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Abstract. The changes of human skin emissivity with regarthe skin and ambient tem-
perature are discussed. The concept of body héahdeequation is used to evaluate of
blood flow rate. In order to determine the influeraf variations of emissivity on radiative
heat transfer and blood flow rate value the diggqiroach of sensitivity analysis is applied.

Introduction

The body heat balance equation (HBE) [1, 2] dessribe equilibrium between
various factors influencing on the thermal statehoman body. It contains the
parts associated with the phenomena of radiativaparation, air convection,
perfusion, metabolism and body conduction. Onehef most important applica-
tions of the HBE is determination of thermophysiparameters of the human
body [1].

In the last decade the concept of HBE is often usdmometrics, especially in
combination with the IR thermography in order tovelep the facial recognition
system [1]. On account of that humans are homaiothmost of those systems
bases on determination of blood perfusion (or bleessels) distribution [1] - it is
well-know that the thermal pattern of face is deti@ed by its vascular structure,
which is unique. Moreover IR images are almost niavd with make up or facial
expression.

The blood perfusion data on the basis of the IRntlbgraphy are usually ob-
tained under the following assumption [1]:

1. The temperature of body core is constant andhéiemal regulation of body

(e.g. sweating) is not considered.

2. The ambient temperature is lower than the skamperature.
3. Pathological and psychological conditions asefgheadache, inflammation,
anger, blush are not considered.

The estimation of blood perfusion (or another paatam requires to assume
the exact values of several parameters, from wharhe are dependent on envi-
ronmental conditions (e.g. temperature, humidity).
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In this paper the changes of human skin emissidity to skin and ambient
temperature and their influence on the evaluatfdsiand flow rate are considered.

1. Emissivity of human skin

The emissivity of human skia is usually assumed as a near unity [1-3]. The
most frequent reported values are 0.99 or 0.98sd lalues correspond to the skin
in “normal conditions”, that means without any in@s or dirtiness. Moreover, in
the visible spectrum of light the emissivity is @pgndent of pigmentation of skin.

In the case when there are sweat, grease or waamdse skin (that is in so
called “hospital conditions”) the skin emissivitpudd change its value. Denoting
skin temperature ag, [K] and reading/ambient temperatureTag, [K] the evalua-
tion of emissivity basis on relation [3]

AT =T, ~Tpp =Tow &E - J (1)
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and then

According to the assumption 2 the equation (2)us bnly wherly, < T

Table 1
Emissivity of human skin

T. Tamo [°C]

[°C] 24 23 22 21 20 19 18

25 0.987 0.973 0.960 0.947 0.93b 0.922 0.9p9
26 0.974 0.960 0.948 0.935 0.92p 0.910 0.8p7
27 0.961 0.948 0.935 0.922 0.91D 0.898 0.885
28 0.948 0.935 0.923 0.910 0.898 0.886 0.8f4
29 0.935 0.923 0.911 0.894 0.88p 0.874 0.8p2
30 0.923 0.911 0.899 0.8864 0.874 0.863 0.8p1
31 0.911 0.899 0.887 0.875 0.863 0.851 0.8%0
32 0.899 0.887 0.875 0.863 0.85p 0.840 0.8p9
33 0.887 0.876 0.864 0.852 0.841L 0.829 0.8[L8
34 0.876 0.864 0.853 0.841 0.83D 0.819 0.8p7
35 0.865 0.853 0.842 0.83¢ 0.81P 0.808 0.7p7
36 0.854 0.842 0.831 0.82¢ 0.80B 0.798 0.787
37 0.843 0.831 0.820 0.809 0.798 0.787 0.777
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In Table 1 the results of human skin emissivity different values of ambient
and skin temperatures obtained on the basis @ré&3hown.

2. Heat balance equation (HBE)

The thermal physiology states that skin temperatitbe resultant balance of
the heat transport within the tissue and its trartspp environment. The state
of heat equilibrium is described by the heat bagagguation (HBE) in the follow-
ing form [1, 2]

Gin = Qout 3)
where
Oow =0 +0 +0 (4)
while
G =0 + 0, +0 (5)

whereq [Wm™] represents the heat fluxes resulting from radia{g,), evapora-
tion (ge), air convection d), body conductionq;), metabolism d.) and blood
perfusion @), respectively.

The radiative heat flug, is described by the Stefan-Boltzmann law in thenfo

[1]
q =eo(T - Ty, ) (6)

whereo [Wm™K ™| is the Stefan-Boltzmann constant.
Introducing (2) into equation (6) one has

:

According to the assumption 1 - no sweating is w@Ered - the evaporation
heat fluxge is neglected.

The definition of heat flux resulting from air castiong; basis on the New-
ton’s law of cooling [1, 4]

qf :a(Ts_Tamb) (8)

wherea [Wm™K] denotes the convection coefficient, or in mooenplex form [1]
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L(PgBY" .
q; = A\, d* 1(;}—928) (T,-To)" 9)

whereA;, [Wm™K™] is the thermal conductivity of aiP, is the Prandtl number,
g[ms? is the local gravitation acceleratiop,[K™] is the air thermal expansion
coefficient,v [m?s] is the kinematic viscosity of aid [m] is the characteristic
length of the object whil& andM are constants determined experimentally.

The body conduction heat fluy is described by Fourier law [1, 5]

}\s(Tc _Ts)
D

whereAs [Wm™K™] is the thermal conductivity of skin tissug, [K] is the body
core temperature and [m] denotes the distance from the body core tostia
surface.

The metabolic heat flug,, is assumed to be a constant one (c.f. assumplion 1
and equal 4.186 Wrh

The definition of heat flux resulting from bloodrfigsion g, is determined us-
ing the Keller and Seiler model [5-7]

qb = lIJCb"o(-I—.al _Ts) (11)

wherey is the countercurrent exchange radip[J kg K™] is the blood specific
heat,w [kg m™? s7] is the blood flow rate per unit cross-sectionaaa@dT, [K] is
the artery blood temperature.

Taking into account equations (6-11) one can witieblood flow rate as fol-
lows

q. = (10)

w:qr +qf _qc _qm (12)
We, (T, - T)

To determine the influence of emissivity value be tradiative heat flux and
the blood flow rate in skin tissue domain, the dir@pproach of sensitivity analy-
sis has been applied [4, 8].

According to the rules of direct method the equei¢6) and (12) are differen-
tiated with respect to the emissivity

aqr —_ 4 4
" o(T -Toh) (13)
and
0w 1 0q, (14)

9 - Ye, (T, -T,) 0¢
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3. Results of computations

The values of parameters assumed at the stagempfutations are collected in
Table 2. Most of them are taken from [1] and thergetrical parameters$ andD
correspond to the dimensions of human head. Calootahave been made for the
scope of skin temperatuiie: 29-37°C, and for various values of emissivity and
ambient temperature. It should be pointed out timatvalue of arterial blood tem-
peratureT, has been assumed as equal to €7 dnly from the mathematical pur-
pose (denominator must be different from zero.-egtiations (12) and (14)).

Table 2
Nomenclature
Symbol Representation Value Unit

Oe Evaporation heat flux 0 Wrh
Um Metabolic heat flux 4.186 W
Ta Arterial blood temperature 37.1 °C

T. Body core temperature 37 °C

As Thermal conductivity of skin 0.5 wrK
Nair Thermal conductivity of air 0.024 wii?
d Characteristic length of object 0.2 m
D Distance from body core to skin surface 0.1 m
Go Blood specific heat 3780 JRK?
B Thermal expansion coefficient of air 3.354e-3 1K
v Kinematic viscosity of air 1.56e-5 Iyt

g Local gravitational acceleration 9.8 &4l

o Stefan-Boltzmann constant 5.67e-8 Vi
U] Countercurrent exchange ratio of skin 0.8

P, Prandtl number 0.72

A Constant 0.27

M Constant 0.25

The values of blood flow rai@ are presented in Tables 3 and 4. It is clear visi-
ble that lower values are obtained for the lowdues of emissivity (see: table 3)
whereas for fixed value of emissivity, increaseantbient temperature has an ef-
fect in decrease of blood flow rate - Table 4.

In Tables 5 and 6 the values of radiative heat Hux presented. Similarly to
the previous results, decrease of radiative heat dbuld arise from decrease of
emissivity as well as increase of ambient tempegatu
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Values of blood flow rate@[g m? s, Tam, = 21°C

T, €
[°C] 0.99 0.98 0.95 0.9 0.85 0.8
29 0.67 0.65 0.59 0.49 0.39 0.30
30 1.38 1.36 1.28 1.15 1.03 0.90
31 2.33 2.30 2.20 2.04 1.87 1.71
32 3.67 3.62 3.49 3.28 3.06 2.84
33 5.66 5.60 5.42 5.13 4.83 4,53
34 8.95 8.87 8.61 8.18 7.76 7.33
35 15.00 15.00 15.00 14.00 13.0 13.00
36 34.00 33.00 32.00 31.00 30.0 28.00
37 416.00 413.00 403.04 386.0 370.00 353,00
Values of blood flow ratem[g m2 s
- €=0.99 €=0.8
[oé] Tans [°C] Tans [°C]
18 21 24 18 21 24

29 1.62 0.67 0 1.11 0.30 0

30 2.47 1.38 0.29 1.84 0.90 0

31 3.61 2.33 1.06 2.81 1.71 0.61
32 5.20 3.67 2.13 4.17 2.84 1.52
33 7.58 5.66 3.73 6.19 4.53 2.88
34 12.00 8.95 6.39 9.53 7.33 5.12
35 19.00 15.00 12.00 16.00 13.00 9.52
36 41.00 34.00 26.00 35.00 28.0¢ 22.00
37 496.00 416.00 335.00 422.0 353.¢0 283/00

Values of radiative heat fluxg, [Wm™], T, = 21°C

Ts €
[°C] 0.99 0.98 0.95 0.9 0.85 0.8
29 47.62 47.14 45.69 43.29 40.88 38.48
30 53.84 53.30 51.67 48.95 46.23 43.51
31 60.13 59.52 57.70 54.66 51.62 48.509
32 66.48 65.80 63.79 60.43 57.08 53.72
33 72.89 72.15 69.94 66.26) 62.58 58.90
34 79.36 78.56 76.16 72.15 68.14 64.13
35 85.90 85.03 82.43 78.09 73.7% 69.411
36 92.50 91.57 88.76 84.09 79.42 74.75
37 99.17 98.17 95.16 90.15 85.14 80.14

Table 3

Table 4

Table 5
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Table 6
Values of radiative heat fluxg, [Wm|

€=0.99 €=038

ey Tars [°C] Tars [°C]
18 21 24 18 21 24

29 64.50 47.62 30.21 52.12 38.48 24.41
30 70.72 53.84 36.43 57.15 43.5]1 29.44
31 77.01 60.13 42.72 62.23 48.59 34.52
32 83.36 66.48 49.07 67.36 53.72 39.65
33 89.77 72.89 55.48 72.54 58.9 44.83
34 96.24 79.36 61.95 77.77 64.13 50.06
35 102.78 85.90 68.49 83.06 69.41 55.35
36 109.39 92.50 75.09 88.39 74.7% 60.68
37 116.05 99.17 81.76 93.78 80.14 66.47

Tables 7 and 8 present the sensitivity functionsadfative heat flux and blood
flow rate. It should be pointed out that the greatdues are obtained for the big-
ger differences between ambient and skin temperabutboth tables the values of
sensitivity function are multiplied bfe = 0.1. Important thing is that according to
the equations (13) and (14) the sensitivity fundi¢radiative heat flux and blood
flow rate with respect to the emissivity) are indegent of emissivity itself.

Table 7
Sensitivity of radiative heat flux [Wm?] (9q,/delhe, Ae = 0.1)

Ts Tamo [°C]

[°C] 24 23 22 21 20 19 18
29 3.05 3.64 4.23 4.81 5.38 5.95 6.52
30 3.68 4.27 4.86 5.44 6.01 6.58 7.1
31 4.32 4.91 5.49 6.07 6.65 7.22 7.7
32 4.96 5.55 6.13 6.71 7.29 7.86 8.4
33 5.60 6.20 6.78 7.36 7.94 8.51 9.0
34 6.26 6.85 7.44 8.02 8.59 9.16 9.7
35 6.92 7.51 8.10 8.68 9.25 9.87 10.38
36 7.59 8.18 8.76 9.34 9.92 10.4 11.05

37 8.26 8.85 9.44 10.020 1059  11.1 11.72

o0

LA A

©

o))
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Table 8
Sensitivity of blood flow rate [g m? s (dw/delAe, As = 0.1)

Ts Tam [°C]

[°C] 24 23 22 21 20 19 18
29 0.12 0.15 0.17 0.20 0.22 0.24 0.2
30 0.17 0.20 0.23 0.25 0.28 0.3] 0.3
31 0.23 0.27 0.30 0.33 0.36 0.39 0.4
32 0.32 0.36 0.40 0.44 0.47 0.5] 0.5
33 0.45 0.50 0.55 0.59 0.64 0.64 0.7
34 0.67 0.73 0.79 0.86 0.92 0.99 1.0
35 1.09 1.18 1.27 1.37 1.46 1.5 1.6
36 2.28 2.46 2.63 2.81 2.98 3.15 33
37 2731 | 29.27| 3121 33.17 3502 3690  38.

o= Or o<

=7
(e}

Final remarks

The emissivity has a visible influence both onttkaod flow rate and the radia-
tive heat flux, so its evaluation for “hospital clitions” could play an important
role in the estimation of thermophysical tissueapaaters.

Findings of sensitivity study indicate that skimigerature has a dominant in-
fluence on the value of sensitivity parameters alfles 7, 8) in comparison to the
ambient temperature, so the sensitivity analysik vaspect to those both tempera-
tures should be also considered.
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