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Abstract—This paper is devoted to the issues of simulation II. A HUMAN BODY THERMOREGULATIONMODEL

and calculation of thermal processes in the system called
“Human body — T_h_ermal protec_tion - _Environment” under low A. Heat ExchangéProcesses Modeling
temperature conditions. It considers internal heat sources and . . )
convective heat transfer between calculated elements. Overall For the simulation of a human body, a thermoregulation
this is important for the Heat Transfer Theory. The method  System, the object was approximately split into two parts:
introduces a complex heat transfer calculation method and a “shell” (external body tissues) and “core” (internal organs and
local thermophysical parameters calculation method in the muscles). The circulatory system works in conjunction with
system called “Human body — Thermal protection — the thermoregulation system and transfers heat from the
Environment”, considering passive and active thermal internal organs to the body surface. This is a multi-layered and
protections, thermophysical and geometric properties of multi-element model, where every part of the body is
calculated elements in a wide range of environmental represented as a calculated element with the corresponding
parameters. In this paper the simultaneous work scheme of the  amount and type of layers (fig..1)
human blood system and the thermoregulation system is -
described. It allows counting volume flow of the heat carrier e
(blood) in calculated elements. Influence of the heat transfer with Rhivod. T
the heat carrier current between calculated elements and layers
on thermal processes in the “Human body —Environment” system

w

is investigated. Analysis of the obtained results allows adding the - i =
computer research data to experiments and optimizing individual COD;"““ |:|Eﬁ !]Ti P é 5|L| ts
life-support system elements, which are intended to protect a -—C'—-]]]§|]E i s
human body from exposure to external factors. Fﬂlﬁ 2 ly I e 155
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carrier, thermal resistance, thermal losses, low temperatures e | 1|
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I.  INTRODUCTION ﬁgﬁfﬁrﬁnd % =iy
Today the meaningful problem is development of physical S -1 Yo 4=
and mathematical alive systems models. Studies in this are ri
matter for development and improvement of life support r2
systems elements, which provide thermal comfort for the ra
human [1-4].Requirements to be met by protective clothing S . B

are low weight, elasticity, strength and high thermal

resistance. It also should protect human body from cooling ipig. 1. The calculated element scheme (index number: 0 - internal organs, 1 —
resting state and should not cause overheating during theiscles, 2 - adipose tissue, 3 - external body tissues, 4 - protective clothing, 5
physical activity — environment).

The most difficult question in the solution of this problem ~ The system of non-stationary one-dimensional differential
is the description of the heat carrier transfer processes betwel@d conductivity equations is used for each calculated element
elements of the thermoregulation system (TRS) [5,6]. Often ifmultilayer cylindrical wall) to calculate the cooling process. It
thermoregulation system models, it is not considered ofonsiders thermal processes in each of its layers. In general the
reflected by means of empirica| coefficienf®r the solution heat CpnductIVIty equation, |nC|Ud|ng_|nternal heat sources in
of this question in this work, the developed heathydrauli€Ylindrical coordinates, has the following form (1):
scheme is submitted. It allows one to calculate the amount of
the heat carrier and its temperature depending on different
conditions
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Internal heat sources, @re divided into two types. The 4)

first one @) is muscular heat productiomny and internal L L L L
organs heat productiorg). The second onegfo.g is heat Q +Q rad,, + Q blood,, T
transfer along the length of a layer, performed by the heat AT2L2 = SO 22 : conds, ,
carrier (blood), and it depends on the properties and the czzn}zlAT"'Gbloodzszlood

amount of the heat carrier that entered into the layer under
specified conditions (2). There is an assumption that due to the whereL — the time period numbeconv—convectionyad
small size of capillaries, the heat transfer between the heatradiationcond— heat conductivity.

carrier and the tissues proceeds with energy conversion

efficiency of 1 until complete thermal equilibrium: Then average layers temperatures are defined by

expressions (5):

Gv = Qlin * Golood @ T =T+ ATy To =T+ AT (5)

The changing of the heat flow along the length of the layer
(0z) due to the heat conduction process is assumed to be ze[g,
The calculated element is divided into a number of elementary
geometrical volumes, and within each of them temperature T'-ij = T‘-Out i~ (6)
varies linearly. The calculated points are chosen on the plane ) .
intersections, obtained after division. It is allowed for any Average outlet heat carrier temperature in calculated
selected elementary volume that the heat transfer process&i¢ment depends on temperature in the layer (6) and blood
stationary in every current moment of timer)( The heat Volume flow (7):

As the capillary sizes are very small, average outlet heat
rier temperature in calculated layer is (6):

transfer process is determined by the values of the effective L L
thermal conductivity coefficienf\f, specific heat capacit Tou. G + TG
) y COE€ I, sp | pac X Tt _ \'out,; “hlood,, out,, —hlood,,
and density ). Specific heat capacity and density vary out, = . (M
insignificantly within the element; so they are considered to be Gmoole + Gb|ood22
constant. The effective thermal conductivity coefficient is _
taken as a linear function of temperature {(t)). Outlet temperatures onlastep are accepted as intake for

. i the following L+1 step (the following time period). Initially,
Boundary conditions describe temperatures and heat flowgtaye temperature for all elements and layers is equal to 36,7
at the layers’ juncture, and also specify environmentadc (the normal temperature of the body). The heat carrier

parameters. As the result of the calculation, the heat flowggume flow G is calculated by the following algorithm.
temperatures at the layers boundaries and bulk temperatures

are determined. B. Calculation of Hydraulic Characteristics

Heat fluxes in the calculated element layers are divided On the basis of biological and medical data [7] for the
into four categories: heat conductivity, thermal losses from thpresented model, the thermal and hydraulic scheme of the

surface layers (convection and radiation), internal sources @uman thermoregulation system is created (fig. 2)
heat (heat production) and heat transfer from the heat carrier,

which depends on the heat carrier amount and its properties.  In calculated elements, the heating or cooling oftteat
carrier depending on environment parameters is considered.

~ For calculation of the heat flux from heat carrig¥iostd it Also there is a heat carriers mix with a different temperature.
is necessary to know its quantity in element, intake and outlethys, an important TRS feature is existence of sévera

temperatures (3): calculated elements types which are connected among
themselves by the composite serial-parallel hydraulic system
_ P having variable thermal and hydraulic properties.
leoodji - Gnlood i C%mod( iny _toutij ) ) . S .
mj As in each element there are many capillaries and their

sizes are very small, the dependence of a temperature profile
where Gpoog — the heat carrier volume flow through aon a velocity distribution can be neglecteHydraulic

cdculated elementi) and a layerj§, Cp niog — heat carrier chaacteristics are defined by the equations (8) set for each

thermal capacityty, t,« — heat carrier intake and outlet element:

temperatures in calculated element and a layer.

2 2
Average layers temperatures are determined by th®, = ¢&(var) PV +{ (var) PN, +k(var)j G, +
following algorithm. For each layer (e.p= 2 andj = 1, 2), 2 2
average temperature variatioh7,; in time period At is + Ronsi T 000 + AP, i +APpressi

calculated (4):

(8)
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V2 p\N2 The reliability validation performed by comparing the
kij Gij + fip—' + (i L+ AF’i =0, obtained results with known experimental and calculated data.
2 2 The qualitative and quantitative correspondence is determined;
where P — pressure gorta, veins, accel— linear the divergence is not more than 10%.

accelerationpress— compression pressurd&jyar), {(var) and

lll. THERESULTS

&var) — resistance coefficients (capillariesirterioles and

arteries) V, W— blood-groove speed in arteries and arterioles. 114 cooling process depends on many parameters:

environmental conditions (water or air environment with its
temperature and speed), a human body physiological
characteristic (gender, age, body fat percentage, the amount of
internal heating), protective clothing properties (thermal
resistance, breathability).

T\,_'FV,\ 7} _/_)_',G 5 ,t shell

The presented technique allows considering temperature
and speed of a surrounding medium, gender, age, somatotype,
and internal heating of an organism, the bound to physical
activity.

The heat carrier inflow from “core” to “shell” considerably
increases (in 4 ... 8 times) when a human experiences an
exercise stress. It happens due to rush of blood to muscles and
expansions of hypodermic capillaries network to the purpose

to dump excess heat in a surrounding medium (fig.TBg

o physical activity was simulated to determine the redistribution
el J of the heat carrier between elements and layers (figrhB.
amount of internal heating were 500 and 1000 Watt. The more
amount of internal heating increases, the more total heat losses
increase, but it is detected that participation of various
components is redistributed. The heat loss into environment
increases because the convective component part of the total
heat flow increases. In particular, the part of the heat that
blood (warmed-over heat carrier) transfers from “core” to

1 “shell” (and after that to environment) increases by 80% at the
i initial stage of cooling. The increase of muscle activity

I promotes the heat production increase by 25 ... 30 %. At very

‘ low ambient temperatures, the increase in the amount of
internal heating affects the cooling time insignificantly. It was
found out that at very low temperatures, intensive physical

Fig. 2. The conditional thermal and hydraulic scheme of the huma@cCtivity is ineffective [9].
thermoregulation systeni: — heat carrier entrance to the first contdur-
heat carrier exit from the first contouli; — exit from the second contouy, — a
heat carrier exit from the coré&; 2— pump (heart); calculated elemer8s:
lungs;4 — head5 — handsg — thorax musclesf — cardiac muscled ... 10—
digestive organst1— buds;12 — the lower half muscles of a trurll@ — legs. 3
25
Techniques for calculation of resistance coefficients are 2

B

blood volume, liter/min
3,5

® hypodynamia

normal

developed for each vascular section (are described explicitly in = ;5 | m physical
[8]). They consider the geometrical sizes and hydraulic 1 activity
characteristics of the contour (a volume flow of the heat g5 ' l intensive
carrier, intake pressure in the system, classification, diameters, o - w NI el
lengths and the number of vessels and flow rate of blddu). = & 5%

5 = £ 2

calculated scheme considers the attitude, the divisions and
branches scheme and also length of vascular sed®ra
reault pressure dropaP; and a volume flowG; for seven
caculated elements depending on external conditions argy 3 influence of external work during heat carrier reifistion
calculated. between elements and layers.

hands skin L
legs skin L
internals

Separately the heat carrier volume flow coming to “shell”
are calculated. It allows considering the amount of heat which
transfers the heat carrier from “shell” to “core” in thermal
calculation, and considering the variable thermal resistance of
a hypodermic capillaries layer.
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E— depends on environment temperature and specific features of
SosFRERLEES an organism.

= LA When creating the personal protective equipment, it is
, ' ,.”-" necessary to ensure proper thermal resistance at minimum

- ,;’ qih=0 ! qih=500Watt ;' qih= 1000 Watt costs and weight. _For this purpose, it is _important to
investigate the effectiveness of protective clothing that made

of materials with different thermal resistance values, under
various environmental conditions. As a result of the research
on the model, it was revealed that the use of materials with
time, min high thermal resistance under conditions of very low ambient
el featlosees — rdlaton temperatures was impractical; these materials under such
- convective — blood flow conditions are not much more effective than materials with a
small thermal resistance (fig. 7). At moderately low ambient
Fig. 4. The hand heat losses. temperatures, an increase in the thermal resistance of

B . _ 2
The presented method allows calculating the heat carri®rotective clothing up to 3 clo (1 clo = 0.155" fC/W)

volume flow in elements (fig. 5). Maximum heat carrier Significantly increases the allowable time spent in the cold.
volume flow for the men (40 years) is forso and internals
(the blood volume per minute - 54%). Minimum - in the heart § 250
and the head (5% and 8%). In the muscle group - 14% and ¢ —
19% for hands and legs, respectively. At the same time, the & 200 _—

largest heat losses (environment temperature iC2@re in 150

-300

heat losses, Watt

)

-500 {1 !
1 :

i

!

1

-600

-700

et SR U

800

. 100 ———
the muscle group (fig. 6). o — =
The heat carrier volume flow, % 0 ' ! ' ! '
0 1 2 3 4 5 6 7
hge;d clothes thermal resistance, clo
—0°C == -30°C
cardiac
muscle ) Fig. 7. The safe stay time in cold (environment temperature -30 °C and 0 °C,
5% clothes thermal resistance - 1 ... 7 clo).
trunk and

The important parameter for heat losses analysis in the

internals . i . . PP
54 zero gravity conditions is the heat carrier redistribution

between calculated elements [10]. The presented method

allows calculating blood volume deviations in a minute in the

zero gravity conditions (in a percentage ratio) from norm on
Figure 5. The heat carrier volume flow in elements. Earth (fig. 8). An astronaut has theoperativeblood volume

tha is 16% less than the norm, which leads to a decrease of
heat convection with blood flow. Ithe absence of exercise

10 2 30 40 time,min g0 20 stresses,such redistribution of blood between calculated

10 D elements is observed: the blood consumption in the head
20 s g‘/ _________ increases by 70 %, for hands and legs - decreases by 11 % and
B 37 %, respectively.

.
-40 “L' E = H blood volume deviations , %
50 E 2 73,72
_GO _L —
70 ff = +head — hands --thorax —trunk -~ legs

-80

Fig. 6. The heat losses of calculated elements.

The heat carrier is redistributed not only between elements, 11,05
but also between layers. The thermal insulation layer cooneiatve cardiac trunkand  hands head
(hypodermic capillaries) has variable thermal resistance. At volume ' musde intemals
low temperatures the “shell” resistance increases because '
blood is outflows from this layer. It allows to reduce heat
losses of “core” and to keep its temperature of a constant &g. 8. The blood volume deviations per minute in the zero gravity conditions
long as possibleThe outflow speed and heat carrier amount(in a percentage ratio) from norm on Earth.
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Thus, considering padding heat wastes during respiration IV. CONCLUSION

is expedient to introduce the warming elements in places
where blood supply is worsened: legs, back, thorax (fig. 9, a®
The similar solution is proposed for the windproof suit
intended for the emergency landing in adverse weath

conditions (fig. 9, b).

Fig. 9. The

thermal
in the design of underwear for astronauts (a) and windproof thermal insulation
suits for emergency landing (b)

insulation

elements

The received results analysis allows one to estimate
qualitatively and quantitatively influence of the heat carrier
redistribution between calculated elements on the “Human

Etiody — Thermal protection — Environment” system

functioning and to receive local thermal parameters in the
wide range of surrounding medium properties. It gives
opportunity to define experiments borders and to create
models for training in extreme situations, which are bound to
overcooling and overheating. Also it can help to improve
individual protection means from influence of adverse heating
environments by means of the thermal insulation elements in a
clothes design. The research results can be useful for
specialists when designing thermal underwear for people with
disabilities, specialized fire proximity suits, altitude-
compensating suits for pilots, constant wear garments for
astronauts, and also for improving elements of the space suits
thermoregulation systems.
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