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MODELLING OF AIR EXCHANGE
"AIR SUPPLY FROM ABOVE - REMOVAL FROM ABOVE"

Abstract: The efficiency of the air exchange scheme "air supply from above -
removal from above" is considered. Heat and mass exchange of the system including:
mathematical model of a human being (breathing process with release of carbon
dioxide, heat and water vapour into the environment) with simultaneous heat release
from the clothed body surface; supply ventilation system (CO,, water vapour and heat
input with atmospheric air); exhaust ventilation system (removal of the above-
mentioned harmful substances contained in the air). Application of numerical
modelling ANSYS CFD (Computational Fluid Dynamics) based on continuity
equations and averaged Reynolds-Averaged Navier-Stokes equations "RANS"
(Reynolds-Averaged Navier-Stokes) gave the following results: the inverse problem of
ventilation was solved - for the initially polluted investigated space of the room the
interaction of systems (human and operating supply and exhaust ventilation unit) was
considered; monitoring and visualisation of changes in CO, concentration,
temperature and relative humidity in the investigated space by time and by height of
the room, the obtained results are compared with the previously obtained results of
changes in carbon dioxide concentration, temperature and relative humidity in the
ventilated space under the air exchange scheme "air supply from above - removal
from below" (Scheme A) and normative documents. The dynamics of excess heat,
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humidity and carbon dioxide (CO,) assimilation allowed us to assess the efficiency of
ventilation systems and predict an increase in their energy efficiency when bringing
air parameters up to standard values. Changes in the air environment are typical for
premises with mechanical supply and exhaust ventilation (flow classrooms of
educational institutions, classrooms of schools, group rooms of kindergartens,
conference halls, offices). For this type of premises the main air pollutants are carbon
dioxide, water vapour and heat.

Keywords:  mathematical ~model, "air  contaminant",  aerodynamics,
computational fluid dynamics, air change scheme, relative humidity, temperature,
carbon dioxide concentration, room working area, rebranding, supply and exhaust
ventilation.

Introduction. Based on the patterns of distribution of "air contaminants" in the vol-
ume of isolated air space, it became possible to solve the inverse problem of supply
and exhaust ventilation. The change in the state of the air environment initially pol-
luted with carbon dioxide, heat and water vapor was studied when people were in the
space and the supply and exhaust ventilation was operating [1]. A study of the effi-
ciency of four generally accepted indoor air change schemes has been conducted:
e Scheme A "air supply from above — removal from below" [1];
e Scheme B "air supply from above — removal from above";
e Scheme C "air supply from above — removal of air from two zones above
and below";
e Scheme D "air supply from below — removal from above" (displacement
ventilation).

The results of the studies for the scheme B are presented in this publication.

Tasks related to the design, installation, adjustment and control of supply and ex-
haust ventilation systems require careful monitoring of changes in the air environ-
ment. This is due to both the implementation of the requirements of the legislative
framework of Ukraine and its harmonization with the standards of the European Un-
ion [2, 3], and the solution of problems to prevent the spread of pandemics that are
currently haunting humanity [4].

Changes in the air environment are typical for rooms with mechanical supply and
exhaust ventilation (flow classrooms of educational institutions, classrooms of
schools, group rooms of kindergartens, conference rooms, offices). The main "air
contaminants" that are released in this case are carbon dioxide, water vapor and heat.

Literature review and problem statement. Lecture halls, classrooms, preschool
children's groups, conference halls, auditoriums (theatres, cinemas, indoor stadiums)
— all these premises are united by the type of harmful substances that pollute the air in
them:
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- carbon dioxide;
- heat;
- water vapor.

The limitation on the concentration of CO,, the temperature and relative humidity
in the working area (WA) of the premises are supplemented by the mobility of air in
(WA), the speed of the air stream entering from the air distributor in (WA), the tem-
perature difference between the temperature of the stream and the air temperature in
(WA) according to the regulatory documents of Ukraine [2, 3].

In the practice of calculating changes in the state of the air environment in rooms
for various purposes, different methods and approaches were used [4-12]. Examples
of successful solutions to applied ventilation problems do not remove the question of
the accuracy of the results obtained using mathematical modeling. Currently, mathe-
matical modeling methods are used in engineering calculations, which provide an es-
timate of flow parameters based on the numerical solution of the Reynolds equations
of stationary or non-stationary Navier — Stokes equations. (English RANS/URANS:
Steady/Unsteady Reynolds Averaged Navier — Stokes) [10].

The aim and objectives of the study. The aim of the study is to develop a mathemati-
cal 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 re-
lated to the creation of a comfortable microclimate in rooms, increasing the energy
efficiency of systems that provide air change [2].

Research results. Modeling of the intake of "air contaminants", scheme B.
Among practically used air change schemes for rooms, scheme b is the most com-
mon. It is effective at assimilating heat and humidity. When carbon dioxide is re-
moved, this air contaminant first falls to floor level under the action of gravitational
forces, and then rises, passing through the human breathing zone due to air circula-
tion created by the exhaust ventilation system.

Scheme B (Fig. 1) provides the following constructive conditions for ventilation
functioning:

- air supply from above using a static chamber and a ceiling diffuser with a work-
ing diameter of @150mm;

- consumption of supply and exhaust air: 120 m*/h;

- exhaust ventilation is organized in the upper part of the wall using a ventilation
grid.
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Exhaust air outlet with ventilation
grille in the upper part of the wall

Clean air inlet using plenum
box and ceiling diffuser
with air flow rate

of 120 m3/hour
Temperature =295,15 K;
€02 = 350 ppm; ¢=50%

X .; The space under study.

'| Initial conditions

. of contaminated air:

' P(abs)=101325 Pa;
Temperature =297,15 K;

CO2 = 2100 ppm;
9=50%

Survey point within
the working area

The human body as a source

of excretory air contaminant:

Exhalation zone, incoming CO2

and moisture:

respiratory volume:=0.5 |;

temperature gases: =307,15 K

Inhalation zone - espiratory volume:=0.5 I;
Body temperature in clothing =300.15 K
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Fig. 1 Modeling and research according to scheme B

The dynamics of changes in the CO, concentration at the monitoring point in a
680-second period of time is presented in Fig. 2.

Volumetric visualization of changes in carbon dioxide content in a 680-second
period of time according to scheme B is shown in Fig. 3-5

Discussion of research results. Based on the developed mathematical model, it
became possible to solve such problems using the ANSY'S software package as:

* Intake of "air pollutants" by a person in an isolated space.

* Modeling the intake of "air pollutants", scheme A;

* Modeling the intake of "air pollutants", scheme B.

The ANSYS mathematical apparatus allows analyzing the operation of a supply
and exhaust unit for the redistribution and removal of the main "air pollutants" (car-
bon dioxide, heat, water vapor) from a room and tracking the values of temperature,
moisture content, relative humidity, enthalpy and air velocity. In particular, based on
the contour distribution of air pollutants in the surveyed space (Fig. 18-25), it became
possible to evaluate and compare the efficiency of various air distribution schemes in
the WA.
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Fig. 2 Dynamics of changes in CO, concentration over time of observation

The rendering (visualization) of temperature and volumetric humidity content over
time relative to the observation point is presented in Fig. 8-13. Stream lines from the
ceiling diffuser of scheme B are in Fig. 6. Graphs of changes in temperature and
relative air humidity for scheme B are presented in Fig. 7. The boundary contours of
the distribution of "air contaminants" between the upper zone of the room and the WA
after nine minutes of operation of supply and exhaust ventilation are shown in Fig.

14-17.
Fig. 18-29 shows the contours of temperature, air velocity, moisture content and

carbon dioxide distribution over the height of the study space after 9 minutes of the

study.
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Fig. 3 Volumetric rendering of CO, over time relative to the observation point,
scheme B, 7=0s
Data processing in Fig. 18-29 made it possible to compare the obtained results
with the regulatory requirements for the optimal parameters for introducing an air
stream from a ceiling diffuser into a WA room (see Table 1).

Conclusions. With the use of the ansys software package, mathematical model-
ing 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 efficiency 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 parame-
ters by means of general exchange ventilation).
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Fig. 4 Volumetric rendering of CO; over time relative to the observation point,
scheme B, T=340 s

Fig. 5 Volumetric rendering of CO; over time relative to the observation point,
scheme B, T =680 s
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Fig. 6 Stream lines
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Fig. 8 Rendering of temperature and volumetric humidity content over time relative
to the observation point: t,=24.0 °C, T;=0 s

o 1.000 2,000 {m}
0500 1.500

72



Benmunsuisa, oceimneHHss ma mernno2a3ornocmadaHHs. Burn. 50, 2024

Fig. 9 Rendering of temperature and volumetric humidity content over time relative
to the observation point: d;=12.0 g/kg, T,;=0 s

o 100 2000 {m)
0.500 1.500

Fig. 10 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point: t2=23.08 °C, T2= 360 s

(=] 1000 2.000 (m)
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Fig. 11 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point: d2=9.56 g/kg, T2=360 s

Fig. 12 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point:t3=22.71 °C, T3=720 s

a 1.000 2000 (m)
I

I —
0.500 1.500

Fig. 13 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point: d3=8.7 g/kg, T3=720 s
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i

Fig. 14 Boundary WA contours of: temperature distribution (t); humidity content
(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: dpin=8.87
g/kg, dmax=9.05 g/kg,

i

L] L] B
EL ]

Fig. 15 Boundary WA contours of: temperature distribution (t); humidity content
(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: vpin=0 m/s,
Vimax—0.482 m/s,

T=540s
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Fig. 16 Boundary WA contours of: temperature distribution (t); humidity content

(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: d,in=8.87
g/kg, dmax=9.05 g/kg

& i o T -
— —
2 LR -]

L

] Ay L =
I —  —
] O]

Fig. 17 Boundary WA contours of: temperature distribution (t); humidity content
(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: CO2,;,=684
ppm, CO2,=774 ppm,
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Fig. 18. Temperature contours of the considered air exchange schemes at the en-
trance/exit to/from the WA: t,;,=22.65 °C, tx=22.85 °C T=540 s Scheme A
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Fig. 19. Temperature contours of the considered air exchange schemes at the en-
trance/exit to/from the WA: t,in=22.65 °C, tn.x=23.05 °C T=540 s Scheme B
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Fig. 20. Air velocity contours for the considered air exchange schemes at the en-
trance/exit to/from the WA: vmin=0 m/s, vmax=0.439 m/s,T=540 s Scheme A
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Fig. 21. Air velocity contours for the considered air exchange schemes at the en-
trance/exit to/from the WA: vmin=0 m/s, vmax=0.448 m/s,T=540 s Scheme B
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Fig. 22 Moisture content contours for the considered air exchange schemes at the en-
trance/exit to/from the WA: dmin=8.95 g/kg, dmax=9.09 g/kg, T=540 ¢ Scheme A.
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Fig. 23 Moisture content contours for the considered air exchange schemes at the
entrance/exit to/from the WA: dnin»=8.86 g/kg, dm.x=9.05 g/kg, T-540 ¢ Scheme B
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Fig. 24 CO; concentration contours for the considered air exchange schemes at the
entrance/exit to/from the WA: CO2in=687 ppm,
CO2max=864 ppm,T-540 ¢ Scheme A
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Fig. 25 CO; concentration contours for the considered air exchange schemes at the
entrance/exit to/from the WA: COoin=684 ppm,
CO2max=774 ppm,T-540 c Scheme B
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Fig. 26 Variation of air temperature by height of the investigated space:
a — scheme A,T-540c; b — scheme B T-540 ¢
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Fig. 27 Variation of air velocity along the height of the investigated space:
a — scheme A, T-540 c; b — scheme B, T-540 c
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Fig. 28 Variation of air moisture content by height of the investigated space: a —
scheme A, T-540 c; b — scheme B, T-540 ¢
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Fig. 29 Variation of CO, content by the height of the investigated space: : a —
scheme A, T-540 c; b — scheme B, T-540 ¢
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Table 1
Air parameters at the entrance of the supply jet into the working area of the room
The range of changes Optimal parameters when the jet
in the indicator is from | enters the working area of the room
Parameters min to max in the [2,3]
boundary plane of the
room WA
Value Tempera- | At,°C | v, m/s | ¢, % CO,,
ture differ- ppm
ence

Scheme A (data after 540 s)

Temperature, 22.6- At=1.6-1.9 I-1.5
t °C 22.9
Velocity, vm/s | 0-0.4 0.1-

0.2
Humidity con- | 8.8-8.9
tent, d g/kg
Relative hu- | 52.2- 25-
midity, ¢ % 51.8 60
Carbon dioxide | 686-864 400-600
CO,, ppm

Scheme B (data after 540 s)

Temperature, 22.7- At=0.7-1.1 I-1.5
t °C 23.1
Velocity, vm/s | 0-0.45 0.1-

0.2
Humidity con- | 8.8-9.1
tent, d g/kg
Relative hu- | 52.6- 25-
midity, ¢ % 52.4 60
Carbon dioxide | 684-774 400-600
CO,, ppm
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MOAEJIOBAHHA ITOBITPOOBMIHY «I1IOJAYA ITOBITPA 3BEPXY —
BUJAJEHHSA 3BEPXY»

Anomauia: Pozenanymo egexmuenicms cxemu nO8IMpooOMIHYy «nodaua
nosimpsi 36epxy — 6uoanents 36epxy». Tennomacoobmin cucmemu, wo nepeodayac:
Mamemamuymny Mmooeib JAO0UHU (npoyec OUXAHHA 3 BUOLIEHHAM 6 HABKOIUUWHE
cepedoguuje 8y2NeKUcio2o 2a3y, menia i 800AHOI napu) 3 0OHOYACHUM BUOLIEHHAM
menia 8i0 00A2HEHOI NOBepXHi mina, cucmemy HNPUNIUBHOI  BeHMUNAYIL
(Haoxoooicenns CO,, 800sHOI napu ma menia 3 AMMOCHepHUM NOBIMPAM), CUCMEMY
BUMANCHOI BeHMUNAYIT (BUOANIEHHA 3A3HAYEHUX 6uuje WKIOIUBUX pPedO8UH, U0
micmamsbcs 6 nosimpi). 3acmocysanus uucervnoz2o mooeniosans ANSYS CFD
(Computational Fluid Dynamics) na ocHo8i pigHusnb HenepepsHoCcmi ma ycepeoHeHux
pisusanb Petinonvoca Hae’e-Cmokca «RANS» (Reynolds-Averaged Navier-Stokes)
0an0 HACMYNHI pe3yIbmamu. eUpiueHo 00epHeny 3a0ayy 8eHMUAYIL - 015 NEPBUHHO
3A0pYOHEH020 O0O0CHIOHCYBAHO20 NPOCMOPY NPUMIWEHHS PO3NAHYMO  63AEMOOII0
cucmem (MOOUHU ma OilOYOi NPUNTUBHO-BUMANCHOT BEHMUNAYIUHOI YCMAHOBKU),
MoOHImopune ma eizyanizayis smin xonyeumpayii CO,, memnepamypu ma 6i0HOCHOI
801020CMi 8 O0CNIONCYBAHOMY NPOCMOPI 3A 4ACOM | 3ad GUCOMONO NPUMIUJEHHS,
OMPUMAHI  pe3ybmamu NOPIGHIOIOMbCA 3 PaHiule OMPUMAHUMU Pe3YIbmamamu
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3MIHU KOHYeHmpayii 8y21eKUcio2o 2a3y, memnepamypu ma iOHOCHOI 801020CMi )
BEHMUIbOBAHOM) NPUMIULEHHI 30 CXeMOI0 NOBIMPOOOMIHY «nOOaAYd NOBIMps 36epxy —
guoanieHHs 3Hu3y» (cxema A) ma Hopmamuenumu OoxkymeHmamu. Jlunamika
HAOIUWKOB020 menid, 801020Cmi ma acuminayii gyenexkuciozo 2azy (CO3) 0ozeonuna
OYiHUMU epeKmuHicms cucmem GeHMUNAYII ma CHPOSHO3Y8aMuU NIOBUUJEHHS iX
eHepeoeeKMUsHOCmi npu 008e0eHHi napamempie nogimps 00 HOPMAMUBHUX
3Hauenb. 3MIHA NOBIMPAHO20 CepedosUWd XapakmepHa Ol NPUMIUEHb 3
MEXAHIYHOIO NPUNTUBHO-BUMANCHOIO BEHMUNAYIEIO (NPOMOYHI KIACU HABUATbHUX
3aK1a0ie, Kiacu WK1, epynosi KiMHamu Oumsa4ux caokie, KoHgepeny-3anu, oghicu).
Hna ypboco muny npuminyenb OCHOBHUMU 3a0OPYOHIOBAUAMU NOBIMPS € 8YNEeKUCTUL
2asz, 600AHa napa i menjioma.

KawuoBi caoBa: MaremMatnyHa  MOJCNb,  IIKIIJIMBOCTI  MOBITPS»,
aepoJMHaMika, OOUYMCIIIOBaIbHA T1Apora3oanHaMika, cxema moBITpOOOMIHY, BITHOCHA
BOJIOTICTh, TEMIIEpaTypa, KOHIIEHTpaIllis JIOKCHAY ByIJelo, poboya 30HA
NPUMILIECHHS, peOPEHANHT, NPUILITUBHO-BUTS>)KHA BEHTUJISLIS.
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