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CHANGE IN THE STATE AIR IN THE ROOM UNDER THE INFLUENCE OF HEAT,
WATER VAPOUR AND CO, EMITTED BY THE HUMAN MODEL AND THE SUPPLY
AND EXHAUST VENTILATION UNIT

The work continues to develop a mathematical model of the respiration process, taking into account the peculiarities
of heat and mass transfer between humans and the environment, in particular, the release of carbon dioxide, water vapor
and heat. Estimates of air pollution in an isolated room are obtained using a model of a dressed person. The time a person
spends in the room and the number of people are taken into account.

Based on these estimates, the inverse ventilation problem for the room was solved, i.e. the process of bringing the
previously polluted air to the standard parameters was studied.

Changes in the state of air parameters were modelled taking into account the impact of the following:

— model of a dressed person;

— the supply ventilation system (i.e., the intake of CO,, water vapor, and atmospheric heat);

— exhaust ventilation system (i.e. removal of carbon dioxide from the air environment, reduction of humidity, air
cooling).

The ventilation scheme is studied when the supply is from the top of the room and the exhaust is from the bottom
near the floor.

The application of ANSYS CFD (Computational Fluid Dynamics) numerical modelling based on continuity
equations and Reynolds-Averaged Navier-Stokes (RANS) equations has yielded the following results:

— the inverse ventilation problem was solved — for the previously contaminated room space under study, the
interaction of the systems ‘a dressed person and a working supply and exhaust ventilation unit’ was considered;

— monitoring and visualisation of changes in the concentration of carbon dioxide CO,, temperature and relative
humidity in the room, depending on the time of operation of the ventilation unit and the height of the room,

— the efficiency of the adopted air exchange scheme in the room was compared to match its characteristics with the
requirements of regulatory documents.

The dynamics of the absorption of excess heat, humidity and carbon dioxide (CO,) made it possible to assess the
efficiency of ventilation systems and predict an increase in their energy efficiency when air parameters are brought to
standard values. Changes in the air environment are typical for rooms with mechanical supply and exhaust ventilation.

Key words: mathematical model, air contaminant, aerodynamics, computational fluid dynamics, air change
scheme, relative humidity, temperature, carbon dioxide concentration, room working area (WA), rebranding, supply and
exhaust ventilation.
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KomyHanbHuit 3aknaj «3anacHi MyHKTH YIPaBIiHHS HUBUTLHOTO 3aXUcTy Oniechkoi MIChKOT paany

3MIHA CTAHY NOBITPSI B MIPUMILLEHHI NI BILIMBOM TEILIA,
BOJISIHOI IAPH TA CO,, IO BUALISIFOTHCSI MOAEJJIIO JKOJUHU
TA MPUILJIMBHO-BUTSAKHOIO BEHTWISILINHOIO YCTAHOBKOIO

Y pobomi npodosacyemuvcs pospobra mamemamuunoi mooeni npoyecy OUXAHHA 3 YPAXYSBAHHAM 0COOIUBOCMEN
MenioMacoOOMIHY TIOOUHU Md HABKOTUUIHBO20 Cepedosulyd, 30Kpemd, GUOLNeHHs OIOKCUOy 8y2leyio, 800SHUX Napie
ma menna. Ompumani oyiHKu 3a0pyOHeHHA NOGIMPsL 8 I301b08AHOMY NPUMILEH] 3 BUKOPUCMAHHAM MOOeNi 00si2HeHOl
J00uHU. Bpaxosyemuvcs wac nepebysanms noounu 8 npuMinyeHHi ma KinbKicms ooetl.
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Ha ocnoei yux oyinox poss’ssano obepueny 3adauy eeHmunayii Oisl NPUMIWEHHs, MOOMO BUBYEHO Npoyec
008e0eHHs1 NONepeoHbO 3a0PYOHEH020 NOGIMPsL 00 HOPMAMUBHUX NAPAMEMPIB.

Mooentosanucs 3minu cmany napamempis nogimpsa ma 8nius Ha ye:

— Mooeni 00si2HeHOI ToOUHU,

— npunauenoi cucmemu senmuaayii (mobmo naoxooxcenns CO,, 60051020 napy, menia ammocghepro2o nosimps),

— GUMANCHOI cucmemu GeHMUAAYIT (MoOMo UOANEHHS 3 NOBIMPAHO20 CEPeO0BUYA BY2LEKUCTIOZ0 2A3Y, SHUNICCHHS
6071020CMI, OXONOONHCEHHS NOBIMPS).

Buguaemuca cxema éenmunayii, konu nooanHs 8i00y8aemuvca 36epxy NpuMinyeHHs, a 8i00ip — 3Hu3y 0ina nionoeu.

3acmocysanns uucnosoeo mooemosanus ANSYS CFD (Computational Fluid Dynamics) na ocnogi pieusanb
Henepepernocmi ma ycepeonenux pienansv Petinonvoca-Has e-Cmoxca RANS (Reynolds-Averaged Navier-Stokes) dano
maki pesynemamiui:

— pos3g’sazana obepHeHa 3a0a¥a GeHMUIAYIL — Ol NONePeOHbO 3AOPYOHEH020 OOCHIONCYBAHO20 NPOCMOPY
NpUMILeHHS. PO32TAHYMA 83AEMOOIS CUCEM «00ASHEeHA THOUHA MA NPUNTUSHO-SUMSNCHA 8eHMUNAYIUHA YCMAHOBKA,
wWo npayioey;

— BUKOHAMO MOHWImopune ma 6izyarisayito sminu Konyenmpayii eyenexucnozo 2azy CO, memnepamypu ma
BIOHOCHOI 8011020CMi 8 NPUMIWEHT 3ATLEHCHO BIO UACY POOOMU BEHMUNAYIUHOL YCMAHOBKU MA GUCOMU NPUMIUYEHHSL;

— NOpIGHAHO epexmuenicms pobomu NPUUHAMOL cXemu OOMIHY NOGIMPs 6 NPUMIULEH Ol Y3200MCEHHs 11020
XApaKmepucmux 3 6UMO2amu HOPMAMUSHUX OOKYMEHMIE.

Hunamixa 3ac60€nnsa HaomuwWiko6020 menia, 6onozocmi ma eyeiexkucioeo 2asy (CO,) dana zmozy oyinumu
epexmugnicms pobomu 8eHMUNAYIUHUX CUCEM I CNPOSHO3Y8AMU NIOBUWEHHS IX eHepeoeheKmusHOCmi npu 008e0eHi
napamempie nogimps. 00 HOPMAMUBHUX 3HAYEHb. 3MIHU NOBIMPAHO20 Cepedosua XapakmepHi Oisi NPUMIlyeHb
3 MEXAHIYHOI0 NPUNTUSHO-BUMSICHOIO BEHMUNAYIEIO.

Kniouosi cnosa: mamemamuuna mooens, 3a0pyOHI08aY NOSIMPSI, AEPOOUHAMIKA, OOUUCTIOBATIbLHA 2IOPOOUHAMIKA,
cxema nogimpooOMiny, 6iOHOCHA 80102ICMb, MEMREPAMypd, KOHYEHMPAayis 8y2NeKUCI020 2a3y, pOO0Uad 30HA NPUMILEHHS,
pedpenouHe, NPUNIUGHO-BUMAICHA BeHMUIAYIA.

Introduction

The energy efficiency of life support systems (ventilation and air conditioning) is directly related
to the regulatory constraints on indoor air parameters [2; 3]. The main harmfulnesses of air, by which
the performance of ventilation systems is calculated:

—temperature;

—relative humidity:

— concentration of carbon dioxides.

Normed also:

—the speed of the air flow into the working area of the room;

— the temperature difference between the temperature of the air in the working area and the tem-
perature of the supply air flow entering the working area (WA).

In the practice of climatotechnics, the efficiency of ventilation and air conditioning systems is
also significantly affected by the air exchange scheme.

This paper considers the efficiency of supply and exhaust ventilation according to the scheme
“air supply from above — removal from below”.

Literature review and problem statement

The developed mathematical model of human impact on the air environment of an isolated room
allowed to analyse the intensity of pollution of the studied space [1]. In the same work, the study of
normalisation of air environment parameters from the state of pollution to the normative parame-
ters on CO, concentration was carried out using the air exchange scheme “air supply from above —
removal from below”. Generalisation of results of researches of multifactor interaction:

—of a person (CO,, heat and water vapour emission);

— polluted space of a premise (CO,, heat and water vapour emission);

—supply ventilation (CO,, heat and water vapour emission);

—removal of air mixture by exhaust ventilation system (a person + polluted space of a premise
+ supply ventilation) is presented in this paper.
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Various methods and approaches have been used in the practice of calculating changes in the
state of the air environment in rooms for various purposes [4-8]. Examples of successful solutions
of applied ventilation problems do not remove the question of the accuracy of the results obtained
by mathematical modelling. Nowadays, mathematical modelling methods are used in engineering
calculations, which allow obtaining an estimate of flow parameters based on numerical solution of
the Reynolds equations of stationary or unsteady Navier-Stokes equations. (RANS/URANS: Steady/
Unsteady Reynolds Averaged Navier-Stokes).

The aim and objectives of the study
The aim of the study is to develop a mathematical model that determines the processes of heat
and mass exchange between humans and the environment. Based on this model, it is possible to
solve applied problems related to the creation of a comfortable microclimate in rooms, increasing the
energy efficiency of systems that provide air change [1].

Research results
Modeling of air contaminant intake
Currently, mathematical modeling methods are used in engineering calculations, which pro-
vide an estimate of flow parameters based on the numerical solution of the Reynolds equations of
stationary or non-stationary Navier — Stokes equations (RANS/URANS: Steady/Unsteady Reynolds
Averaged Navier — Stokes) [4].
Continuity equation:

d
7‘;+v(pu)=o, (1)

where p— air density, u — flow velocity, V — Nabla operator.
Navier — Stokes equation:

o, —\ op 0 ou, Ou, 2. ou 0 —
—(puu )=—E+ |y L+ —L-25 | |-8.pg+——(puu.), 2
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where p —pressure; Pa, p —dynamic viscosity, kg/ms; p, —turbulent dynamic viscosity, kg/m-s;
g — acceleration of gravity, m/s*; k — kinetic energy of turbulence, m*/s2, j=1, 2, 3; §, — Kronecker
symbol.

Absorption of excess heat, humidity and carbon dioxide (CO,) in the study space.

The parameters of air pollutants that are assimilated by the ventilation system are adopted as
follows:

— air temperature: 24 °C;

—initial level of CO, concentration: 2100 ppm;

— atmospheric pressure: 101325 Pa;

—relative humidity: ¢ = 65 %;

—average surface temperature of a clothed person: 27 °C.

Results of studies of the “air contaminant™ assimilation.
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Scheme (Fig. 1) provides the following constructive conditions for ventilation functioning:

— air supply from above using a static chamber and a ceiling diffuser with a working diameter of
A150mm;

— consumption of supply and exhaust air: 120 m*/hour;

—exhaust ventilation is organized in the lower part of the wall using a ventilation grid.

First of all, it is reasonable to consider the time required to bring the microclimate of the room
to the normative state during CO, assimilation. In turn, preliminary studies have established that the
highest concentration is concentrated in the working zone, which is due to the physical properties of
carbon dioxide compared to the surrounding air.

—_— e e W The space under study.
> Initial conditions
of contaminated air:
P(abs)=101325 Pa;
Temperature =297,15 K;

. . CO2 = 2100 ppm;
Clean air inlet using plenum @=50%

box and ceiling diffuser

with air flow rate
of 120 m3/hour g
Temperature =295,15 K; Survey point within

CO2 =350 ppm; the working area
_9=50%

The human body as a source of excretory
air contaminant: Exhaust air outlet using a ventilation
Exhalation zone - incoming CO2 and moisture: grille at the bottom of the wall

respiratory volume:=0.5 I; /

temperature gases: =307,15 K
-~ /

Inhalation zone - espiratory volume:=0.5 |;

Body temperature in clothing =300.15 K

— — - - —/;: I |
0,00 1500,00 3000,00 (mm)
=—"——_— =] Ee————

750,00 2250,00

Fig. 1. Initial data for modeling and research according to scheme

There is an interest in the organization of exhaust ventilation in the lower plane of the working
area, where the extraction of polluted air has the shortest path and the possibility of repeated ascent
of carbon dioxide into the human breathing zone is excluded. The dynamics of changes in CO, con-
centration at the monitoring point in a 9-minute period is presented in Fig. 2.

The value of carbon dioxide on a vertical scale during the functioning of the ventilation system
(Fig. 3) is distributed with a fluctuation within 200 ppm, which indicates uniform assimilation of pol-
luted air in the study area over the time of observation.

Volumetric visualization of changes in the carbon dioxide content over a 9-minute period of
time is shown in Fig. 4.

The formation of a uniform distribution of air is due to the geometric properties of the ceiling
diffuser (Fig. 5), which forms stream lines of a cyclic nature along the adiabatic walls of the study
space. The analysis of the jet (stream line) acquires a stable character, where the velocity vector of the
supply air coincides with its direction. That is, the use of static pressure chambers in supply devices
of air supply systems has advantages in terms of hydrodynamics and acoustics.

https://doi.org/10.32782/mathematical-modelling/2024-7-2-8
92



IIPUKJIA/THI ITHTAHHA MATEMATHYHOI O MOAEJTIOBAHHA T. 7, Mo 2, 2024

ppm, CO, scheme A

2200
2000
1800
1600
1400
1200
1000
X00
A0
400

200
2 3 4 3 O 7 s <G 10
Time (min)

Fig. 2. Dynamics of changes in CO, concentration over the time of observation
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Fig. 3. Monitoring the distribution of CO, concentration on a vertical scale
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Fig. 4. Volumetric CO, rendering over time relative to the observation point

Fig. 5. Stream lines

The rendering of temperature and volumetric humidity content over time relative to the obser-
vation point is presented in Fig. 6.

Graphs of changes in temperature and relative air humidity are presented in Fig. 7.

Of special interest for research is the border plane between the upper zone of the room and the
working area (WA). According to regulations [2; 3], the velocity of the jet entering the air distribution
system (v, m/s) from the air distributor into it, the temperature difference of the jet at the entrance
to the air WA and the air temperature in the WA (At, °C) and the concentration of carbon dioxide in
the WA boundary space (CO,, ppm) are regulated for WA. The boundary contours of interest to us
between the upper zone of the room and the WA of distribution of air contaminants after nine minutes
of operation of supply and exhaust ventilation are shown in Fig. 8.
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Fig. 6. Rendering of temperature and humidity content over time relative to the observation point
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Fig. 7. Graphs of changes in temperature and relative air humidity

tmin=22.56 OC, Vinin=0 m/s,
max—22.87 °C Vmax=0-395 m/s,
T-540s

dmin=8.77 g/kg, CO2min=686 ppm,
dmax:8.85 g/kg, COZmax=864 ppm,
T-540 s

Fig. 8. Boundary WA contours: temperature distribution (t); humidity content (d); air velocity (v);
carbon dioxide concentration (CO,)

https://doi.org/10.32782/mathematical-modelling/2024-7-2-8
96



IIPUKIIAJTHI ITHNTAHHA MATEMATHYHOI O MOJAE/IFOBAHHA T. 7, Ne 2, 2024

Discussion of research results

On the basis of the developed mathematical model, it became possible to solve such problems
using the ANSYS software complex as:

* Human air contaminant intake in an isolated space.

* Modeling of the «air contaminant» intake, scheme «air supply from above — removal from
below».

The ANSYS mathematical apparatus allows to analyze the operation of air handling unit to
redistribute and remove the main "air contaminants" from the room (carbon dioxide, heat, water
vapor) and track the values of temperature, humidity content, relative humidity, enthalpy, and air
velocity. In particular, on the basis of the contour distribution of the air handling unit (Fig. 8),
it became possible to evaluate and compare the efficiency of the work of various air distribution
schemes in the room WA.

Data processing of Fig. 8 made it possible to compare the obtained results with the regulatory
requirements for the optimal parameters of the air jet entry from the ceiling diffuser in the room WA
(see Table 1).

Table 1
Air parameters at the entrance of the supply jet into the working area of the room
The range of changes in the
indicator is from min to max Optimal parameters when the jet enters
Parameters in the boundary plane the working area of the room [2; 3]
of the room WA
Value Temperature o
(min-max) diﬂ%rence AL °C v, m/s . % €O,, ppm
Scheme «air supply from above — removal from below» (data after 540 s)
Temperature, t °C 22.6-22.9 At=0.6-0.9 1-1.5
Velocity, v m/s 0-0.4 0.1-0.2
Humidity content, d g/kg 8.8-8.9
Relative humidity, ¢ % 52.2-51.9 25-60
Carbon dioxide CO_, ppm 686—864 400-600
Conclusions

With the use of the ANSY'S software package, mathematical modeling of processes of changing
the state of the air environment has become possible. An objective opportunity has appeared to study:

— processes of heat and mass exchange and hydrogas dynamics during the interaction of systems
(human and air handling unit operating according to various air change schemes);

— obtain intermediate results of the efficiency of various air change schemes in the room.

Subsequent publications will allow a comprehensive assessment and comparison of the effi-
ciency of all four air change schemes we have chosen, when solving the inverse problem (bringing
the parameters of the polluted air environment of the room to optimal standard parameters by means
of general exchange ventilation).
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