface and the other is to the lens surface. While in the 1,800 MHz, the velocity field
becomes faster and the flow circulates in the counterclockwise direction (Figure 6¢). It is implied that
the heat transfer travels outward from the lens surface to the corneal surface. In the supine position,
double circulation cells are formed. The flow patterns are symmetrical between the left and right sides
for both 900 and 1,800 MHz frequencies, but in case of 900 MHz the flow is faster. The primary cir-
culation flows in a counterclockwise direction, whereas the secondary circulation flows in a clockwise
direction. This seems to imply that the heat transfers are both traveling outward rising from the lens
surface. In the prone position, again the two circulatory cells are formed with the opposite direction in
the anterior chamber, but in a counter-current direction to the flow of the supine position. Heat
flow direction in the anterior chamber changes from outward convection to inward convection with
repositioning of the body position from supine to prone.

Figures 7 and 8 illustrate the temperature profile in the front part of the eye during exposure to EM
frequencies of 900 and 1,800 MHz, respectively, in different body positions. With the domination of
the AH natural convection, the heat transfer rate increases corresponding to the temperature gradient
induced by EM fields. In both 900 and 1,800 MHz, the maximum temperatures in the anterior cham-
ber are presented in the supine position. This is due to the fact that the localized heating of the AH
near the corneal surface on the top position of the anterior chamber cannot easily be released by the
physical mechanism of natural convection. Moreover, there are small differences in the temperature
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Figure 7. Temperature profile versus papillary axis of the eye exposed to the EM frequency of 900 MHz at 60 minutes.

profiles of sitting, supine, and prone in the lens region due to the domination of conduction heat
transfer. However, there are is a huge difference between each body position on the temperature
profile in the anterior chamber region, especially at 900 MHz (Figure 7) due to the domination of
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Figure 8. Temperature profile versus papillary axis of the eye exposed to the EM frequency of 1,800 MHz at 60 minutes.
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As a result, it can be concluded that the gravity effects on the AH flow and heat transfer have a
different effect depending on the eye orientation, which is relative to the body position. The effect
of body position becomes more significant on heat transfer in the front part of the eye where the
AH flow exists. This behavior is due to the fact that in the different body positions at the same EM
exposure condition, the frontal eye temperature profile is not the same. This indicates that the AH
natural convection behavior is different at different body positions for the same EM exposure
condition.

5. Conclusions

A numerical analysis of the SAR, AH natural convection, and heat transfer in the eye during exposure
to EM fields in different body positions has been performed. The results of the SAR values are increased
corresponding to the electric field intensities. Besides the electric field intensity, the magnitude of the
dielectric and thermal properties in each tissue will directly affect the SAR values in the eye. In this
study, the AH natural convection of the human eye in different body positions induced by EM fields
is systematically investigated. It is found that the AH natural convection increases on increasing the
anterior chamber temperature gradient. The influence of AH natural convection is particularly strong
in the front part of the eye. Body positions affect both AH velocity field and temperature distribution in
the anterior chamber and the surrounding area. This is because the gravity effect on the AH flow and
heat transfer has a different effect depending on the eye orientation, which is relative to the body pos-
ition and the AH natural convection in the anterior chamber plays a significant role in transferring heat.

No remarkable change in the temperature increases in the middle part of the eye especially in the
vitreous is observed with body repositioning. In this study, the difference in frontal eye temperature
profile is caused by the heating pattern (EM frequency) and anterior chamber configuration (body
position), which become the dominant mechanisms for the AH natural convection. The obtained
results contribute to the understanding of the realistic situation and prediction of the temperature
distribution within the eye during exposure to EM fields.
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