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Nomenclature
C
Specific heat capacity (J/(kg K))
E
Electric field intensity (V/m)
e
The tear evaporation heat loss (W/m2)
f
Frequency of incident wave (Hz)
H
Magnetic field (A/m)
h
Convection coefficient (W/(m2 K))
j
Current density (A/m2)
k
Thermal conductivity (W/(m K))
n
Normal vector
p
Pressure (N/m2)
Q
Heat source (W/m3)
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Temperature (K)
Velocity (m/s)
Time

Greek Letters
β
Volume expansion coefficient (1/K)
μ
Magnetic permeability (H/m)
ε
Permittivity (F/m)
σ
Electric conductivity (S/m)
ω
Angular frequency (rad/s)
ρ
Density (kg/m3)
ωb
Blood perfusion rate (1/s)
Γ
External surface area
Subscripts
am
Ambient
b
Blood
ext
External
i
Subdomain
met
Metabolic
r
Relative
ref
Reference
0
Free space, initial condition

22.1 Introduction
The electromagnetic (EM) waves of the different power levels and frequencies penetrate
deep into the human body causing health risks. In recent years, there has been some increasAQ1 ing public concern with the interaction between the human body and the EM fields. Since
the eye is one of the most sensitive organs to the EM fields, the high-intensity EM fields
may lead to a variety of ocular effects. However, the resulting thermophysiologic response
of the eye to EM fields is not well understood. Therefore, it is important to investigate
the ocular effects occurred during exposure to EM fields. Although the safety standards
written in terms of maximum tissue specific absorption rate (SAR) values are regulated,
they are not stated in terms of maximum temperature increase in the eye caused by EM
energy absorption. The eye temperature increasing gradually can cause serious long-term
effects on eyesight and vision. There have been medical case reports of cataract formation
in humans via microwave radiation [1]. It is reported that a temperature increase in the eye
of 3°C–5°C leads to induce cataract formation [2] and a temperature above 41°C is necessary for production of posterior lens opacities [3]. Therefore, to gain insight into the phenomenon of eye temperature distribution induced by EM fields, it is necessary to have a
detailed knowledge of the absorbed power distribution and the temperature distribution.
Previous studies focused on the effects of EM fields on the human eye [4,5]. Nevertheless,
their analysis has been conducted based on the maximum SAR values permitted by public
AQ2 safety standards regulation [6,7]. For example, in studies of an interaction between the EM
fields and the human eye, most of them have mainly focused on SAR and have not considered the heat transfer. Consequently, it could not be fully understood. In addition, there
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have been few experimental data on the correlation of SAR levels with the temperature
increase in the human tissue. Therefore, a modeling of heat transport is needed to completely explain the actual process of interaction between the EM fields and the human eye.
Thermal modeling of human tissue is important as a tool to explore the effects of external heat sources and investigate abnormalities in the tissue. Recently, the modeling of heat
transport in human tissue has been considered by many researchers [8–20]. Most studies
of heat transfer analysis in the human eye used heat conduction equation [8–14]. Some
studies carried out on natural convection in human eye based on heat conduction model
[15,16]. Ooi and Ng [16,17] studied the effect of aqueous humor (AH) hydrodynamics on the
heat transfer in the eye based on heat conduction model. Meanwhile, the Pennes’ bioheat
equation [18,19], based on the heat diffusion equation for a blood-perfused tissue, is used
for modeling of heat transfer in the human eye as well [20,21]. Ooi and Ng also developed
a 3D model of the human eye [22], extending their 2D model [21]. Recently, researchers
have used the porous media models to investigate the transport phenomena in biological
media instead of a simplified bioheat model [23–25]. Shafahi and Vafai [26] proposed the
porous media along with natural convection model to analyze the eye thermal characteristics during exposure to thermal disturbances. Narasimhan and Vishnampet [27] proposed
the porous medium model of the sclera and the choroid to study the effect of choroidal
blood flow on transscleral drug delivery to the retina. Many researchers have been tried to
conduct the advanced model using the coupled model of heat and laser irradiation in the
human eye [28–30]. Results from similar models of Ooi et al. [30] for various applications
were also presented in continuation [31–34].
Although the porous media and natural convection models of the human eye have
been used in the previous biomedical studies [15–16,26,27], most studies of the human eye
exposed to EM fields have not been considering the porous media approach, and natural
convection approach is sparse or nonexistent. Wessapan and Rattanadecho [35] investigated the SAR and temperature distributions of EM fields in the eye using porous media
theory. There are few studies on an interaction between the temperature and the EM fields
in realistic physical model of the human organs especially the eye due to its complexity.
Therefore, to provide information on exposure levels and health effects from EM fields, it
is necessary to simulate both of the EM fields and the heat transfer, based on porous media
theory within an anatomical model particularly the eye.
In this study, a 2D eye model was exploited to simulate the SAR and temperature distributions. EM wave propagation in the eye was investigated by using Maxwell’s equations.
An analysis of heat transfer in the eye exposed to a transverse magnetic (TM) mode of EM
fields was investigated using a developed heat transfer model (included the conduction
and natural convection heat transfer mode), which was proposed by Shafahi and Vafai [26].
The SAR and the temperature distribution in various parts of the human eye during exposure to EM fields at 900 MHz, which are obtained by numerical solution of EM wave propagation and heat transfer equation, are presented. This book chapter was based on empirical
data from the work of Wessapan and Rattanadecho [35], with permission from ASME.

22.2 Problem Formulation
In fact, the human exposures to EM radiation have increased exponentially. The human
eye is exposed daily to radiation from sources such as mobile phones, microwave oven,
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EM wave

Human eye

AQ3

Figure 22.1
EM fields from an EM radiation device.

monitors, and wireless networks and other EM fields commonly found in our daily life.
It is known that the human eye is one of the most sensitive organs to EM radiation. This
is because the crystalline lens and the cornea are nonvascular tissue with low metabolism and the eye has no thermal sensors and protective reflexes. An investigation of the
human eye exposure to EM fields can be done with difficulty due to the eye’s complex
geometry and its being a heterogeneous tissue. Moreover, this investigation cannot be
done by experiments due to the ethical considerations. Exposing a human to EM fields
for experimental purposes is still restricted. It is more convenient and ethical to develop
a realistic human eye model through numerical simulation. Figure 22.1 shows radiation
of EM fields from an EM radiation device to the human body. These EM fields fall on
the human eye that causes heating in the deeper tissue, which leads to tissue damage
and cataract formation.
Our first step in the evaluation of the effects of a certain exposure to EM fields in the eye
is to determine the induced internal EM fields and their spatial distributions. Thereafter,
with the EM energy absorption resulting in an increased temperature in the eye, other
interactions could be then considered. This study considers the coupling between the EM
and heat transfer equations to model the distribution of temperature fields induced by EM
radiation in the eye.
In this study, the eye model, which is based on a physical model we developed in the
previous research [26], comprises seven types of tissue including posterior chamber,
anterior chamber, cornea, iris, sclera, lens, and vitreous. Different types of tissue have
different dielectric and thermal properties. In the sclera layer, there are two more layers known as choroid and retina that are relatively thin compared to the size of the
sclera itself. To simplify the problem, these layers are assumed to be homogeneous.
The iris and the sclera, which have the same properties, are modeled together as one
homogenous region [16]. Figure 22.2 shows the 2D eye model used in this study [35].
The dielectric [36,37] and thermal properties [16] of tissue are shown in Tables 22.1 and
22.2, respectively. Each tissue is assumed to be homogeneous and electrically as well as
thermally isotropic.
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Figure 22.2
Human eye vertical cross section. (From Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer, 134,
091101, 2012. With permission.)

Table 22.1
Dielectric Properties of Tissues at 900 and 1800 MHz
Frequency 900 MHz
Tissue
Cornea (a)
Anterior chamber (b)
Lens (c)
Posterior chamber (d)
Vitreous (e)
Sclera (f)
Iris (f)

Frequency 1800 MHz

εr

σ (S/m)

εr

σ (S/m)

52.0
73.0
51.3
73.0
74.3
52.1
52.1

1.85
1.97
0.89
1.97
1.97
1.22
1.22

55.0
75.0
41.1
75.0
73.7
52.7
52.7

2.32
2.40
1.29
2.40
2.33
1.68
1.68

Source: Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer,
134, 091101, 2012. With permission.

22.3 Mathematical Model Formulation
The intensity of the internal fields in the body depends on various parameters such as an
operating frequency, the power intensity, a mode of propagation, the body geometry, the
tissue dielectric properties, a distance from EM source, and the presence of other objects
in the body vicinity. When the EM waves pass from one medium to another, they can be
absorbed, reflected, refracted, or transmitted, depending on the dielectric property of the
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Table 22.2
Thermal Properties of Human Eyes
Tissue
Cornea (a)
Anterior chamber (b)
Lens (c)
Posterior chamber (d)
Vitreous (e)
Sclera (f)
Iris (f)

ρ (kg/m3)

k (W/m °C)

Cp (J/kg °C)

μ (N s/m2)

β (1/K)

1050
996
1000
996
1100
1050
1050

0.58
0.58
0.4
0.58
0.603
1.0042
1.0042

4178
3997
3000
3997
4178
3180
3180

—
0.00074
—
—
—
—
—

—
0.000337
—
—
—
—
—

Source: Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012.
With permission.

exposed body and the operating frequency of the EM source. Most of the absorbed EM
energies are converted into heat.
22.3.1 Electromagnetic Wave Propagation Equation
EM waves are a phenomenon in the form of self-propagating waves in a free space or in
matter. EM waves consist of electric and magnetic fields oscillating in phase perpendicular
to each other and to the direction of wave propagation. Maxwell’s equations for electric
and magnetic fields are used to investigate EM wave propagation in different media and
radiation. An EM wave propagating in a linear, isotropic, homogeneous medium can basically be described by Maxwell’s equations:
∂B
∂t

(22.1)

1 ∂E
c 2 ∂t

(22.2)

∇×E = −

∇×B =

∇⋅E = 0

(22.3)

∇⋅B = 0

(22.4)

where
E is the electric field intensity (V/m)
B is the magnetic flux density (Wb/m2 or T)
c is the light velocity in the medium (m/s)
c0 = 2.99792458 × 108 is the speed of light in free space
c=

c0
n

(22.5)

where n is the refractive index of the medium, n = εr and εr is the relative dielectric
constant.
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Maxwell’s equations for free space are expressed by
∇ × E = j ωB
∇×B =

(22.6)

−1 
j ωE
c2

(22.7)

∇⋅E = 0

(22.8)

∇⋅B = 0

(22.9)

where
ω is the angular frequency (rad/s)
j = −1
The general form of Maxwell’s equations is simplified to demonstrate the EM fields
penetrated in the eye as the following equation:
−1


jσ 
∇ ×   εr −
∇ × H z  − µr k02 H z = 0



ωε0 



(22.10)

where
H is the magnetic field (A/m)
μr is the relative magnetic permeability
εr is the relative dielectric constant
ε0 = 8.8542 × 10 –12 F/m is the free space permittivity
k0 is the free space wave number (1/m)
22.3.1.1 Boundary Condition for Wave Propagation Analysis
This study investigated ocular changes during exposure to EM radiation with a particular
power density. A schematic description of a boundary condition is shown in Figure 22.3:
the uniform wave flux falls on the left side of the eye. Therefore, for the left boundary, an
EM simulator uses a TM wave propagation port with a specified power density:

S=

∫ (E − E ) ⋅ E .
∫E ⋅E
1

1

1

(22.11)

1

Boundary conditions along the interfaces between different mediums are considered as
continuity boundary conditions:
n × (E1 − E2 ) = 0.

(22.12)

The outer side of the calculated domain, that is, free space, is considered as a scattering
boundary condition:
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Scattering boundary condition
(electromagnetic wave propagation analysis)
n× ×E) –jkn ×(E×n)=–n×(E0 ×jk(n – k))exp(–jk. r)

Continuity boundary
condition
(electromagnetic wave
propagation analysis)
n × (E1 – E2) = 0

∆)

Continuity boundary
condition
(heat transfer analysis)
n . (ku Tu – kd Td ) = 0
∆

∆

No-slip boundary condition
(heat transfer analysis)
*consider only the developed model
v=0

∆

Convective, radiative, and
evaporative boundary condition
(heat transfer analysis)
4 )+E
–n·(–k T)= ham(Ti –Tam)+ εσ (Ti4 –T am

Convective boundary condition
(heat transfer analysis)
–n.(–ki Ti ) = hb(Tb–Ti )
∆

Wave port boundary condition
(electromagnetic wave propagation
analysis)
S =∫( E – E1) ·E 1/ ∫ E1·E 1

Figure 22.3
Boundary condition for the analysis of EM wave propagation and heat transfer. (From Wessapan, T. and
Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)

n × ( ∇ × Ez ) − jkEz = − jk(1 − k ⋅ n)E0 z exp(− jk ⋅ r )

(22.13)

where
k is the wave number (m–1)
AQ4
σ is the electric conductivity (S/m)
n is the normal vector
j = −1
E0 is the incident plane wave (V/m)
Microwave EM exposure levels are expressed in terms of power density (in W/m2 or W/ft2).
However, for microwave band, both the electric field intensity (in V/m) and the magnetic
AQ5 field intensity (in A/m) are used to represent the fields. According to the International
Commission of Non-Ionizing Radiation Protection (ICNIRP) guidelines [6], an average
SAR (in W/kg) (or whole-body average SAR) is defined as the ratio of the total absorbed
power in the exposed body to its mass where the local SAR refers to the absorbed energy
value per unit volume or mass, which can be arbitrarily small. The SAR is defined as
SAR =

σ 2
E
2ρ

(22.14)

where
σ is the electric conductivity (S/m)
ρ is the tissue density (kg/m3)
Ei is the electric field intensity (V/m)
AQ6
The SAR can also be determined from the increase in tissue temperature over a short
period of time following the exposure as
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∆T SAR
=
∆t
C

433

(22.15)

where
ΔT is the temperature increase
Δt is the exposure duration
C is the specific heat
22.3.2 Heat Transfer Equation
From a macroscopic point of view, thermal effects resulting from the EM waves’ absorption
inside the biological tissue are expressed in terms of the bioheat equation [18,19] based on
the heat diffusion equation, which can be written as
ρC

∂T
= ∇ ⋅ (k∇T ) + ρbCbωb (Tb − T ) + Qmet + Qext
∂t

(22.16)

where
ρ is the tissue density (kg/m3)
C is the tissue heat capacity (J/(kg K))
k is the tissue thermal conductivity (W/(m K))
T is the tissue temperature (°C)
Tb is the blood temperature (°C)
ρb is the blood density (kg/m3)
Cb is the blood heat capacity
ωb is the blood perfusion rate (1/s)
Qmet is the metabolism heat source (W/m3)
Qext is the external heat source (EM heat source density) (W/m3)
Qext =

σ 2
E
2

(22.17)

This study utilized two pertinent thermal models to investigate the heat transfer behavior
of the eye when exposed to the EM fields.
Model I: Conventional heat transfer model [21]
This model assumes the metabolic heat generation and the blood perfusion in the eye
to be zero. The governing equation therefore looked just like the classical heat conduction
equation:
ρ i Ci

∂Ti
= ∇ ⋅ (ki∇Ti ) + Qext ; i = a, b , c , d , e , f
∂t

(22.18)

where
i denotes each subdomain in the eye model as shown in Figure 22.2
ρ is the tissue density (kg/m3)
C is the tissue heat capacity (J/(kg K))
k is the tissue thermal conductivity (W/(m K))
T is the tissue temperature (K)
t is the time
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Model II: Developed heat transfer model [26]
In this model, the fluid motion is considered only inside the anterior chamber [16].
There is a blood flow in the iris/sclera part, by which the blood flow plays a role to adjust
the temperature of the eye [26]. For the rest of the parts, the metabolic heat generation
is neglected due to the fact that these parts comprise mainly water [16]. The governing
equation for the flow of heat in cornea, posterior chamber, lens, and vitreous is the same
as Equation 22.18.
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 expressed
as follows:
Continuity equation
∇ ⋅ ui = 0; i = b

(22.19)

Momentum equation
ρi

∂ui
+ ρi ui∇ ⋅ ui = −∇pi + ∇ ⋅ [µ(∇ui + ∇uiT )] + ρi gβi (Ti − Tref ); i = b
∂t

(22.20)

where
β is the volume expansion coefficient (1/K)
u is the velocity (m/s)
p is the pressure (N/m2)
μ is the dynamic viscosity of AH (N s/m2)
Tref is the reference temperature that we consider here as 37°C

AQ7

The effects of buoyancy due to the temperature gradient are modeled using the Boussinesq
approximation, which states that the density changes to the temperature change and the
pressure perturbations are negligible [16].
The energy equation is expressed as follows:
ρ i Ci

∂Ti
− ∇ ⋅ (ki∇Ti ) = −ρCi vi ⋅∇Ti + Qext ; i = b.
∂t

(22.21)

The sclera/iris is modeled as a porous medium with blood perfusion, by which the local
thermal equilibrium is assumed between the blood and the tissue. A modified Pennes’
bioheat equation [26,38] is used to calculate the temperature distribution in the sclera/iris
tissue:
(1 − ε)ρiCi

∂Ti
= ∇ ⋅ ((1 − ε)ki∇Ti ) + ρbCbωb (Tb − Ti ) + Qext ; i = f
∂t

(22.22)

where ε is the porosity.
22.3.2.1 Boundary Condition for Heat Transfer Analysis
The heat transfer analysis excluding the surrounding space is considered only in the eye.
The cornea surface as shown in Figure 22.3 is considered as the convective, radiative, and
evaporative boundary condition for all of the models:
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−n ⋅ (−k∇T ) = ham (Ti − Tam ) + εσ(Ti4 − Tam
) + e on Γ1 i = a

435

(22.23)

where
Γi is the external surface area corresponding to section i
e is the tear evaporation heat loss (W/m2)
Tam is the ambient temperature (K)
ham is the convection coefficient (W/(m2 K))
The blood temperature generally assumed to be the same as the body’s core temperature
causes heat to be transferred into the eye [16]. The surface of the sclera is assumed to be a
convective boundary condition for all of the models:
−n ⋅ (−ki∇Ti ) = hb (Tb − Ti ) on Γ 2 i = f

(22.24)

where
hb is the convection coefficient of blood
Γ1 and Γ2 are the corneal surface and the sclera surface of the eye, respectively.
22.3.3 Calculation Procedure
The computational scheme used in this study is applied to assemble a finite element model
and compute a local heat generation. The EM calculation is carried out by using tissue
properties. To obtain a good approximation, a fine mesh is specified in the sensitive areas,
by which a variable mesh method for solving the problem is proposed as in Figure 22.4.
The governing equations with initial and boundary conditions are then solved. The 2D
model with triangular elements is used to discretize the domain, and the Lagrange quadratic is then used to approximate temperature and SAR variation across each element.
To reduce the global mesh size, a mesh convergence test was performed. The mesh with
approximately 10,000 elements is obtained.

22.4 Results and Discussion
In this analysis, the effect of power density (5, 10, 50, and 100 mW/cm2) on distributions of
SAR and temperature profiles in the eye is systematically investigated using two models:
the conventional heat transfer model and the developed heat transfer model. The models
of the EM and thermal fields are solved numerically. The dielectric and thermal properties
as in Tables 22.1 and 22.2, respectively, are used for the simulation. In this study, we follow the guidelines of the ICNIRP, the radiated power used at the maximum SAR value of
2 W/kg (general public exposure) and 10 W/kg (occupational exposure) [6].
22.4.1 Verification of the Model
In order to verify the accuracy of the present numerical models, the simulated results from
this study are validated against the numerical results obtained by Shafahi and Vafai [26]
who studied the same geometric model as this. Moreover, the numerical results are then
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Figure 22.4
A 2D finite element mesh of human eye model.

compared to the experimental results of the rabbit obtained from Lagendijk [8]. The validation case assumes that the rabbit body temperature is 38.8°C, the tear evaporation heat
loss is 40 W/m2, the ambient temperature is 25°C, and the convection coefficient of ambient
air is 20 W/(m2 K). The results of the selected test case are presented in Figure 22.5 for the
temperature distribution in the eye. Figure 22.5 clearly shows a good agreement of the
temperature distribution in the eye between the present solution and that of Shafahi and
Vafai [26] and Lagendijk [8]. In the figure, the simulated results of the conventional heat
transfer model and the developed heat transfer model provides a good agreement with
the simulated results obtained from Shafahi and Vafai [26]. This favorable comparison
provides confidence in the results of the present numerical model.
22.4.2 Electric Field Distribution
To illustrate the penetrated electric field distribution inside the eye, the predicted results
obtained from our proposed models are required.
22.4.2.1 Effect of Power Density on Electric Field Distribution
Due to the different dielectric characteristics of the various tissue layers, a different fraction
of the supplied EM energy will become absorbed in each layer in the eye. Consequently,
the reflection and transmission components at each layer contribute to the resonance of
standing wave in the eye. Figure 22.6 shows the simulation of an electric field pattern
inside the eye exposed to EM field in TM mode operating at the frequency of 900 MHz
propagating along the vertical cross section of the eye model, by which the varying power
densities are done. As is obvious from Figure 22.6, the higher values of the electric fields in
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Figure 22.5
Comparison of the calculated temperature distribution to the temperature distribution obtained by Shafahi
and Vafai and the Lagendijk’s experimental data; ham = 20 W/(m2 K) and Tam = 25°C. (From Wessapan, T. and
Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)
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Figure 22.6
Electric field distribution (V/m) in human eye exposed to the EM frequency of 900 MHz at the power densities
of (a) 5 mW/cm2, (b) 10 mW/cm 2, (c) 50 mW/cm2, and (d) 100 mW/cm 2. (From Wessapan, T. and Rattanadecho, P.,
ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)
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all cases occur in the outer part area of the eye, especially in the cornea and lens. The three
highest electric field intensity values in the eye at all power densities occur in the cornea,
AQ8 lens, and iris, respectively. This is because the lower value of their dielectric properties
(εr) shown in Table 22.1 corresponds to Equation 22.10, as well as these tissues are located
close to the exposed surface, by which it causes the EM fields to penetrate easily into these
tissues. The electric fields deep inside the eye are extinguished where the electric field
attenuates due to the absorbed EM energy and the electric fields are then converted to heat.
Moreover, the electric field distribution also showed a strong dependence on the dielectric properties of the tissue. Certainly, the maximum electric field intensity at the higher
power density is greater than that of the lower power density. The maximum electric field
intensities are 391.680, 276.959, 123.907, and 87.616 V/m at the power densities of 100, 50, 10,
and 5 mW/cm2, respectively.
22.4.3 SAR Distribution
22.4.3.1 Effect of Power Density on SAR Distribution
For the SAR distribution in the eye, we found that the amplitude corresponds to the electric fields. Figure 22.7 shows the SAR distribution evaluated on the vertical cross section of
AQ9 the eye exposed to the EM frequency of 900 MHz at various power densities. The results
of the SAR values in the eye are evident from Figure 22.7. The SAR values are increased
corresponding to the electric field intensities (Figure 22.6). The maximum SAR values are
135.15, 67.575, 13.525, and 6.763 W/kg at the power densities of 100, 50, 10, and 5 mW/cm 2,
respectively. Comparing to the maximum SAR value of 2 W/kg (general public exposure)

6.763 W/kg

13.525 W/kg

Max: 140
140
120
100

(a)

67.575 W/kg

(b)

135.15 W/kg

80
60
40
20

(c)

(d)

0
Min: 0

Figure 22.7
SAR distribution (W/kg) in human eye exposed to the EM frequency of 900 MHz at the power densities of
(a) 5 mW/cm2, (b) 10 mW/cm2, (c) 50 mW/cm2, and (d) 100 mW/cm 2. (From Wessapan, T. and Rattanadecho, P.,
ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)
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and 10 W/kg (occupational exposure) [6], the resulting SAR values from this study are
higher than the ICNIRP exposure guidelines for occupational exposure in most cases
except for the power density of 5 mW/cm2. Besides the electric field intensity, the magnitude of dielectric and thermal properties in each tissue will directly affect the amount of
SAR in the eye. For all power densities, the highest SAR values are obtained only in the
region of the cornea, but not in lens and iris as electric field distributions. This is because
the cornea has a much higher value of its dielectric properties (σ) than those of the lens
and iris, as well as the cornea located close to the exposed surface, at which the electric
field intensity is strongest. It is found that the SAR distribution pattern in the eye, which
corresponds to Equation 22.14, strongly depends on the effect of the dielectric properties
(σ, shown in Table 22.1) and thermal properties (ρ, shown in Table 22.2). With penetration
into the eye, the SAR values decrease rapidly along the distance from the EM source.
22.4.4 Temperature Distribution
In order to study the heat transfer in the eye, the coupled effects of the EM wave propagation, the unsteady heat transfer, and the initial and boundary conditions are then investigated. Due to these effects, the electric field distribution (see Figure 22.6) and the SAR
distribution (see Figure 22.7) are then converted into heat by absorption of the tissue.
22.4.4.1 Effect of Heat Transfer Model on Temperature Distribution
Since this study has focused on the volumetric heating effect into the multilayer tissues
of the eye induced by EM fields, the effect of ambient temperature variation has been
neglected in order to gain insight into the interaction between the EM fields and the
human tissue as well as the correlation between the SAR and the heat transfer mechanism.
For this reason, the ambient temperature has been set to the human body temperature of
37°C, and the tear evaporation has been neglected. Moreover, the effect of thermoregulation mechanisms has also been neglected due to the small temperature increase occurred
during exposure process. The convective coefficient due to blood flow inside the sclera is
set to 65 W/m2 K [16].
For the eye exposed to the EM fields for a period of time, the temperature in the
eye (Figure 22.8) is increased corresponding to the SAR (Figure 22.7). This is because the
electric fields in the eye attenuate owing to the energy absorbed and thereafter the absorbed
energy is converted to the thermal energy, which increases the eye temperature. Figure
22.8 shows the temperature distribution in the vertical cross section of the eye at various
times exposed to the EM frequency of 900 MHz at the power density of 100 mW/cm2 calculated using the conventional heat transfer model (Model I) (Figure 22.8a) and developed
heat transfer model (Model II) (Figure 22.8b).
It is found that by using the different heat transfer models, the distribution patterns
of temperature at a particular time are quite different. The hot spot zone is strongly displayed at 10 min for both heat transfer models at the anterior chamber area, owing to the
extensive penetration of EM power of internal regions and higher dielectric properties
(εr) of the anterior chamber tissue. This higher dielectric property of the anterior chamber
represents the stronger absorption ability of EM fields than those of the cornea and lens.
The outer corneal surface has a lower temperature than that of the anterior chamber, even
if it has higher SAR value (Figure 22.7). This is because heat is dissipated to the ambient via AQ10
convection and radiation since the main heat transfer mechanism of the conventional heat
transfer model is the thermal conduction of the eye, whereas the developed heat transfer
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Figure 22.8
The temperature distribution in the human eye at various times exposed to the EM frequency of 900 MHz at the
power density of 100 mW/cm2 calculated using (a) the conventional heat transfer model and (b) the developed
heat transfer model. (From Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012.
With permission.)

model accounts for the natural convection in the anterior chamber as well. Therefore, the
developed heat transfer model with higher dissipation rates of heat generated by EM fields
can obtain higher cooling effect than that of the conventional heat transfer model.
Consider the temperature increase distribution at the extrusion line (Figure 22.9). Figure
22.10 shows the temperature increase versus papillary axis (along the extrusion line) of
the eye exposed to the EM frequency of 900 MHz at various times. In the early stage of

Extrusion line

Figure 22.9
The extrusion line in the human eye where the temperature distribution is considered. (From Wessapan, T. and
Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)
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Figure 22.10
Temperature increase versus papillary axis of the human eye exposed to the EM frequency of 900 MHz at
various times. (From Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012.
With permission.)

exposure (1 min), the calculated temperature in the anterior chamber, obtained from the
conventional heat transfer model, is little lower than that of developed heat transfer model.
This is because natural convection in the developed heat transfer model causes a substantial accumulation of warmer fluid in the upper half of the anterior chamber. Surprisingly,
just after 10 min of exposure, the temperature increase of the conventional heat transfer
model is higher than that of developed heat transfer model. This is due to the presence
of blood perfusion in the iris/sclera tissue, which covers an internal surface area of the
eye. This blood perfusion provides buffer characteristic to the eye temperature, which
is expected to occur in the realistic physiological conditions. Moreover, the natural convection and formation of two circulatory patterns with opposite direction in the anterior
chamber, shown in Figure 22.11, play the important roles on the cooling processes in the
eye, especially inner corneal surface, when a large temperature gradient is produced by
EM fields after 10 min. The circulation pattern implies that the generated heat in the anterior chamber is convected in two directions: one is to the corneal surface and the other is
to the lens surface.
22.4.4.2 Effect of Power Density on Temperature Distribution
In addition, each power density level is applied to investigate the effects of power density
(the power irradiated on the eye surface). Figure 22.12 shows the comparison of the temperature distribution in the eye at time approaching to steady-state condition with the frequency of 900 MHz corresponding to the power densities of 5, 10, 50, and 100 mW/cm2. It is
found that the power densities significantly influence the temperature increase in the eye.
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Figure 22.11
The velocity distribution inside the anterior chamber in the human eye when exposed to the EM frequency
of 900 MHz. (From Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012.
With permission.)
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Figure 22.12
The temperature distribution in the eye exposed to the EM frequency of 900 MHz at various power densities
calculated using (a) the conventional heat transfer model and (b) the developed heat transfer model. (From
Wessapan, T. and Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)
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Figure 22.13
The velocity distribution inside the anterior chamber in the eye exposed to the EM frequency of 900 MHz at the
power densities of (a) 5 mW/cm 2, (b) 10 mW/cm2, (c) 50 mW/cm2, and (d) 100 mW/cm 2. (From Wessapan, T. and
Rattanadecho, P., ASME Trans. J. Heat Transfer, 134, 091101, 2012. With permission.)

Greater power density provides greater heat generation inside the eye, thereby increasing
the rate of temperature rise. By using the developed heat transfer model, the maximum
temperature increases are 0.153°C, 0.305°C, 1.527°C, and 3.052°C at the power densities of
5, 10, 50, and 100 mW/cm2, respectively.
Figure 22.13 shows the circulatory patterns in the anterior chamber in the eye exposed
to the EM frequency of 900 MHz at various power densities. These circulatory patterns
in the anterior chamber vary corresponding to the power densities that produced the
temperature gradient in the eye. Therefore, in the case of a lower power density, the circulatory patterns have a lower speed, where a circulatory pattern with a higher power
density flows faster. At the lower power density with low flow speed, the heat transfer
in the anterior chamber occurs mainly by conduction across the fluid layer. In the case
of the higher power density with higher flow speed, different flow regimes are encountered, with a progressively increasing heat transfer. The fluid motion within the anterior
chamber is driven by the power density that is associated with the Grashof number Gr.
The Grashof number is defined as Gr = gβqD5/(kv2), in which D is the eye diameter (m), q is
the internal power density (W/m2), and v is the kinematic viscosity (m2/s). The range of
Grashof numbers investigated is 5.04 × 103 to 1.01 × 105 as shown in Figure 22.13.
22.4.5 Concluding Remarks
This study presents the numerical simulation of the SAR and temperature distributions in
the eye exposed to TM mode of EM fields. The results of the SAR values in this study are
increased corresponding to the electric field intensities. Besides the electric field intensity,
the magnitude of dielectric and thermal properties in each tissue will directly affect the
amount of SAR in the eye.
In this study, it is found that the highest level of SAR value is the cornea, while the highest temperature is the anterior chamber. In different heat transfer models, the temperature
results obtained from a developed heat transfer model, considered natural convection and
porous media theory, are compared to the results obtained from a conventional heat transfer model in order to highlight the advantages and the weakness of each model. It is found
that by using the different heat transfer models, the distribution patterns of temperature
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at a particular time are quite different. In all cases, the temperatures obtained from the
developed heat transfer model have a lower temperature than that of the conventional
heat transfer model. This is due to the presence of blood perfusion that provides buffer characteristic to the eye temperature, as well as the natural convection in the anterior
chamber. It is found that greater power density results in a greater heat generation inside
the eye, thereby increasing the rate of temperature increase. Moreover, it is found that the
temperature distributions in the eye induced by EM fields are not directly related to the
SAR distribution due to the effect of dielectric properties, thermal properties, blood perfusion, and penetration depth of the EM power.
The numerical simulations in this study show several important features of the energy
absorption in the eye. This information can be used as a guideline for limiting human eye
exposure from EM wave radiation.
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