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Abstract—Thermal comfort is the human subject perceived satisfaction to
the environmental condition. The human comfort level is affected by skin tem-
perature. Currently to determine the human skin temperature by using human
experiment in a controlled environment. However, the experiment is very rigor-
ous and exhaustive. This study was conducted to predict human skin tempera-
ture under comfort level with using the finite element method and the bioheat
equation. The bioheat equation is used to predict the initial value of human skin
temperature with the influence of the metabolic heat generation and the blood
perfusion. It is discovered the skin temperature of the human subject experiment
fluctuates. However, the result obtained from the model remains unchanged un-
til the simulation ends. The predicted results from the model were well in
agreement with the experimental results with an acceptable error of 1.05%.
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1 Introduction

Thermal comfort is the person subject perceive satisfaction towards the surround-
ing environment conditions. The thermal environment is assessed by a subjective
evaluation according to the Olesen and Parsons [1] are based on the predicted mean
vote known as the PMV model that aims to minimize the percentage of dissatisfaction
towards the surrounding. The indoor environment can be maintained according to the
human clothing level and body metabolic heat generation. It is also relate to the hu-
man physical activities. The current study assesses thermal comfort of indoor spaces
by using the thermal balance between the human body and the surrounding. Previous-
ly the thermal comfort model introduced by Ferreira and Yanagihara [2], Fanger [3]
Predicted Mean Vote (PMV), Gagge, Stolwijk [4] standard effective temperature
(SET) and Hoppe [5] physiological equivalent temperature (PET). These models were
developed without considering the human metabolic heat rate and the blood perfusion
that affect the subject comfort level [6]. Instead, the models considered the thermal
parameters, such as air velocity and indoor radiant field. The models were also based
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on the human subjective perception and not human physiology, such as skin tempera-
ture or the human core temperature. These models were incapable of predicting hu-
man physiology in a complex environment. According to Lai, Guo [7], the PMV
model overestimated the thermal sensation by a factor of 1.3. This may be due to
incorrect estimation of the single body without considering the blood perfusion and
metabolic heat generation.

Blood perfusion is important as it is affected by physical activities and the sur-
rounding environment [6]. The blood perfusion of the human body is influenced by
the human body thermoregulation [8]. Consequently, skin temperature fluctuates due
to blood perfusion and metabolic heat generation. The overall thermal sensation and
skin temperature show a linear relation, which means the overall human thermal sen-
sation can be reflected by skin temperature [9]. Therefore, these factors must be con-
sidered to determine the accuracy of skin temperature prediction under comfort level.
Blood perfusion is a decisive part of the human thermal functions. About 50%-80%
of the heat flow in the tissue is carried out by blood flow [10]. Skin temperature under
comfort level can be predicted by using Pennes bioheat equation with the considera-
tion of clothing. Bioheat equation is the mathematical model for heat transfer in hu-
man tissue called the bioheat equation. The effect of blood flow on heat transfer was
modeled as heat sink or source whose magnitude is proportional to the volumetric
perfusion rate and difference between arterial and venous temperatures [11, 12].

Currently there are other models that consider blood perfusion to predict human
skin temperature [13, 14]. Stolwijk [15] developed a multi-segmented mathematical
model of the entire human body. He used a spherical head and five cylindrical seg-
ments to represent the human body that mainly consists of the trunk, arms, hands,
legs, and feet. Each segment was divided into four layers, i.e. lumped layers, muscle,
fat and tissue. It was also connected to the blood flow of a circulatory system to regu-
lates the body heat There are also a few researchers that developed models based on
the Berkeley comfort model [6, 16, 17] by increased the number of segments, im-
proved the blood flow model including the counter flow heat exchange at each seg-
ment and added clothing insulations. However, the models were too complex and
exhaustive, which required high computer power to solve the calculations.

In this study, a new practical approach that focused on the human arm was devel-
oped to predict the human skin temperature under comfort level using the finite ele-
ment method and bioheat equation. The study aimed at identifying the interaction of
the surrounding condition with the human physiology without conducting experiment
on human subjects.

2 Methodology

The analysis began by solving the bioheat equation, which is merely a steady con-
duction heat transfer in living tissue. The equation also included the heat generated by
metabolic and blood perfusion rates. The equation was used to solve heat transfer at
the muscle layer to determine the temperature between the skin layers and muscle,
which in turn was used as the boundary condition in the finite element analysis. The
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ANSYS software Version 14.0 was used as a tool to perform the finite element analy-
sis under transient conditions.

2.1 The mathematical model

Pennes [10] introduced a modification of the heat transfer in living tissue by adding
the metabolic heat generation and heat exchange of thermal energy of flowing blood
and the surrounding tissue. Both factors can be identified as heat sources in the heat
transfer equation as follows:

d’T | dm+dp _

dx?2 w0 (M

Where, qp, and g, are the metabolic and perfusion heat rates, respectively. The
thermal conductivity, k is assumed to be constant.

qp = wppCp(T, — T) 2

Equation 2 represents the heat transfer rate of blood flowing in small capillaries.
The inlet (arterial temperature) and exit temperatures of the blood are denoted as Ta
and T, respectively. The rate at which the skin tissue layer gains the heat is the rate at
which blood loses heat. The blood perfusion rate is denoted as w (m3/s of the volu-
metric blood flow) while py, and c;, are the blood density and specific heat, respective-
ly.Consider a human body that has a muscle thickness, Lm of 34.2 mm and skin fat
thickness, Lsf of 12.08 mm [18] as illustrated in Fig. 1. The surface area of the skin is
estimated to be 1.8 m2 [19]. The core body temperature, Tc and arterial temperature,
Ta are both assumed to be 37°C. The metabolic heat generation rate of a person in a
sedentary situation at the upper arm, qy, is 684 W/m3 [20].The radiation coefficient,
hr is 5.49 W/m2.K. The surrounding temp, T,, is assumed to be 30°C. Table 1 shows
the material properties of the human muscle, skin and blood.

Te

Muscle Skin/ 5| T
fat

L,=34.2 mm Ly~12.08 mm

Fig. 1. The bioheat model.
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Table 1. The properties of the human muscle, skin and blood [21]

Properties Value

Blood density [19] 1060 kg/m*
Blood specific heat [19]. 3770 K/kg.K
Blood perfusion rate [19]. 1.25x10-3s™!
Muscle thermal conductivity [20] 0.42 W/mK
Muscle density [20] 1085 kg/m*
Muscle specific heat capacity [20] 3768 J/kg K
Skin fat thermal conductivity [22] 0.293 W/m.K
Skin fat emissivity [22] 0.95

The rate of heat transfer between the skin and the adjacent air can be described as:

Ti-Too

Rtot

Where, the total resistance, Rtot is:

Lgr 1
Ripe = —3 [ ——
tot kaA 1/h A
r

_1! (E + L)
A\kgs  hy
The radiation, hr heat transfer coefficient of the air gap is 5.49 W/m2.K.
The excess temperature at the boundary as given by [23] is:

8(0) = TC—Ta—#‘;‘Cb= 0, 4
Oln) =T~ Ty — 2= 6; 5)

The prescribed temperature involving two boundary conditions as given by [23] is:

0 _ (8j/8¢) sinh mx+sinh i (Ly—x) (6)
0c sinh fi Ly,

The heat that is leaving the muscle is equal to the heat that is transferred through
the skin/fat. The heat transfer rate at Lm is:

0 ~
dT de N ( ! ec) cosh Ly -1
qix=Lm = _kmAE |x=Lm = _kmA& lx=Lm = _kmAmec/— @)

sinh MLy,

By combining Equation 3 and Equation 7, the surface temperature at muscle Ti is:

s ~ dm &
_ TeosinhMLy + kmAmRtot[ec +<Ta+WPbe> cosh mLm]

T, = 8
1 sinh MLy + Ky AfiRorcoshiLy, ®)
~ WpRC
Where, m = YPb%
Km
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The skin/fat temperature, Tsf can be obtained by equating the heat transfer by con-
duction at the skin/fat layer to heat by radiation, q,,q4 at the air layer. The heat that is
transferred through the muscle layer, qy—1n is equal to heat that is transferred

through the skin/fat, qconqjx=Lst as follows:

Qcond|x=Lsf = 9rad
Qcond|x=Lsf = hy (Tgs — To)
Therefore, the skin temperature is [21]

__ Ycond|x=Lsf+hrTeo
Tsf - hy (9)

3 Validation and Verification

Validation for the human body was compared with the study by [6]. The authors
studied human physiology when exposed to partial and whole-body heating and cool-
ing under a controlled environment. The skin temperature, core temperature, thermal
sensation and thermal comfort responses were recorded for 19 local body parts and
the whole body. The experiment was performed on 109 human subjects in a con-
trolled climatic chamber. Thermocouples were attached to measure skin temperature
at 28 locations for every 5 s.

Fig. 2 shows the experiment by Huizenga, Zhang [6] on a human subject to deter-
mine the skin temperature of the human arm. This experiment was used for validation
purposes to confirm that the outcome from the current research model is acceptable by
the American Society of Heating, Refrigerating and Air-Conditioning Engineers [24].
Based on Huizenga, Zhang [6], the air sleeve encapsulated the subject’s arm in a cli-
matic chamber. It was used to control temperature, air velocity and humidity. The
subject was wearing a long sleeved leotard made from cotton spandex. The air sleeve
was attached to the borders of the subject’s arm with Velcro strips sewn onto the leo-
tard.

Fig. 2. The human subject encapsulated with an air sleeve in a climatic chamber as adapted
from [6] experiment
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Fig. 3 shows the model geometry in 1-dimensional quarter geometry. It focuses on
the human lower arm. The radius is 20 mm, which represents the average human arm
[6]. Fig. 3 also shows the quarter cylindrical geometry of this study that consists of
three layers, namely the skin layer, air gap and clothing layer. The skin layer is placed
at the inner most of the geometry. The air gap is in the gap between the skin and
clothing layers. The material for the clothing layer is cotton spandex, also known as
leotard. It is located at the outer layer geometry. Table 1 shows the model dimensions.

Cotton
Spandex

5.000 10.000 (mm;

Bl iy 7500

Fig. 3. The geometry of the study.

Table 2. Model dimensions.

Layer Thickness (mm)
Skin 2.080
IAir gap 1.000
Cotton Spandex 0.797

Fig. 4 shows the boundary conditions specified in this model. The metabolic rate
depends on the human physical activities. However, in this study, the human subject
was in a sedentary state. The metabolic rate was 684 W/m2. This value was applied in
the bioheat equation to determine the initial value of the skin temperature. The inner
layer skin temperature value was fixed at 36.8°C and located at the D layer that was
obtained from Pennes’ bioheat equation using Equation 9. The radiation was specified
at the A layer, B layer and C layer with emissivity values of 0.8, 0.8 and 0.94, respec-
tively [25]. The coefficient of the natural convection was specified at the A layer by
using Equation 10. The ambient temperature was 31.5°C, based on [6]. The properties
of the clothing material are specified in Table 2. The solution was at the skin layer,
which is at the inner layer to observe the skin temperature variation against time. The
simulation was simulated for 80 second.
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0.000 5.000

10,000 {rmm

pstaldi,

Fig. 4. The boundary condition in the finite element model.

Table 3. Properties of clothing material obtained from [25]

Layers Skin Cotton Spandex Air Gap
Density (kg/m3) 1877 365 1.184
Emissivity 0.95 0.8 -
Thermal conductivity (W/m.K) 0.293 0.0294 0.02551
Specific heat capacity (J/kg.K) 0.95 5.844x10-4 1007

According to [23], the coefficient of the Nusselt number for a long horizontal cyl-
inder can be determined by using the following equation:

Where,

NuD =

1
6
0.387Rap

0.6 +

9727
1+ (0.559/Pr)16]

2

Rayp is the Rayleigh number for the long horizontal cylinder
Pr is the Prandtl number
[23] also stated that the Rayleigh number for a long horizontal cylinder can be ob-
tained by using the following equation:

Where,

_ 3
RaD — gB(TsV (;roo)D

g is the gravitational acceleration (m/s2)
B is the expansion coefficient (K-1)
T is the surface temperature (K)
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T, is the surrounding temperature (K)

D is the diameter (m)

v is the kinematic viscosity (m2/s)

a is the thermal diffusivity (m2/s)

The natural convection coefficient was determined by using the following equa-
tion, based on [23]:

k
h= < Nup (12)

Where,

k is the thermal conductivity (W/mK)

D is the diameter (m)

Nup is the Nusselt number for a long horizontal cylinder

Fig. 5 shows the meshing pattern used in the model. The type is quadrilateral uni-
form. The nodes at each interface were kept unbroken and continuous to promote
physical interaction to ensure the calculation between the heat flux and material prop-
erties is correct to produce accurate results. The number of elements at each layer
(from the outer to the inner layers) was kept constant. The aspect ratio for each ele-
ment was fixed at 1:1 and the ratio decreased with the thickness of the layers.

0.01(m)

0005

Fig. 5. Meshing pattern.

The simulation was performed under transient condition for a duration of 80 s. The
initial ambient temperature was specified at 31.5°C similar as prescribed by Huizenga
et al. (2004). Fig. 6 shows the results of the model’s Grid Independent Test (GIT).
The GIT was conducted to determine the suitable number of elements to be used. The
skin temperature was chosen as the reference parameter when performing the GIT.
The number of elements used was increased until the skin temperature became stable
and unchanged. Therefore, a total of 620 elements were used in the preceding finite
element analysis.
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Skin temperature (°C) against Time (s)

36,30
36,20
36,10
36,00
35,90
35,80
35,70
35,60
35,50
35,40
0 200 400 600 800

Fig. 6. The Grid Independent Test (GIT).

4 Results and Discussion

Fig. 7 shows the temperature contour inside the single-layered material. The outer
clothing layer experienced the lowest temperature, i.e. 31.76°C. It was found that the
temperature changed gradually with the variation of layers from the skin surface to the
outer layer of the clothing. The single-layered structure consisted of cotton spandex
and air gap layers, causing the thermal resistance to grow, which led to a small incre-
ment of the skin temperature to around 37°C as compared to the outer layer tempera-
ture. Clothing plays an important role in thermal comfort. It regulates the skin temper-
ature and exchanges the heat between the skin surface and the environment. The
clothing is the causative factor in achieving thermal comfort [26, 27].

31.76 Min

0 0.01 (m)
0.005

Fig. 7. Temperature contour of the model.
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Fig. 8 shows the plot against temperature. The time of the experiment was obtained
from the model by Huizenga, Zhang [6] and the research model. The temperature
started at an initial condition of 35.5°C and it gradually rose with time. The research
model result showed the temperature remained constant at t=13 s until the simulation
ended. However, in the experiment, the result showed that the skin temperature fluc-
tuated and was unstable. Huizenga, Zhang [6] stated that the human skin temperature
will fluctuate and remain unstable depending on physical activities and blood perfu-
sion rate. Furthermore, in this model, the inner layer of the skin temperature and other
variables remained constant throughout the simulation. This clearly explains why the
skin temperature in the research model remained constant and unchanged starting
from t=13 s. The difference between the experiment and the research model was sig-
nificantly small, i.e. approximately 1.05%. According to [24], this error value is ac-
ceptable, as long as it is less than 20%. Thus, the research model is reliable to predict
human skin temperature.

Skin temperature against (°C) against Time (s)
36,50
36,00
35,50
35,00
34,50
34,00
33,50

33,00
0 20 40 60 80 100

Fig. 8. Comparison between the research model and that of [6].

The thermal comfort is reflected by the core temperature and skin temperature [28].
Blood flow will influence skin temperature and the sensation of warmth or chillness,
and consequently affects the feeling of comfort. The clothing material influences
blood perfusion [29]. Therefore, there is a need to use the bioheat equation with the
consideration of blood perfusion to determine the human skin temperature. Body
extremities, such as the human arms, legs and feet are the most sensitive skin and it
changes in adaptation to the thermal environment. They also play important roles in
human thermoregulation [30]. The thermoregulatory process controls the blood flow
of the human skin. It is vital to maintain the normal body temperature to achieve
thermal homeostasis [31, 32]. The fluctuation pattern from the experiment by [6] can
be observed as the extremities were sensitive and affected the skin temperature. How-
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ever, the model was capable of predicting the human skin temperature with an insig-
nificant difference of 1.05%.

5 Conclusion

It is difficult to determine the human thermal comfort level as there are many vari-
ables that affect the skin temperature, such as environmental variables, clothing and
the human skin physiology. It is observed that blood perfusion plays an important role
in regulating the human body temperature towards the skin surface. The extremities of
the human body are the most sensitive parts of thermoregulation. From the study, the
use of the bioheat equation and finite element method were capable of predicting the
skin temperature of the human arm. The predicted skin temperature value was in good
agreement with the previous research. Therefore, the model was concluded as reliable
to predict skin temperature under comfort level.
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