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A three-dimensional thermoregulation mathematical model of temperature fluctuations for the human body is devel-
oped based on predecessors’ thermal models. The following improvements are necessary in real situations: ellipsoids and
elliptical cylinders are used to adequately approximate body geometry, divided into 18 segments and five layers; the core
layer consists of the organs; the pulsation of the heart cycle, the pulsatile laminar flow, the peripheral resistance, and the
thermal effect of food are considered. The model is calculated by adopting computational fluid dynamics (CFD) technol-
ogy, and the results of the model match with the experimental data. This paper can give a reasonable explanation for the

temperature fluctuations.
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1. Introduction

The thermal regulation system of the human body can be
considered as the unsteady thermal conduction system with the
internal heat source and local regulation ability.[!) The system
involves two processes: i) the heat transfer between the hu-
man body and the thermal environment is called the passive
system, [?! including radiation, convection, conduction, evapo-
ration, and respiration; 3! ii) the self-regulation function of the
body which responds to the varied thermal environment, such
as vasoconstriction, vasodilation, shivering, and sweating, is
known as the active system.[* In order to study the human
body temperature distribution, Pennes first used the differen-
tial equation in heat transfer to establish the differential equa-
tion of heat conduction in the human body. !> The passive sys-
tem includes the heat source and boundary conditions, while
the active system adjusts the coefficients of heat source and
boundary conditions. 6!

Over the past fifty years, with the in-depth study, the hu-
man body thermal regulation system has been refined.!’-10]
The simplified Gagge’s 2-node model of thermoregulation is
one of the most popular models in the field of thermal comfort
study.!'!! Moreover, various complex thermoregulation mod-
els have been further developed by improving the model of
body segments, the layers and geometry.!'>~>] When estab-
lishing the human body model, the predecessors simply con-
sidered the heat transfer model from the core layer to the skin
layer, but failed to take the specific effect of viscera and the
thermal effect of the food into consideration.!'®] The brain,
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lungs, and heart were not taken into account in the geometric
model, until Ferreria built the transient three-dimensional heat
transfer model.l'”1 However, in this model, the size and the
location of the brain, heart, lungs and other organs, and the in-
fluence of thermal effects on food were not considered. In the
study on physiology, the quantity of heat production mainly
depends on the liver in the quiet condition,[!8! and the heat is
different in the viscera. The liver has a higher heat produc-
tion rate than the brain and the heart. The stomach, the small
intestine, and the large intestine produce more heat than the
lungs.!'8! Previous studies have assigned a fixed value of the
basal metabolic rate for the core layer, which is quite differ-
ent from the metabolic rate of different viscera.!'8! The basic
metabolic rate is defined as the metabolic rate measured after

(18] put it is impossible to do the experi-

12 hours of fasting,
ment after 12 hours of fasting for people. This is the reason
why the previous models are more than 1.5 degrees and differ-
ent from the real experimental data.!'”! Based on the problems
mentioned above, in this paper, a 3D geometric model that
involves the viscera and the heat effect of food is established.
The human body is divided into 18 segments and 5 layers. The
head is simplified into an ellipsoid, while the body is simpli-
fied into ellipsoid cylinders. The viscera is divided into brain,
lungs, heart, liver, stomach, small intestine, and large intestine.

In previous models, a central blood pool was used instead
of the heart.[?”] The central temperature of the core is given
to the arteries,?!! and the blood vessels exchange heat with
the tissue at the temperature, without considering the temper-

S. [22

ature change in the arteries.!*?! In the extremities, the coun-
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tercurrent heat transfer between arterial and venous blood is
considered.>3! Through the study of hemodynamics, the au-
thor found that the temperature of the blood vessels keeps
changing, as the blood flows.>*! The heart will give a temper-
ature value to the entrance of the blood vessel, and the blood
pressure and velocity will change periodically in every heart
period.>! The emergence of peripheral resistance results from
the viscosity of the blood and will affect the temperature distri-
bution in the blood vessels. In this paper, the author combines
the Windkessel model®®! and the peripheral resistance heat
generation?” with the blood temperature model established
by others, and takes the pulsation and fluidity of blood into
account. Finally, a new method for calculating blood temper-
ature is proposed.

The present paper is composed of two parts. In the first
part (Section 2), the author built a three-dimensional physi-
cal model to describe the heat transfer of the human body.
The model includes four points: first, the geometric model of
Chinese is established; second, heat production in the thermal
conduction differential equation is described detailedly; third,
the boundary condition is compatible for the equation; fourth,
the control equation is appropriate for the differential equa-
tion. In the second part (Section 3), the author built a three-
dimensional human body model, and calculated the overall
temperature distribution of the human body by adopting the
CFD method. When compared with the experimental data and
other models, it proves that the present model is correct and
accurate. Finally, through error analysis, we can prove the ef-
fectiveness of the present model.

2. Methods

2.1. Modeling concerning the geometry size of the human
body

2.1.1. Calculation of Chinese people’s body parame-
ters

By comparing the anthropometric dimensions of the Chi-
nese with Europeans, we find that the existing methods can-
not effectively simulate the geometry size of Chinese people.
In this paper, the anthropometry data of the Chinese are em-
ployed to build a mathematical model.

The average density of the human body is described by!

0.85"-242
p:W+O.162, (D)

where h and m are the height and the weight of the human
body.
The body fat mass equation is

28]

Mipf = Wyf1, (2)
where wyy is the fat mass coefficient of the whole body. The
equation of s is

54

The other parts’ body mass is described by
Mp| = M — Nipf. )
All of the mass of segment and layer can be calculated by

mg; = @ ;Mpf, (5)

my ; = @My, (6)

where wx; and oy ; are the fat layer and other layer mass coef-
ficients for every segments.

The surface area of the human body can be calculated
py!29]

A =0.0060714-0.0127m — 0.0698. @)

The volume of each layer for one segment is

my i
Vii= —=. ®)
T P
The volume of each segment is
5
Vi=Y W ©)
k=1
The length of each segment is
L; = oh, (10)

where my ; and py; are the mass and the density of each layer
for one segment, respectively, while ¢; is the coefficient of
length.

The human body is simplified into a structure that com-
bines an ellipsoid and multiple elliptical columns; the head is
an ellipsoid structure, and the trunk, arms, and legs are simpli-
fied into elliptical columns. The calculation formula of their
major axis and minor axis is as follows.

The ratio of width to thickness of each segment is given
by

A; = PB;. (11

Since the head is simplified as an ellipsoid, the formula for
calculating the width and thickness is as follows:

v
Bi=1\lmpr (12)

The rest of the body is simplified into ellipsoidal columns,

4v;
B — . (13)
nL;B;

The human parameters calculated in the model are extracted to
obtain the parameters needed for the subsequent thermal reg-
ulation model. In respect of this model, various body parame-
ters can be calculated only by inputting the height and weight,
and the numerical values of o; and f3; refer to the measured
physical data of Chinese people.
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2.1.2. Body segments and layers simplification

The human body segments are divided into the front 1/2
and rear 1/2 of the head, the neck, the front 2/5, the middle 1/5,
and the rear 2/5 of the trunk, the arms, the forearms, the hands,

the thighs, the legs, and feet, with a total of 18 segments.

X
N
N
8
X
i
L]
X
X

The layers of the model are divided into the skin layer, the
fat layer, the muscle layer, the skeletal layer, and the visceral
layer, which is divided into specific organs (brain, lungs, heart,
liver, stomach, large intestine, small intestine, etc.). Specific
trunk division and layering are shown in Fig. 1. Segments and
layers of the head and limbs refer to M. S. Ferreira’s model.!'7]

w skin

B fat

B muscle

M bone

B lungs

B brain

B heart

W liver

B stomach

M large intestine

& small intestine

Fig. 1. (color online) (a) Simplification of internal organs and (b) stratification of the trunk.

2.2. The differential equation of heat conduction

The heat conduction of the human body is of the constant
physical property and the unsteady state, and contains the heat
conduction system of the internal heat source. The differen-
tial equation concerning heat conduction of the human body
adopts the form under the Cartesian coordinate system 30!

9t 9 (491N, 9 (o
Pivar =~ ox\Max ) Ty \ Moy

0 ot .
+a—z<xa—z) +0. (14)

Simplification of original items.
the differential equation concerning heat conduction of the hu-
man body is the internal heat source item, and the internal heat
source includes the body’s own metabolic heat production and

The original item of

the heat transferred from the blood circulation to the tissue.
These two kinds of heat constitute the heat production item of

0.1¢m bas.0f,
AGin pas.spa =

where Ty and T are the setpoint temperature and local tissue
temperature, while 7 is the time after the dinner.
Heat production of skeletal muscle shiver is Agy, ¢, and

heat production of human sports is Agp, y >4

Agm = Agqm,sh+Aqy, (20)
sh

AGpgh = Ash—, (21)
Vm

—-0.01 67qm.bas.0t +0.1 167Qm.bas.0a

the differential equation concerning heat conduction!3!]

0 = gm + Po1@vicol (Tperi — T). (15)

2.2.1. Heat production of the tissue

The first item is the heat production of the tissue, in-
cluding metabolic heat production, heat production of skeletal
muscle shiver, and heat production of human sports

gm = gm,bas + Agm. (16)

Metabolic heat production includes heat production of basic
metabolism g pas.0, heat production of food’s special effect
Agm bas.spa 2331 and heat production by changing temperature

Aqm.bas.AT’

Gm,bas = Gm.bas.0 T AGm.bas.SPA T Ay bas AT (17

T-Tq

T-Ty
Aqm,bas‘AT = ¢m,bas,0 [2 0 — 1], (18)
tspa < 1 h,
SPA (19)
tspa > 1 h,
| J( )
amwH
=l 22
G = gy 22)

The terms of Eqs. (21) and (22) are calculated from the fol-
lowing equations:

Iubas 0
H = act ~(1-n)—M 23
ac aCtbas ( TI) baS,Ov ( )
N = 0.2tanh(bjact+ by), (24

where b and by are constants.
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The second item is the heat transferred from the blood to
the tissue, and the temperature of the tissue is the one after the
countercurrent, and peripheral resistance produces heat. The
specific calculation process is described in Section 2.2.2.

2.2.2. Blood circulation and tissue heat transfer

2.2.2.1. Simplification of the Flow Mode Concerning
Blood in the Human Body

In this paper, the Windkessel model is adopted, and it is
similar to the flow of water in the single plunger reciprocating
pump and its transmission pipelines,*> as shown in Fig. 2.
Besides, the blood flow is compared with the abstract model
of water flow.>*! Stephen Hales first proposed that due to the
elastic expansion of the aorta, the periodic ejection of the heart
becomes a smooth flow of blood in blood vessels. Thus, he
compares the aorta with the air-filled cavity and introduces the
concept of peripheral resistance of blood flow.

Tl
[

jav)

Fig. 2. Flow of water in the single plunger reciprocating pump.

The blood circulation system of human body is compared
with the reciprocating pump water supply system of water, as
shown in Table 1.

Table 1. Blood circulation system is compared with reciprocating pump
water supply system.

Blood circulation system Water supply system

heart M, H,P, V, 1,2
Aorta K
artery A

blood capillary R
vein N

In this paper, the Stokes number and the Reynolds num-
ber are adopted to determine the flow of blood, and it is defined
that if o is approximate to 1, it is pulsating flow, and if it is far
less than 1, it is steady flow; if R. is greater than 2300, it is
turbulent flow, and if it is less than 2300, it is laminar flow.

D o
a=VSi=2/=, (25)
2V v
UD
Re= P22 (26)
n
where D is the diameter of the arterial canal, @ = 2—”, and here

th
ty is the cardiac cycle, v = 1/py; 7 is the viscosity coefficient

of blood, and the average flow velocity of blood is U.

According to the calculation, the time of turbulent flow
accounts for 9.125% of the cardiac cycle, while the time of
laminar flow is 90.875% of the cardiac cycle. The aorta, large
artery, and general artery are pulsating flow, while the small
artery, arteriole, and capillaries can be seen as a steady flow.
Through calculation, the hypothesis is made by the author, and
blood flow is regarded as an incompressible Newtonian fluid,
when the aorta and large artery are regarded as laminar flow
and pulsating flow, which is unsteady flow, and small vessels
and capillaries are regarded as a steady laminar flow.

Human blood vessels are divided into artery blood vessels
and venous blood vessels. To be specific, artery blood vessels
are distributed in the deep part of the human body, while ve-
nous blood vessels include deep veins and superficial veins.
The deep part of the human body, venous blood vessels, and
artery blood vessels go hand in hand, while venous blood ves-
sels are thicker than artery blood vessels, but their flow veloc-
ity is not as fast as that of artery blood vessels, and the change
of pressure difference is smaller than that of artery blood ves-
sels as well. The distribution and size of the human body’s
artery blood vessels are shown in Fig. 3.

Fig. 3. (color online) A simplification of artery blood vessels.

2.2.2.2. Temperature distribution during blood flow

The blood flowing out of the heart is of pulsatility, and
both its velocity and pressure will change with time. The
velocity and pressure change periodically with time, which
makes the peripheral resistance of blood vessels produce heat,
and blood circulation produces heat, which is characterized by
periodic fluctuations. After blood flows out of the heart, pul-
satile laminar flow first occurs in the large artery, aorta and
arteries; after reaching the arterioles, it becomes laminar flow
and flows back to the heart through capillaries and then veins.

We assume that the blood pressure and flow velocity flow-
ing out of the heart fluctuate periodically,*’! as shown in
Figs. 4 and 5.

The input equation of blood pressure is
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P (1) = 71+432.967e28308 gin (11.2143¢), 0+#, <t <0.247 s+, o
met T 43,4 4105.72, 0.247 s+1n <t < 0.85+1h.
The input equation of flow velocity is
240757 5in 13.09¢, 0+t <t <024 s+,
Vintet (1) = { —34.3e 79571024 5in 13.09 (1 —0.24), 024 s+1, <t < 0.2743 s+ 1y, (28)
0, 0.2743 s+, <t < 0.8 s+ t.
130
120
110
]
& 100
8
2 90
§ 80 -
~
70 -
R R
60
'
07 0.2 0.4 0.6 0.8 0
Time/s
Fig. 6. Flow of blood.
Fig. 4. Pressure change in a cardiac cycle.
Continuous equation:
du
1.2 — =0.
dx
1.0 .
_ Momentum equation:
, 0.8
£ du 10P ’u 1du
0.6 — = —+—-—=. 29
E ot p8x+v ar2+r8r 29
n 0.4
E 0.2 Energy equation:
0- Ty 9Ty _ k 9Ty L 19T
0.2 ot ox  pep\ 9r2 r dr )’
"0 0.2 0.4 0.6 0.8

Time/s

Fig. 5. Velocity at entrance in a cardiac cycle.

In this paper, it is considered that the blood flow in blood
vessels is a fully developed laminar flow, and Chang makes
the following assumptions about blood vessels: %]

(i) The blood vessels can be seen as cylindrical tubes;
the blood flow is axisymmetric laminar flow, and blood ves-
sel walls are rigid.

(ii) Blood vessels are incompressible Newton fluids, and
various physical parameters do not change with temperature
and are constants.

(iii) The period of pulsation in blood vessels is constant,
and the distribution of velocity and pressure of pulsation in
blood vessels is uniform.

This paper only considers the change of blood along the x
axis rather than the change along the r direction. The simplifi-
cation of blood flow is shown in Fig. 6, and a one-dimensional
N-S equation is established here.

The pressure, velocity, and temperature distribution of each
grid node in the blood flow model can be obtained by solving
the N-S equation.

— T
—> —
............. 2. @= F—
<«
—> -—
— T
—A—>]
xT

Fig. 7. Poiscuilie flow in the blood vessel.

When blood is doing laminar flow, it is believed that the
flow of blood in blood vessels is a fully developed laminar
flow, %1 as shown in Fig. 7, and the calculation of heat pro-
duction concerning peripheral resistance is as follows:

R
= 2mrd 30
0 /Ourcr r, (30)
8nl
R:%, @1

114402-5



Chin. Phys. B

Vol. 27, No. 11 (2018) 114402

_ Q°Re
R (32)
=2 (33)
PoiCol

where R is the peripheral resistance, 1 is the viscosity coef-
ficient, and Q is the heat production of peripheral resistance.
r and [ are the radius and leight of blood vessel, pp and cp,
are density and capacitance of blood. 7R is the temperature
change caused by heat generation in peripheral resistance.

In terms of temperature of blood perfusion tissue,
counter-current heat transfer is considered in limbs when it is
not considered in the rest of the body. The author defines that
the equation of perfusion temperature in the body except the
limbs is

Tperi =Ty + Tr. (34)

The heat transfer of the limbs is more complex than the
rest of the body, and the heat transfer method between the
blood of limbs and that of tissue is shown in Fig. 8, and the
calculation method for perfusion temperature of blood flow is
shown in Fig. 9.

skin

fat

l” l" l” muscle

1 \ |l bone

== artery

= vein

< counter current
— blood

Fig. 8. (color online) Heat transfer of the limbs.

i TO J Tperl
Ty, R |

!i ATO
T, e | .

1
i

T -IT"“‘ T ITpera
;

1

i

i

ATy N !
1 ' 1 f

1 1

! Tiis1 : Tris2 ; Tiis3

Fig. 9. Perfusion temperature of blood flow.

Toip1 = To,

Toip2 = Tpert — (To — Th),

Toipz = Tperz — (T1 = T2),

Tota1 = Toip1 — ATo,

Torx = Toip2 — ATh,

Tz = Toips — AT,

Tper1 = Topra1 + Tr1,

Tper2 = Tora2 + Tro,

Tpers = Tolaz + TRr3- (35)
This formula takes blood counter current into considera-

tion in the heat transfer from blood to tissue, and unlike pre-
vious models which set the central blood temperature as the

arterial blood flow temperature, it takes the heat loss into ac-
count during the counter current. The heat dissipated by ar-
teries through counter current is equal to the heat obtained by
the veins. The heat actually dissipated from the arteries is the
heat energy lost in the back flow, and it is dissipated through
tissue exchanges. The above formula reveals the heat conser-
vation through counter current from the arteries to the veins by
assuming that there is no heat loss in this process, 4

Ox = hx(Tytai — Toi)- (36)

When using the right end of this formula to replace the right
end of the above formula, Ty,vx is eliminated. Since Ty, is a
known quantity, to calculate Tjy,, it is only necessary to calcu-
late Tiy.

After substituting it, we obtain!

poicvl [ wor dV Toipi + hx Toni

34]

Torai = 37
ol poicol [ wordV +hx ©7)
JwiiTsidV
Topyi = oL 38
blvi [ Wbldv ) ( )
wp1 + aqp ;D1 Tok,i—Tsk,0.i
Whipe = ——2 U T (39)

1 + @ ;Cs x ePI/30

2.3. Boundary conditions

Heat exchange between the human body and the exter-
nal environment takes the following forms.**! The first form
is the heat convection between the human body and the sur-
rounding air, and it is expressed with g.. The second is the heat
radiation between the human body and the surface of the sur-
rounding environment, and it is indicated with gr. The third is
the irradiation of high-temperature objects on the human body
surface, represented by gsr. The fourth is the evaporation of
water vapor on skin g.. The human body breathes and radiates
heat gres.

The equation of exchange between the human body and
the external environment is!*¥

qsk = qc T gR — gsR + e + Gres- (40)

The equation of heat convection and heat radiation is

T —T¢
Getqr=——T—. 1)
RCI + Sei(he+hy)

Reference temperature Tp is[4"!
— hrTmrt + hC Ta
O hethe
In Egs. (41) and (42), the terms can be calculated from the
following equations:

(42)

P 1.00 + 1.29R R,y < 0.078m?c/w, “3)
47 1.05+0.645R Ry > 0.078m>c /w,
o {238(Tu - T,)%%, 0<Vy<0.1m/s, 44)
¢ 121V Vg, Var > 0.1 m/s,
Ty +273)* — (Tor +273)*
he = 5.67 x 10—8feffe( o £ 273)" = (T +273)° (45)
Tcl - Tmrt
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Irradiation of high-temperature objects on the human body
surface is!3?!

gsR = Os QgfgrS. (46)

Evaporative heat loss from skin is3#]

w Pk —P,
Ge = (“713)_ 47)
Recl + Fahe
The terms of Eq. (47) can be calculated from the following
equations:
o = 0.06 4 0.94wgy, (48)
Ersw
= 49
Wrsw Emax, (49)
Emax = Ersw + Ediffa (50)

where E, and Egi are the evaporation of sweat secreted due
to thermoregulatory control mechanisms, and the nature diffu-
sion of water through skin.

Evaporation of water vapor on the skin surface is[*!]

Apgx i - Ak i
Egigg = ) ————. (C1))
' Xl" RE s«

Vapor of sweat secreted due to thermoregulatory control
mechanisms

Tok,i—Tsk.i0

Egy =Y ag,SW2~ 10 . (52)
i

The terms of (47) can be calculated from the follow equations.

Py = 256T 5k — 3373, (53)
Rcl

Ree) = —— 54

ecl ]CILR7 ( )

he = heLR, (55)

Heat (sensible and latent) loss from regulatory respiration is
calculated from the following equation: 3%

Gres — (Ersp + Crsp)- (56)

In Eq. (56), the terms can be calculated from 34!

Exp = 4.373 / gmdV(0.028 —6.5 x 10T,

—4.91 x 107% Pa), (57)
Crsp = 1.948x 1073 / qmdV

X (32.6 —0.066T, — 1.96 x 107 Pa).  (58)

2.4. The control mode of thermal regulation

Shivering and vasoconstriction in the cold environment

are[34!

Sh = 10 [tanh (0.48A Ty +3.62) — 1] ATy — 27.9ATs,

dT.
+1.7ATyem ¥ dS;m —28, (59)

Cs = 35 [tanh (0.34A e + 1.07) — 1]

X AT, 6.8AT, o 60
skm"" . skm dt 3 ( )

where Sh and Cs are the heat generated by shivering and de-
creasing the skin blood perfusion rate variation. ATy, is the
dispersion of skin and reference temperature; ATyy is the dis-
persion of hypothalamus temperature and reference tempera-
ture. % is the instantaneous decrease of temperature.

Sweating and vasodilation in the hot environment are(3*

Sw = [0.8tanh (0.59ATym — 0.19) 4 1.2] ATy
+[5.7tanh (1.98AT hy — 1.03) +6.3]AThy, (61)
21 [tanh (0.79ATym — 0.70) 4 1] ATy

+32[tanh (3.29AThy — 1.46) + 1]ATsy, (62)

DI

where Sw and DI are the heat lost by evaporation of sweat
and increasing skin blood perfusion rate variation. ATy, iS
the dispersion of skin and reference temperature; ATyy is the
dispersion of hypothalamus temperature and reference temper-
ature.

Shivering is mainly to control the heat production of
skeletal muscle, while vasoconstriction and vasodilation are
mainly to control the blood perfusion rate, and sweating is
only to control the evaporation and heat dissipation capacity
of skin.

2.5. Simulation calculation by means of CFD technology

This paper carries out human modeling and mesh gener-
ation on the fluent platform, and the number of meshes of the
whole body is 3.1 million. It builds a geometric model of the
human body with a height of 170 cm and a weight of 66.6 kg,
as shown in Figs. 10 and 11. Besides, C language is used to
write programs on UDF. The flow chart of the human thermal
regulation model is shown in Fig. 12.

0 0oy °

Fig. 10. (color online) Body grid division.
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Fig. 11. (color online) Geometric model of body.

Start I

t=0.0 s, sh,sw,C],DI =0,
Tperi = 07 wbl=0

Input: Tperi sh,sw,Cl,D1

t=t+At At=0.1s

A

3D human heat transfer model
differential equation

of heat conduction+Boundary

conditions
Input: Tiy Ty
thermoregulatory model
output: sh, sw, Cl, DI
Input: T

temperature of body

input: THeart
blood thermal model
output: Tperi

t = timeend?

Fig. 12. Flow chart of the coupling thermal model.

3. Results and discussion

In this paper, the sitting posture model wearing shorts,
T-shirt and sandals is used to simulate the human body tem-

perature changes in hot and cold environments, respectively.
The personnel employed in the experiment were Chinese
college students in the hot environment and Japanese college
students in the cold environment. The reason for using these
two sets of experimental data is that the two groups of peo-
ple are more in line with Asian physical characteristics. The

specific experimental conditions are shown in Table 2.[4%43]

Table 2. Condition of experiments.

Room-A  Room-B  Room-A Room-B

Time/min 30 30 30 30
Air temperature/°C 29 45 29 45
Hot weather ~ Globe temperature/°C 29 45 29 45
Relative humidity/% 40 40 40 40
Air velocity (m/s) 0.06 0.06 0.06 0.06
Time/min 30 20 40
Air temperature/°C 29.4 19.5 29.3
Cold weather ~ Globe temperature/°C 29.5 20.4 29.4
Relative humidity/% 46.8 52.8 47.1
Air velocity (m/s) 0.09 0.21 0.09

The hot environment: the human body wearing shorts at
29 °C and 40% humidity sits for half an hour, moves to 45 °C
and 40% humidity, insists for half an hour, moves to 29 °C
and 40% humidity for half an hour, and then enters 45 °C and
40% humidity for half an hour. The temperature data of skin
nodes and rectal temperatures during these four time periods
are recorded.

The cold environment: the human body wearing shorts
at 29.4 °C and 46.6% humidity sits for 30 minutes, moves to
19.1 °C and 54.8% humidity, sits for 20 minutes, moves to
29.3 °C and 47% humidity and then insists for 40 minutes.
The temperature data of skin nodes and rectal temperatures
are recorded during these three time periods.

The distributions of human body temperatures in the cold
and hot environments are output respectively and compared
with the experimental results, as shown in Fig. 12. The tem-
perature distribution of the human body in the cold environ-
ment and the hot environment was analyzed and compared
with the experimental results, as shown in Fig. 13. In group
a: (1), 2), 3), (4), (5), and (6), there are experimental mea-
surements concerning temperature changes of the head, arms,
trunks, legs, hands, and feet under hot conditions, and the
models are built by the predecessors. We have built a model
for comparison. Then, the experimental measurements of tem-
perature changes in the head, arms, trunks, legs, hands, and
feet under cold conditions in group b: (1), (2), (3), (4), (5),
and (6) are shown, respectively, and the previous models and
the model built in this paper are compared.

In the thermal environment, the error range of the simu-
lation results and the real experimental results is +0.1-0.4 °C,
while the error between Tanabe’s model and the experimen-
tal results is £0.2-0.7 °C. In the cold environment, the er-
ror range between the simulation results and the true experi-
mental results is £0.4-0.8 °C, and the error between the Stol-
wijk model and the experimental results is +0.3—1.8 °C. The
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comparison shows that the model built in this paper can sig-
nificantly simulate the experimental scene. In the simulated
cold environment scene, it is obviously better than the previ-
ous model, and the thermal environment is not different from
the previous one. Since the final temperature of the human
body can only reach 37 °C in a hot environment, it cannot
show the superiority of the model. However, in the cold envi-
ronment, due to the addition of internal organs and the brain,
these parts produce more heat than the core layer of the previ-
ous model, the blood peripheral resistance and the food prod-
uct heat. Therefore, the cold environment is regulated, and it

hot weather
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38

(ab) hand present
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37
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il I —

N
33
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32 0 30 60 90
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120

is closer to the real situation than the previous model. In the
head and the trunk, the difference between the model and the
experimental data is 0.5 °C and 0.7 °C, respectively, and the
difference between the previous models is 1.8 and 1.3. These
results further illustrate the correctness and advancement of
the model built in this paper. As the pulsation of blood flow is
added to the paper, it can simulate the fluctuation of tempera-
ture very well. In this case, it can give a reasonable explanation
for the fluctuation of experimental data. The specific absolute

error is compared, as shown in Fig. 13.
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Fig. 13. Comparing the present model with Tanabe, Stolwijk, and experiment. (a) Hot weather; (b) cold weather.
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Fig. 14. Error analysis between present and predecessors’ model.

114402-10




Chin. Phys. B Vol. 27, No. 11 (2018) 114402

4. Conclusions

In this paper, a three-dimensional mathematical model
of human body heat transfer with temperature fluctuations is
built, and the required parameters of the model include anthro-
pometric data, data of human biological tissue characteristics
and data of human physiological characteristics. In the process
of modeling, in this paper, the related knowledge of heat trans-
fer theory and fluid mechanics is used to calculate the overall
temperature distribution of the human body by means of the
CFD method.

In this paper, the human body is divided into 18 segments
and 5 layers for research. The head of the human body is sim-
plified into an ellipsoid, while the torso and limbs are sim-
plified into elliptical columns, and the core layer is divided
into the brain, lung, heart, liver, stomach, large intestine, and
small intestine. The heart is regarded as the blood inlet, and
the top of the head and the limbs are used as the blood out-
lets, when the temperature changes of the blood are simulated
according to the given initial velocity, pressure, temperature
values, as well as their changes. By coupling the blood tem-
perature with the human tissue temperature, this paper finally
obtains the passive heat transfer system of the human body.
The system exchanges heat with the outside world through
convection, evaporation, respiration, and radiation; tempera-
ture adjustment is carried out through the moderating equa-
tion of human body temperature, and finally, the human body
moderating model is built. This model makes use of the finite
volume method to discretize the heat conduction of the differ-
ential equation concerning the human body, calculates the dis-
tribution of blood flow velocity, pressure and temperature by
means of a one-dimensional N-S equation, and finally solves
numerical values with the CFD method and obtains the change
curve of the human body’s temperatures with time. Moreover,
from the comparison between the results obtained in this pa-
per and the experimental results of the existing model, it can be
learned that the model built in this paper is more in line with
the real situation and closer to the experimental results, and
can give a reasonable explanation for the temperature fluctua-
tions while the previous models fail to explain the temperature
fluctuations in the experiments.

The geometric model of the human body and the blood
vessel model built in this paper are relatively simple. In the
subsequent work, it is necessary to consider the shoulder, face,
fingers, and toes of the human body in the model, the mi-
crostructure and the tissue composition of blood vessels. With
respect to experiments, further research should be carried out.
For instance, after the human body takes food, the changes
of eating time and human body temperatures should also be
taken into account in the calculation, and it is suggested to

shorten the measuring interval and measure the changes of hu-
man body temperatures under the same conditions.
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