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Abstract—This study presents the implementation and vali-
dation of the Pennes bioheat equation within the OpenFOAM
framework to simulate heat transfer in human head tissues,
with the aim to be able to model the human head exposed to
5G millimeter wave radiation. We implement a bioheat solver
based and validate it through benchmark problems, including
a cylindrical tissue domain with an analytical solution and a
multi-layer tissue configuration. In addition, we simulate heat
transfer in a high-resolution human head model incorporating
heterogeneous tissue properties from the IT’IS database. Results
confirm the solver’s accuracy and stability, and temperature
predictions align with experimental data from the literature.
This work lays the foundation for advanced electromagnetic-
thermal dosimetry modeling in realistic anatomical geometries,
contributing to the ongoing assessment of S5G-related health
effects.

Index Terms—Bioheat, Pennes equation, OpenFOAM, 5G ra-
diation, human head modeling, SAR, mmWave.

I. INTRODUCTION

The bioheat equation modeling in the context of the human
head’s exposure to 5G radiation has emerged as a crucial field
of study due to the increasing adoption of millimeter wave
(mmWave) technology. This modeling is essential for under-
standing the thermal responses and specific absorption rate
(SAR) induced by electromagnetic fields associated with 5G
networks, particularly as these networks often operate at high
frequencies, such as 28 GHz. The bioheat equation, grounded
in Pennes’ heat transfer model, is integral to evaluating the
thermal effects resulting from electromagnetic exposure.

Cvetkovié et al. [2] show this by coupling electromagnetic
(EM) dosimetry with thermal dosimetry, demonstrating that
EM fields can induce temperature changes in biological tissues
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when modeled through finite element methods (FEM). Their
work highlights that the induced heating in tissues, particularly
in the human head, significantly depends on the electric field
distribution generated by mmWave frequencies. This is corrob-
orated by Hamed and Magsood [7], who explored the SAR and
temperature rise across various mmWave frequencies, utilizing
finite difference time domain (FDTD) simulations to assess the
thermal implications of EM exposure.

Furthermore, the practical implications of exposure to 5G
are illustrated by Morelli et al. [12], who conducted nu-
merical analyses to simulate the SAR profiles during mobile
communication, emphasizing the variations in exposure levels
between adults and children. The results suggested that the
biological response, including temperature elevation due to
absorbed power, differs significantly based on the age and
anatomical models employed. This aligns with the findings
from Penta and Kumar [15], who specifically targeted SAR
reduction techniques pertinent to the head area under 5G
influence, evidencing concerns over temperature fluctuations
due to high SAR in mobile communication scenarios. The
biological implications of 5G radiation extend beyond mere
thermal considerations.

Hardell and Nyberg [8] raised critical concerns regarding the
lack of comprehensive scientific evaluations prior to the de-
ployment of 5G technologies, linking RF exposure to various
health risks including cognitive and neurobehavioral impacts.

In contrast, the review by Karipidis et al. [11] states that
although numerous studies have been carried out in low-level
RF fields, there remains minimal evidence of health effects
associated with the frequencies used in 5G technologies,
calling for improved research methodologies. This reflects the
ongoing debate about the safety of prolonged exposure to high-
frequency EM fields. In addition to health risks, the modeling
frameworks must also consider the increasing complexity of
exposure conditions with the deployment of 5G infrastructure.

Elbasheir et al. [5] demonstrated through exposure assess-



ments that exposure levels are contingent upon urban density
and specific base station configurations, further complicating
the modeling scenarios. This is essential since varying en-
vironmental conditions can influence SAR and temperature
responses in biological tissues. In conclusion, the integration
of bioheat equation modeling in the assessment of human
head exposure to 5G radiation is pivotal in understanding both
thermal responses and broader health implications. Emerging
evidence necessitates further research efforts focusing on
redefining models to encapsulate the complexities of human
exposure to new-generation wireless communication technolo-
gies.

In this paper, we describe the implementation and validation
of the Pennes bioheat equation in the OpenFOAM framework
for simulating heat transfer in human head tissues, with the
goal of modeling the head exposed to 5G millimeter wave
radiation under different air flow regime. The bioheat solver is
validated using benchmark problems, including a cylindrical
tissue domain with an analytical solution and a multi-layer
tissue configuration. Furthermore, we simulate heat transfer in
a human head model consisting of 11 distinct tissue types.

II. GOVERNING EQUATION

The Pennes [14] bioheat equation
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is a widely used model for heat transfer in biological tissues.
The equation describes the temperature field 7" in a tissue
with density p, specific heat c;, thermal conductivity k, and
metabolic heat generation @,,,. The properties are tissue spe-
cific and assumed constant within tissues. Here wy, [kg/(m3s)]
is the blood perfusion rate per unit volume, ¢, is the specific
heat of blood, and T, is the temperature of arterial blood. The
equation is typically solved in a domain {2 with boundary 02
and initial condition. The boundary conditions are typically
of the Robin type, with a heat transfer coefficient ~ and a
temperature 7.

III. IMPLEMENTATION

We implement the governing equation (1) into OpenFOAM
[20] and test the validity of the implementation by considering
a tissue with constant material properties and steady state con-
ditions. OpenFOAM (Open Field Operation and Manipulation)
is an open-source CFD toolbox designed for the develop-
ment of customized numerical solvers and pre-/post-processing
utilities for the solution of continuum mechanics problems,
primarily fluid flow governed by the Navier-Stokes equations.
Written in C++ and leveraging object-oriented principles,
OpenFOAM provides a flexible and extensible platform for
high-fidelity simulations across a wide range of applications,
from incompressible and compressible flows to multiphase,
turbulent, and reactive systems. Its architecture is built around
a modular class structure that abstracts complex operations
such as discretization, linear algebra, and parallelization (via
MPI), enabling advanced users to tailor solvers and boundary
conditions with minimal overhead. OpenFOAM considers total

energy from of the Pennes equation, e = ;[T —Tref]+ %vQ—&- gz,
where c; is the specific heat, Tis is the reference temperature,
v is the magnitude of the velocity vector and g is the
gravitational acceleration. For constant material properties, the
Pennes equation can be written in the form
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where kinetic and potential energy contributions were ne-
glected.
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IV. BENCHMARKING

To verify the implementation of the Pennes equation in
OpenFOAM, we consider two test cases. The first test case is a
radially symmetric cylinder with constant material properties,
where the analytical solution is available. The second consid-
ers different tissues and verifies energy conservation across
boundaries.

A. Pennes equation in a cylinder

To benchmark the implementation we consider a cylinder
with radius R and length L, where L > R. The equation can
then be solved in the radial direction only, with the assumption
of axial symmetry. When the following boundary conditions
are chosen:

dr
=0
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dr
—k— =h[T - T,
dr [ ol
an analytical solution of the problem exists, which can be used
to validate the numerical implementation.

1) Analytical solution: In the benchmark case the temper-
ature depends on radial direction only and thus the Laplace
operator simplifies to %% [r %} . The Pennes equation, written
for temperature, then reads
1d { ar }
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The analytical solution for the Pennes equation in a cylinder
was derived by [21]. They used the following nondimensional
variables:
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The nondimensional Pennes equation then reads
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The nondimensional boundary conditions are
arx
=0 =0 8
=0 =0, ®)
ar*
= —aT", r*=1. 9)

dr*



The analytical solution for the nondimensional temperature
field is

Iy [r*\/é}
R

where Iy and /; are modified Bessel functions of the first kind.

2) Numerical solution: The test case is a cylinder with
radius R = 0.045 m. The tissue material properties are
cp = 3850 J/(kg K), k = 0.48 W/(m K), w, = 3 kg/(m?s),
T, = 310 K, Q,, = 1085 W/m3, h = 10.023 W/(m? K),
T = 298 K. The nondimensional parameters are 6 = 97.45,
v =0.7629, o = 1.879.

Comparison between the analytical solution (10) and our
simulations is shown in Figs. 1, 2, and 3 where temperature
distribution versus the radial position is shown for several
values of thermal conductivity, blood perfusion rate per unit
volume and metabolic heat generation, respectively. We ob-
serve excellent agreement for all computational grids used.
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Fig. 1. Comparison of tissue temperature simulation results and analytical
evaluation of (10) for temperature versus radial position for various values of
thermal conductivity.

B. Multiple tissues test case

To verify the ability of the numerical algorithm to handle
multiple tissues we consider a 1D temperature distribution
problem within three joined subdomains, adapted from [16].
The domain is a long cylinder of diameter 1 m and length 3 m
made of three different materials, as shown in Figure 4. The
prescribed potential is at the top and bottom of the cylinder
is Ty = 1°C' , T3 = 4°C and the conductivities are k| =
4 W/mK, ke =3 W/mK, ks =2 W/mK. There is no heat
flux at the cylinder wall, so the problem is one-dimensional.
The analytical solution for the temperature between the subdo-
mains is 77 = 22/13 = 1.6923°C, Ty = 34/13 = 2.6154°C
and for the heat flux is ¢ = 36/13 = 2.7692 W/m?2. The
results are shown in Fig. 5. They show that the numerical
solution matches the analytical solution very closely for both
temperature and heat flux.
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Fig. 2. Comparison of tissue temperature simulation results and analytical
evaluation of (10) for temperature versus radial position for various values of
blood perfusion rate per unit volume.
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Fig. 3. Comparison of tissue temperature simulation results and analytical
evaluation of (10) for temperature versus radial position for various values of
metabolic heat generation.

1o

Fig. 4. Temperature distribution in the case of one-dimensional heat diffu-
sion problem with three subdomains. Constant temperature 7y and 73 are
prescribed at the top and bottom ends of the cylinder, whereas zero flux is
assumed at the cylinder surface.
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Fig. 5. Comparison of the numerical solution with the analytical solution for
the temperature and heat flux in the three subdomains.

V. HUMAN HEAD MODEL

A. Setup

The human head is a complex structure composed of various
tissues, each with distinct thermal properties and biological
activity. Understanding the heat transfer phenomena in the
human head is crucial for evaluating the effects of electromag-
netic radiation on biological tissues, particularly in the context
of 5G millimeter wave exposure. In this section we present the
use of the Pennes bioheat equation, which we implemented in
OpenFOAM, to model the heat transfer in the human head
validate it against existing literature.

Rzechorzek et al. [17] found that in healthy people, brain
temperature ranged from 36.1°C to 40.9°C, with a mean of
38.5 £ 0.4°C, exceeding oral temperature (36.0 £ 0.5°C).
Tan et al. [18] demonstrated that brain temperature (38.51 +
0.59°C) is significantly higher than body temperature (36.47
+ 0.26°C), confirming a brain-body temperature gradient. The
scalp skin temperature was shown to be in the range of 34.4
°C (Janssen et al. [10]). Daanen et al. [3] reported the scalp
temperature to be 32.1 = (0.5 °C, the forehead temperature 33.9
+ 0.4 °C and the skin temperature of 32.3 + 0.4 °C with the
core body (esophageal) temperature 36.5 + 0.2°C.

We employ the human head model of Noetscher, et al.
[6], [13]. The model is shown in Fig. 6. The subdomains
included in the model are the cerebrum (grey and white
matter), cerebellum (white matter), skull, jaw, tongue, eye, soft
tissues, blood and cerebrospinal fluid (CSF). We assume that
the skull and jaw are made of 65% cortical, 35% cancellous
bone.

To facilitate the use of the finite volume method, which is
implemented in OpenFOAM, to discretize the bioheat transfer
equation, the human head model is discretized per subdomain
basis. We prepared three meshes with 881k elements (coarse),
2.11 mio elements (medium) and 10.04 mio elements (fine).
The meshes are shown in Fig. 7.

cerebrum
(white matter part)

cerebrum
(grey matter part)

skull

eyes cerebellum
(white matter part)
ventricles
tongue
Z soft tissues
jaw

Fig. 6. The Eleven subdomain head model, [6], [13].

We obtained the tissue properties from the IT’IS database
[9]. We assume [19] that the arterial blood temperature is equal
to the core body temperature, which is 7, = 37 °C. The tissue
properties are summarized in Table I.

Fig. 7. The three meshes used to simulate bioheat transport in the head model,
coarse mesh (881k elements, left), medium (2.11 mio, center) and fine (10.04
mio, right)

B. Boundary conditions

For a human standing in still air, heat is lost primarily
through radiation and convection. Experimental [4] and nu-
merical [1] studies measured and estimated the convective and
radiative heat transfer coefficients for the human head in still
air. The convective heat transfer coefficient was found to be
3.6 W/(m?K) and the linear radiative heat transfer coefficient
was found to be 4.1 W/(m?K), which makes the total heat
transfer coefficient equal to h = 7.7 W/(m2K). This was
used in the Robin type boundary condition at the skin surface
q = h[T — T]. The temperature of the environment was set
to T = 20 °C. At the bottom of the model, where the model
is cut from the lower body, we used the adiabatic boundary
condition to assume no heat exchange between the head and
the body.

C. Results

In our bioheat transfer model heat is transported via dif-
fusion and perfusion. Both processes are unlikely to produce
sharp temperature gradients in the human head. Nevertheless,
we performed a mesh convergence study to ensure that the
numerical solution is not sensitive to the mesh density. We
used the fine mesh for the simulation and compared the results



TABLE I
TISSUE PROPERTIES, [9]

Tissue p [kg/m®1 | ¢cp D/kgK] | k [Wm-K] | wy [keg/m>s] | Qm [W/m3]
Cerebrum (grey matter) 1044.5 3695.8 0.547 13.9555 16230
Cerebrum (white matter) 1041 3582.8 0.481 3.8673 4498
Cerebellum (white matter) 1045 3653 0.506 14.078 16373
Skull, Jaw 1653 1649.2 0.32 0.4915 435
Tongue 1090.4 3421.2 0.4950 1.4880 1317
Eye 1053.2 3583.0 0.5132 20.1063 22683
Soft tissues 1109 3390.5 0.3722 2.0641 1827
CSE, ventricles 1007 4095.5 0.5733 0 0
Blood 1049.75 3617 - - -

with the medium and coarse meshes. A profile of temperature
along the z-axis is shown in Fig. 8, where the results clearly
demonstrate that the temperature distribution is not sensitive
to the mesh density.

The temperature distribution in the head model is shown
in Figs. 9, 10 and 11. We observe that the temperature
distribution is not uniform and that the temperature is higher in
the brain than in the skin. This is due to the fact that the blood
perfusion rate is much higher in the brain and that the cooling
occurs across the skin surface. The temperature distribution is
also affected by the presence of the skull, which acts as an
insulator and reduces heat transfer from the brain to the skin.
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Fig. 8. Temperature profile along the z-axis, normalized to the head model
height; z*. Line definition (z, y, 2): start (0.0075, 0.025, -0.115); end (0.0075,
0.025, 0.1418)

VI. CONCLUSION

In this work, we presented the implementation of the Pennes
bioheat equation within the OpenFOAM framework to simu-
late heat transfer in biological tissues, with particular focus on
human head exposure to 5G millimeter wave (mmWave) radi-
ation. The bioheat solver was validated against two benchmark
cases: an analytical cylindrical tissue model and a multilayer
tissue configuration. Each validation confirmed the solver’s
numerical accuracy, robustness, and agreement with theoretical
expectations.

We extended our investigation to a high-fidelity anatomical
model of the human head composed of 11 heterogeneous
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Fig. 9. Temperature distribution on a z-normal plane at x = 0.0075m
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Fig. 10. Temperature distribution on a y-normal plane at y = 0.025m

tissue domains with physical properties derived from the IT’IS
database. The simulations revealed physiologically plausible
temperature distributions that aligned with empirical literature,
notably showing elevated core brain temperatures and a gra-
dient toward cooler skin layers due to blood perfusion and
surface heat loss.

The successful implementation and validation of this
model lays the foundation for the future integration of
electromagnetic exposure data to perform comprehensive
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Fig. 11. Temperature distribution on the head model surface.

electromagnetic-thermal dosimetry. This is particularly impor-
tant in view of the growing public interest in health and
the scientific investigation of the potential biological effects
of 5G radiation. By providing an open-source, extensible
numerical framework, this research contributes a crucial step
towards more realistic and anatomically sound assessments of
human exposure to next-generation wireless communication
technologies.

Future work will focus on coupling this thermal model with
full-wave electromagnetic solvers to simulate SAR distribu-
tion under realistic exposure scenarios and extend the scope
to include age-dependent anatomical variations and transient
exposure effects.
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