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MATHEMATICAL MODELING OF COMFORTABLE CONDITIONS OF CONVECTIVE
HEAT EXCHANGE OF HUMANS AND ENVIRONMENT

Estimating environmental characteristics and determining comfortable conditionsis a rather complex task that re-
quires powerful mathematical and computer equipment. The purpose of the article is to build a ma thematical model and
determine the comfortable conditions of convective heat transfer of man and the environment by temperature in the city
of Mykolaiv. The article “Mathematical modeling of comfortable conditions of convective heat exchange of humans and
the environment” presents experimental studies of the evaluation of the comfortable co nditions of convective heat ex-
change of the human body and the surrounding environment based on mathematical calculations allow to clearly outline
the comfortzonesinthe cold period ofthe year. The basisofthe researchis the mathematical modeling of the comfortable
conditions of the human body, which is based on the use of the developed algorithm, the basis of which is the synthesis of
two software products. The ability to import data made a significant impacton the synthesized work of the programs,
whichmade it possible to transfer the calculations withoutloss of content without lossof time. Optimal solutions identified
during the creation of the algorithm allowed to create a method of mathematical modeling of the comfortable conditions
of the human body.

The heat exchange between the human body and the temperature of the atmospheric air is estimated. The graphical
dependence of the change of convective heat exchange on the atmospheric air temperature is constructed. An approxi-
mation of the curve on the basis of which the derivative of the function is determined. The levels of comfort of convective
heat exchange of man with the environment are presented. The optimal temperature conditions for the human body in the
cold period of the year are substantiated.

The normal temperature threshold is 1.5-0.5 °C, where the humanbody is in a comfortable state and there is moderate
heat transfer. For the middle level, the temperature is determined in the range of 2.0-1.49 and 0.49-0 °C, where the
increase in heat transfer begins due to the increase in atmospheric air temperature, which leads to sweating. Lowering
the temperature, in turn, leads to heat release from the body to warm up.

Key words: mathematical modeling, convective heat transfer, approximation, analytical differentiation, comfort
zones, algorithm.

OyYiHIOBAHHSA XAPAKMEPUCTUK HABKOIUUHbO20 Ceped0sua ma GU3HAYEHHs KOMOOPMHUX YMOS € 00CUMb CKAAOHUM
3A80AHHAM, AKE NOMP e0YE NOMYAHCHO20 MATNEMATNUYHO20 MA KOMN TOMePHO20 001adHaHHA. Memoio cmammi € no6yoosa
MAMEMAMUYHOT MOOEi MAa BU3HAYEHHSA KOMPOPMHUX Y MO8 KOHEEKMUBHO20 TNENNI0 0OMIHY IIOOUHU MA HABKOTUUIHBOZO
cepedosuwa 3a memnepamypoio ¢ micmi Muxoaaesi. ¥ cmammi « Mamemamuure M0oOen08aHHI KOMPOPMHUX YMOB
KOHBEKMUBHO20 MENI00OMIHY TOOUHU MA HABKOTIUMHLO20 CEPedosUay NPedCmAasiieHO eKCnepUMEHMAaIbHi 00Ci-
00HCeHHSA OYIHKU KOMPDOPMHUX Y MO8 KOHBEKMUBHO20 MENI000MIHY OP2aHizMy IH0OUHU MA HABKOIUUHLO20 cepedosuiya
HA 0CHOBI MAMEMAMUYHUX PO3PAXYHKIB, IKI 003B80IAI0Mb YTIMKO OKPECAUMU 30 HU KOMPOPMY 8 X0I0OHUL NEePio0 POKY.

OcHo6010 00CNIOdICEHHS € MAMEMAMUYHE MOOeI0BANHSL KOMDOPMHUX CMAHIE OP2AHIZMY IIOOUHU, SKe 6A3YEMbCs HA
SUKOPUCMAHHI PO3POONIEHO20 AN2OPUMMY, OCHOBOIO K020 € CUHME3 080X NPO2PAMHUX NPOoOYKmis. Modcausicms imno-
Ppmy OaHUX 3HAYHO BNIUHYIA HA CUHME308AHY POOOMY NPOCPAM, WO 00360IUL0 Nepedasamu po3paxyrku 6e3 empamu
emicmy 6e3 smpamu uacy. OnmumanbHi pileHHs, GUAGIeHI NPpU CIEOPEeHHI AN20PUMMY, O0360.1UNU CINBOPUMU MEMOO
MAMeMaAMUYHO20 MOOENO8AHHA KOMPOPMHUX CIIAHIE OP2aAHIZMY THOOUHU.

Oyineno menniooOMiH Midc MiIOM IIOOUHU | MEMREPamypoio ammocgeprozo nogimps. [lo6yodosano epagiuny 3ane-
JHCHICIb 3MIHU KOHEEKMUBHO20 MENNI00OMIHY 8i0 meMnepamypu ammochepro20 nosimps. Anpoxcumayisa Kpueoi, Ha oc-
HO8I K0T u3Hauaemvcst noxiona Qynxyii. Hasedeno piemi kom@opmmocmi KOH8EKMUBHO20 MeNa000MIHY TIOOUHU 3
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HABKOMUWHIM cepedosunem. ODIPYHMOBAHO ONMUMATLHI MEeMNEPAMYPHI YMOBU 0151 OP2AHI3MY TOOUHU 8 XOJI0 OHUIL Ne-
pioo poky.

Hopmanvuum memnepamypuum nopocom € 1,5-0,5 °C, npu axomy opeaHizm mo0uHu nepedysac 8 KOMpOpmHoMy
cmani i € nomipua meniosiooaya. /[ns cepeonbo2o pieHs memnepamypa susnavacmocsi  mexcax 2,0-1,49 i 0,49-0 °C, oe
NOYUHAEMBCA 301IbUEHH MEeNA08I00ayi 3a pAXyHOK RiOBULEHH MeMNepamypu ammoCcpepHo20 noGimps, wo npu36o-
oums 00 NOMOBUOLNEHHSL. SHUIICEHHS. MEMREPamypu, Y C80I0 4ep2y, NPUu3800ums 00 8UOLICHHI Menid 3 Op2anismy 0
312pPIBAHHA.

Knrwuoei cnosa: mamemamuute MOOe0BAHHA, KOHBEKMUBHUL IMENI000MIH, ANPOKCUMAYIS, AHATIMUYHA OUpeper-
yiayis, 30Hu KOMPOPMY, AI2OPUMM.

Introduction

The article was prepared as part of the International Project with the support ofthe EU Erasmus+ Program of Jean
Monnet_Chair.

An important factor in the normal functioning of the body is the release of heat into the environment.

Body temperature during any external processes is maintained only when there is a balance in heat production and
heat transfer of the body. The heat exchange of the human body with the environment is due to thermal conductivity,
convection, radiation and evaporation.

The heat balance maintained by the body can be disturbed and lead to hypothermia or overheating of the body, which
in turn causes loss of ability to work, consciousness or even death.

Interpretation of the concept of “comfort” is quite conditional and controversial in our time. Basically, this concept is
considered as a set of conditions, circumstances thataffect normal well-being, mood, which depends on such conditions.

Comfortof environmental conditions for the human body, the concept is narrower and appliesto environmental f actors
that affect the state of the human body.

The authors [12] presented a model that allows to predict the comfortable state of a person in different temperature
ranges. She studied the comfortable state of a person in the thermal regime of the room [11], where a mathematical model
was proposed and analytical expressions were obtained, which allow to determine the irradiation coefficients and assess
the heat exchange of a person with the internal environment. A significant contribution to the study of human heat ex-
change was made [9], which published the results of theoretical studies related to the heat exchange of the human body
and the parameters of the microclimate of the room.

The purpose of the article is to build a mathematical model and determine the comfortable conditions of convective
heat transfer of man and the environment by temperature in the city of Mykolaiv.

Experimental researches

Maintaining an acceptable state of health, well-being and ability to work directly depends on the thermal co mfort of
the environment. It is the heat exchange of the human body and the environment can be assessed by convective heat
transfer, determined by the Newton-Richman (formula 1):

9k = Fe(tgyr — tg), Where: 1)

tr — human body surface temperature,

t, — atmospheric temperature,

F, — effective surface of the human body, taken 1.8 m2,

ax — heat transfer coefficient, taken 4.06 ZW
m“-deg

The surface temperature of the human body was measured with a non-contact thermometer at the time of entry into
the room.
Temperature indicators of atmospheric air are taken for the five-day period in December of the city of Mykolaiv (table

1).
Table 1
Convective heat transfer at these temperatures
Atmospherictem- | Heattransfer coeffi- | ffectivesurfaceof | Human body sur- Convective heat
. w
perature, °C cient, e den the human body, m? | face temperature, °C transfer, Joule
-3,0 32,3 257,97
-2,0 29,6 230,93
0,0 4,06 1,8 28,3 206,82
0,0 28,3 206,82
2,0 30,3 206,82
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In the MS Excel program, it is possible to build environmental characteristics (EC) created on the basis of a selection
of tabular data. The approximation of the built environmental characteristics is created using the functional menu built
into the program. For a more detailed evaluation of EC, the software components cannot provide the definition of the
coefficients, which shows the accuracy of the approximation of the functions and the corresponding level, which is asso-
ciated with the trend line describing the corresponding function [6].

The environment of the mathematical processor MathCad to a greater extent makes it possible to qualitatively process
EC. Usingthe data import functions, the graphical differences obtained in MS Excel can be transferred to MathCad with
furtherevaluation. Level import allows you to differentiate them and build derivatives on the basis of the received differ-
entials with the subsequent determination of the comfort zone. In addition, the high -quality solution of mathematical
expressions carried outin MathCad allows you to quickly and clearly process large volumes of data, which are used a lot
of time in MS Excel in their work.

The process of differentiation is performed in the mathematical processor MathCad, which is connected with its au-
tomated process. The resultingequation, which was imported from MSExcel, is calculated usinga special function button
that allows you to calculate the input. MS Excel allows differentiation only manually using built-in functions.

The calculations carried out in the above programs made it possible to develop a clear algorithm for mathematical
modeling of human comfort zones. By combining the functionality of the MathCad and MS Excel programs, it is guar-
anteed to setthe comfort zone for environmental characteristics, which givesacomplete picture of the impact of the factor
on the living organism.

The first stage is the determination of the indicator and the corresponding operating factor. Based on the construction
of ecological characteristics, for their further processing, it is necessary to choose environmental parameters as the active
factor. These can be: atmospheric air temperature, relative humidity, wind speed, solar radiation, etc. In this case, the
objectisa living organism, namely a person.

The human body must have a quantitative assessment, that is, it must be calculated using certain numerical values —
indicators. Such indicators include: thetemperature of the human body, blood pressure, pulse, the amount of heat released,
etc. It is important to assess the degree of influence of this or that factor on the indicator, this allows more accurate
derivation of environmental safety indices in future processes. The next step is to enter the data bank into the MS Excel
spreadsheet. The accuracy of the obtained studies depends on this stage, due to the volume of experimental data, the
greater their amount, the more accurate the approximation of EC.

In the algorithm, whichis presented in the figure, all the processes of mathematical modeling of human comfort zones
are specified, which showsthe entire calculation work from beginning to end [1]. All it work is based on mathematical
calculations of various nature (fig. 1).

The presented algorithm can be improved by increasing the active factors, which gives a more accurate assessment
when determining comfortable conditions for the human body. The introduction of one more active factor will allow us
to build and evaluate three-factor environmental characteristics. This will make it possible to comprehensively evaluate,
define, characterize and result of the conducted research.

Optimization of computer and mathematical equipment will contribute to increasing the level of accuracy of per-
formed calculations. The possibility of using more advanced programs that will allow you to perform calculations not in
several software environments, but in one. Construction of graphical dependencies in mathematical processors operating
in automatic mode, due to the introduction of coded processes into the program environment. First of all, the use of
software products thatallowyou to automatically evaluate the function andits derivative, in order to highlight the comfort
zones of the ecological characteristics and give a better picture of the experiment [7, 8, 10].

The method of mathematical modeling of human comfort zones, whichis presented in the form ofan algorithm, allows
you to quickly and qualitatively assess environmental characteristics using any amount of information. The computer and
mathematical base of which allows to increase the level of accuracy of experimental studies, thanks to automated evalu-
ation methods, which are more perfect compared to manual calculations.

Today, there are no analogues among similar methods and algorithms for mathematical modeling of human comfort
zones.
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Fig. 1. Algorithm of mathematical modeling of human comfort zones

Results and discussion
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Firstof all,the choice of the optimal graphic display is made, which allows to describe the received EC in more detail.
Assessing the two-factor environmental performance, the best solution is to depict it using the MS Excel component
“Chart” and select “Point with smooth curves”, it allows you to get high quality and detailed display.

Graphic dependence (fig. 2) allows to estimate the heat exchange between the human body and the temperature of the
atmospheric air. The constructed curve gives a clear picture of the reaction of the organism (convective heat transfer) to
meteorological changes - the temperature of atmosphericair. Finding the derivative of this function, will determine the
comfort zones of convective heat transfer of man and the environment [2].
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Fig. 2. Dependence of changes in human convective heattransfer on atmospheric air temperature

Approximation of the function in the environment of MS Excel allowed to determine the equation of the function and
the coefficient of determination, which is equal to RZ2 = 0.99. The obtained polynomial of the third degree was transferred
to the environment of the mathematical processor MathCad, where analytical differentiation was performed and the de-
rivative was constructed (formula 1,2).

Using the functions of the MathCad mathematical processor, analytical differentiation of this curve was performed
and comfort zones were determined accordingly (fig. 3).

F(x) = —0.3958x3 + 3.0145x2 — 4.4457x + 206.82 )
% F(x) = —1.1874x% + 6.029x — 4.4457 3)
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Fig. 3. Dependence of changes in human convective heattransfer on atmospheric air temperature
in MathCad environment

The process of differentiation is reduced to automated calculation in the mathematical processor MathCad. By press-
ing the corresponding function button, which is located in the panel “Calculation”, we create the basis for the calculation.
Then we copy the equation in the field of differentiation and get the answer as a derivative (each expression must have a
name, this allows the program to determine a particular expression according to its name) (fig. 4,5).

o x

™

B e 66n Vow et Fomat Tooh Syeboks Wedow Hob

D-#Wany 8o " NDR ADO|EN O
e " 5 msymesEE

B4HeRIDo . o o

x4 00000d” « 00000m" - 0oLk = 001N « 80NN - 84 G
cam
¥

o

Fig. 4. The differentiation process in MathCad

Each level of comfort is clearly traced by the nature of the change in the derivative function of the dependence of
convective human heat exchange on atmospheric air temperature.
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Fig. 5. Derivative functions in the MathCad environment

Graphic dependencies are built on the basis of the received expressions. Select the menu item “Add” and click on the
line “Charts”, where in the list click on “X-Y chart”. After that, an empty graph field appears on the workspace, in which
the name of the function to which our equation belongs is written along the ordinate axis, and the name relatedto the
sample of values in x is written along the abscissa axis, giventhatthe functionand its derivative have the same values of
X, it makes senseto build graphical dependencies in one graphic field) [4, 5]. Therefore, it is possibleto enter both the
function equation and the derivative equation in the field, and to leave x unchanged, but more detailed for the assessment
of comfortare graphical dependencies, which are built separately fromeach other. Thisallows to clearly and qualitatively
characterizing the trend of change of the derivative during the assessment of comfort zones EC.

The separation of comfort zones is based on a graphical dependence, which consists of a function and its derivative.
After analyzing the nature of the derivative change, we can distinguish comfort zones: the optimal zone, the middle and
low comfort zone. According to these zones, you can select the gradation for each of the developed levels [3].

Based on the constructed derivative, on its basisa graph is constructed with selected comfort zones, where green
indicates the optimum zone, yellow - medium, red - low comfortzone.

Normal heat exchange of the organism and the environment is determined by the comfort levels of the constructed
derivative (fig. 6):

optimal (comfortable) condition - 1.5-0.5 ° C;

moderate condition - 2-1.49and 0.49-0 ° C;

uncomfortable state - 0,1- (- 3) ° C.
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Fig. 6. Comfort levels of convective heat exchange of a person with the environment
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Certain levels of comfort of convective heatexchange of the person with environment allow to estimate optimum
temperature conditions for a human body in the cold period of year.

Optimization of computer and mathematical apparatus will help increase the level of accuracy of calculations. Ability
to use more advanced programs that will perform calculations notin several software environments, butin one. Construc-
tion of graphic dependencies in mathematical processors operating in automatic mode, due to the introduction of coded
processes in the program environment. First of all, the use of software products that allow you to automatically evaluate
the functionanditsderivative, in orderto identify comfortzones of environmental characteristics and give a better picture
of the experiment.

The presented algorithm can be improved by increasingthe operating factors, which gives amore accurate assessment
when determining the comfortable conditions for the human body. The introduction of anotheractive factor will build
and assess the three-factor environmental characteristics. This will allow a comprehensive assessment, determination,
characterization and results of research.

Conclusions

At subzero temperatures, the human body begins to give off heat (energy), where there is an increase in values along
the y-axis. The normal temperature threshold is 1.5-0.5 °C, where the human body is in a comfortable state and there is
moderate heat transfer. For the middle level, the temperature is determined in the range of 2.0-1.49 and 0.49-0 °C, where
the increase in heattransfer begins due to the increase in atmospheric air temperature, which leads to sweating. Lowering
the temperature, in turn, leads to heat release from the body to warmup.
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