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Figure 1 16 segments human bddy model
and multi-layered concentric cylindrical
model for extremities,

Bone ‘ . Muscle | Fat Skin

‘
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Figure 2 Schematic diagram showing the
geometric arrangement of the circular
system. The symbols A and V stand for
arterial pool and venous pool, respectively.

Table 1 Thermal properties of each layer.

Table 3. Heat transfer equation for the

human body ( ordinary part ).
+tissue
o
&= Lo ep _
Pcat /‘LVT‘*‘V(M T) @
‘ +H, (T, ~TY+H, T, -T)+M
+ arterial pool
o1,
Ph“bVaf:Ttb“= s (Lo = T) @

+ [ Ho@ =)V +H (T, ~T,)

* venous pool

oT,
foon . Sy e (T -T
at vb b( v vb) (3)

C,
[ H T TV +H T )

PeV

t :time [s], p :density [kg/m’], ¢ :specific heat [J/(kgC)l,
T temperature [C], A :thermal conductivity [W/(meC)],
f:blood flow rate [kg/s], ¥ :volume [m’], M :heat generation
rate [W/w®], H :volumetric heat transfer coefficient
[W/(m*:C)]. The suffixes b :blood, ab :arterial system,
vb :venous system, am :adjacent arterial system, vn :
adjacent venous system.

Input anatomic data
(1) ANATOMY1
(2) ANATOMY2

Mesh
(3) MESH

v
Initial and process setting
(4) ENVIRON1 (INITIAL ENVIRONMENTAL CONDITION)
(5) ACTIVITI (INITIAL ACTIVITY LEVEL)
(6) INITIAL (INITIAL CONDITION)

Layer A p ¢ M f

Bone = 2208 1418 2092 545 0.32
Muscle 0.465 1239 3724 629 0.12
Fat 0.203 517 2510 449 0.45
Skin 1.580 1200 3390 493 3.50
Blood 0.518 1056 3850 - -

A thermal conductivity [W/(mK)], p: density [kg/m’],
o : speoific heat [¥/(kg-K)], M heat generation rate [W/m®],
f: blood flow rate [mL/100mL *min)]

Table 2 Thermal properties of internal
organs layers.

|
Change setting

(7) ENVIRON2 (CHANGE ENVIRONMENTAL CONDITION)
(8) ACTIVIT2 (CHANGE ACTIVITY LEVEL) -
‘ v
Caleulation of thermoregulation system
(9) REGULAT (REGULATORY)
1. perspiration
2. skin blood flow .
3. shivering heat production
: v
Calculation of heat loss to environment
(10) HEATLOSS (HEAT LOSS TO ENVIRONMENT)

!

Calculatien of blood and anatomical temperature, heat flux
(11) CALBLOOD (CALCULATE BLOOD TEMPERATURE)
(12) LOCAL (CALCULATE ANATOMICAL TEMPERATURE)

Segment A p c .M f

Head 0.500 1036 3724 7600 16.41
Neck 0.465 1036 ~ 3724 5667 . 15.20
Thorax 0.465 1065 3724 3520 16.11
Abdomen 0.465 1044 3724 1779 11.62

A: thermal conductivity [W/(m-K)), p: density [ke/m],
c: specific heat [J/(kg-K)], M: heat generation rate [W/mé],
f: blood flow rate fmL/(100m. *min)]

Output result
(13) OUTPUT

F55)

Figure 3 Flowchart for the present comp-
uter program., '



Table 4 Mathematical modeling of ther-
- moregulatory response.

*Local perspiration rate :E; [W/m?]
E, =& x{197x(T,, ~ T, )+ 23x (T, - T, )}
xexp{(T, -7, )/10.0}
«dTm / dt)’ ro-—‘>=0)
'EI =X [197)( (Y;-y - Thyo)"'23 X (T:m - Tmu)+7' X {(dT:m/dt)' Ty }.‘
xexp{(T, ~T,,, )J10.0}
((az,, ar)-r, <0)
+Local skin blood flow rate :(SBF); [g/(cm®* min)]
(sBF), = ¢, x{0.694x (1, - T;,, )+ 0.074x (T, ~ T, )+ C,

0

*Local shivering heat production rate :M; [W/m?]
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Figure 4 Experimental results of total
metabolic rate (Subject M; 7,=32°C).

Table 7 Experimental results of total
Ml =5! X{I3X(Thy_Thy0)+0‘4x(Tm—Tmo)}x (Tsm _Tmo) : Xp .
metabolic rate.
Th ‘hypothalamic temperature [°C ], I, :mean skin >
temperature [C ], Ty :local skin temperature in i-th Air teII:p crature ‘SUb'I\:[ Sub.I;T Sub.g Avcra%c{
compartment [ C ], Tho :set point of hypothalamic [C] [W/m] | [W/m?] | [W/m’] | [W/m’]
temperature ['C], Ty :set point of mean skin temperature 22 61.73 92 54 88.96. | 81.08
[*€]), g :coefficient of local perspiration rate at i-th 24 68.39 87.02 78.50 7797
compartment [-], §; :coefficient of local skin blood flow rate 2% 63.59 82.47 63.14 69.73
at i-th compartment [-], &, : coefficient of local shivering 28 5 4.88 71' 46 5067 62.00
heat production rate at i-th compartment [-],  :numerical 30 6 1' 65 70' 7 5 6'92 63.09
value with perspiration control effect [(W/m®)/(*C/min)], y : - €10
ro :numerical value with perspiration control effect [*C/min], 32 3530 7185 36.09 1.08
C; ‘lacal skin blood flow rate at i-th compartment in comfort
[g/(cm’* min)].
.. . a7 120 ¢ —~ SubM
Table 5 Measuring items and measuring E 00 Fomm e =~ Sub.N
mstruments. % 80 | - Average
R - »
Measuring ftems | Measuring Instruments E 60 - T Mz—.ﬁ -
Subject -g 40 o e
Skin surface temperature {Thermography (NEC Sanei, TH3102MR) 8 F
(16 segments) Thermistor (TAKARA, THR series) B W
Multi channel recorder (ESD, Green Kit 88) = ot ; . . : L
Control computer
(NEC, PC980INS/E and EPSON, PC286LF) 22 24 26 28 30 32
Tympanic temperature  fThermistor for tympanum .
Rectal temperature  Thermistor for rectum . Air temperature [OC]
(Shibaura Electron, Type MGATI thermometer) y . A
Totsl metabolic rate E\Aetabolic mesurement system by respiration Flgul'e 5 Relatlonshlp between total
Sensor, Medics VMAX29¢) . .
ST Report for SuEjective Smetom metabolic rate and air temperature.
Thermal environmental factor
Air temperature C-C thermocouple
Multi channel recorder (ESD, Green Kit 88) .
(%Engvlpcgggﬁzrm 4 EPSON, PC2SOLE) Table 8 Experimental results of mean
s and EPSON, . .
™ Wall temperatur Thermography (Fujits, INFRAEVE 5000) skin, rectal and tympanic temperatures.
C-C thermocouple
Air velodity Hot wire anemorneter Air Mean skin Rectal Tympanic
: ?K?\I‘;lgm Mo 0:’;;2”&3{290) temperature | temperature { temperature § temperature
Trandy oty sensor (SHINET, RHD-5D senes) | [C] [C] ['C1 [C]
22 30.29 36.69 36.18
24 32.01 36.94 36.16
Table 6 Physical characteristics of subjects. 26 32.72 36.74 36.07
Sub. M §ub.N Sub.S 28 33.25 36.94 3598
Age VL] 55 50 20 30 33.98 36.85 36.29
oo 36.78 . 36.45
Heigt [cm] 173.0  169.0 163.0 32 7 36.78
Weight [kg] 63.5 73.0 53.0

Body surface area [m”]|| 1.7 1.8 1.5
Ratio of body fat [%)] 12.8 17.2 10.7
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Figure 6 FExperimental results of rectal
and tympanic temperatures (Subject M;
T,=22°C).
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Figure 7 Experimental results of skin
temperatures (Subject M; 7,=28°C).
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Figure 8 Experimental results of skin
temperatures (Subject M; 7,=22°C).

Figure 9 Experimental results of skin
surface temperatures with thermography
(Subject M; 7,=24°C).
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Figure 10 Calculated results of hypothal-
amic and mean skin temperatures with
thermoregulatory response of skin blood
control (R-BLD) and with constant skin
blood flow (R-OFF).
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Figure 11  Changes of calculated tempera-
ture profiles in the upper trunk and the
forearm.
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Figure 12 Comparison of experimental
and calculated results of rectal and mean

skin temperatures (7,=28°C).
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Figure 13 Comparison of experimental
and calculated results of core and skin
temperatures that were taken after 60
minutes the air temperature changed from
28°C t024°C.
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Figure 14 Comparison of experimental
and calculated results of core and skin
temperatures that were taken after 60
minutes the air temperature changed from
28°C to32°C.
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Figure 15 Differences between experi-
mental and calculated results of core and
skin temperatures.
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