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Quick computing CFD model to predict chemical pollution in room

Purpose. The problem of accidental contamination of workspaces attracts special attention, since in the event of
such extreme situations, intense chemical contamination of the air in work areas occurs. This poses a threat of toxic
exposure to workers. When assessing the consequences of such situations, it is necessary to take into account the
time factor, in particular, to quickly determine the creation of concentrations of chemically hazardous substances. In
this regard, an urgent task is to develop effective mathematical models for rapid assessment of the consequences of
extreme situations in the working areas of chemically hazardous facilities. The paper considers a CFD model for
analyzing the process of chemical air pollution in a workspace during an accidental release of a chemically hazard-
ous substance. The solution of the problem is based on the numerical integration of the fundamental equations
of continuum mechanics. Methodology. To calculate the air velocity field in the working room during the operation
of supply and exhaust ventilation, a mathematical model of the motion of an inviscid fluid was used. The equation
of convective diffusion motion was used to calculate the concentration of a chemically hazardous substance
in the workspace. The integration of the modeling equations was carried out using finite difference schemes.
Findings. A dynamic model has been created to calculate the spread of a chemically hazardous substance in a work-
space. On the basis of the built CFD model, a computer program was created to conduct a computational experi-
ment. Originality. A CFD model has been created to predict the level of air pollution in a workspace in the event of
toxic gas emissions. The model is based on the fundamental equations of aerodynamic mechanics and mass transfer.
The model makes it possible to determine the effect of the ventilation mode, the intensity of emission of a chemical-
ly hazardous substance, the location of equipment in the workspace, and the dynamics of the formation of concen-
tration fields. Practical value. The developed CFD model can be used to quickly analyze the consequences of acci-
dental emissions of a chemically hazardous substance in a workplace and assess the risk of toxic exposure of work-
ers.

Key words: chemical air pollution; workplace; mathematical modeling

emission of toxic substances in extreme situations.
Introduction In such situations, very rapid damage to personnel
at workplaces is possible [1, 3-9]. This is due to
the fact that in extreme situations, areas of intense
chemical pollution appear very quickly in the

The problem of air pollution in working prem-
ises is particularly relevant. The range of practical
tasks of this class includes tasks related to the
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premises (Fig. 1). Therefore, it is extremely im-
portant to reasonably determine the parameters of
emergency ventilation, taking into account the fact
that stagnant areas may form in working areas.
Such forecasting can be performed on the basis of
mathematical models [1, 2]. However, at present
there is a shortage of such models, which makes
the development of mathematical models for solv-
ing problems of this class urgent.
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Fig. 1. Emission in the workplace (http://surl.li/lrwqgj)

Purpose

Development of a numerical model for predict-
ing emergency air pollution in the workplace.

Method

The calculation of the dynamics of chemical air
pollution in a working room during an emergency
release of chlorine is based on the numerical inte-
gration of aerodynamics and mass transfer equa-
tions. The modeling equation of aerodynamics is
the following equation [1, 2]:

oP?  oP?
PR
ox~ oy
For the modeling equation (1), the following
boundary conditions are set:
— at the boundary where the flow enters the cal-

culation area (ventilation openings), the Neumann
boundary condition is imposed on the velocity po-

0. (1)

tential g—qu, ne U — known value of wind
X

speed,;

—at the boundary where the flow exits the
computational domain (corresponding ventilation
openings), a Dirichlet boundary condition is im-
posed on the velocity potential P =R, +const,

where P, —some numerical constant;

—on the upper boundary, a solid impermeable
wall, the condition of impermeability is imposed
oP .

—=0:
oy

—on the lower boundary, a solid opaque wall,
the condition of non-penetration is imposed

a_PZO,

oy

—the condition of non-penetration will be ful-
filled on all solid walls (equipment).

If the velocity potential fields are known, then
the following dependencies are used to determine
the components of the air flow velocity vector [2]:

oP oP
U=—,V=—o.

OX oy

Numerical integration of the modeling equation
(1), as well as for numerical integration of other
differential equations of the ventilation and mass
transfer model, a rectangular difference grid is
used. For numerical integration of the equation for
the velocity potential, its writing in evolutionary
form is used [2]:

2 2
»_® w @
ot ox° oy
where t —fictitious time, when t — oo the solution
of equation (2) approaches the solution of La-
place's equation (1).

In this case, numerical integration was carried
out in two stages. The differential dependencies at
each stage have the form :

— at the first stage:

1
n+=

Pi°—Ri

At

1

n+% n+% n+
-B;?+P.3 -P i
+ 2
Ay

N i i,j
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— at the second stage:

1
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Next, the values of the air flow velocity com-
ponents were determined based on the dependen-
cies.

After calculating the air flow velocity, the solu-
tion of the energy equation begins. We also use
a difference splitting scheme for the solution.

The calculation is carried out until the condi-
tion is met.

n+1 n
Ri —Ri

<eg,

where ¢ — small number; n — iteration number.

The process of spreading a hazardous substance
that enters the air of a workroom during an emer-
gency emission is modeled based on the mass
transfer equation [1, 2]:
oC , auC | d(v—w;,)C

o ox oy
=§( @},ﬁ aCl,
g v %
"‘ZQiS(X_xi)(y_yi): (5)

where C — concentration of a chemically hazardous
substance; u,v — components of the air flow veloc-

ity vector in the working space; w, — rate of gravi-

tational settling of matter; uz(ux,uy) — turbulent

diffusion coefficients; g, — emission intensity of
a chemically hazardous impurity;
8(x—x)(y—y;) — Dirac delta function; (x;,y;) —
coordinates of the location of the emission source
of a chemically hazardous impurity in the work-
place; t — time.

For numerical integration of equation (5), the
following transformations are made [2]:
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Then, we can write an analogue of equation (1)
in difference form:

1
Ci;H— _C|T +L+Cn+1+ L—Cn+1+
At X X

1 -~n+l +1
+L,C™ + L C" +oCit =
Z(M:XCnJrl_'_M;XCnH_'_
+ +1 - +1
+My C™ + M C™) +q;5; . (6)

The parameter §; is 1 if there is a source of

contamination in the differential cell, and O if there
is no source of contamination in the cell.

Note that this entry uses the following depend-
ency:

0, =0 / AX/ Ay,

where g, — intensity of the pollutant emission

source.
Next, equation (6) is decomposed as follows

[2]:

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2024/317406

© M. M. Biliaiev, V. V. Biliaieva, O. V. Berlov,
V. A. Kozachyna, P. B. Mashykhina, 2024


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720

EKOJIOI'A TA IIPOMUCJIOBA BE3IIEKA

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tpaucmopty, 2024, Ne 4 (108)

—step 1 (k=1/4):
ci -c! 1 c

j i +k | [ +k kK _

T'FE(LXC +LyC )+ZCU =

=%(M;Xck+|v|;xck+
+ n - n N Q
+M, C"+ M, C )+§ZS|. (7)

—step 2 (k=n+1/2; c=n+1/4):
ck_ce
Mﬁ(l_;ck +1,C")+2Cf =

At 2 4

1 -~k +~C
=Z(MXXC + M C" +

N
+M,,C* + M;yCC)+Ile%S, . (8)

—step 3 (k=n+3/4; c=n+1/2):

ck_ce
UL +3(|_;ck +1,C")+2Cf =
A2 4

=%(M;XC°+M;XCK+

N
+M,,C* + M;yCC)+Ile%S, . (9)

—step 4 ( k=n+1; c=n+3/4):

-~k +k O ~k _
- +§(LXC +LiC )+Zcij_

=%(MX‘XCk +M}C®+

N
+M,,C* + M;yC°)+|21:%6, . (10)

A feature of the considered splitting scheme is
that at each calculation step, the concentration of
a chemically hazardous substance is determined by
an explicit formula.

At the next stage, the software implementation
of the constructed numerical models of aerody-
namics and mass transfer was carried out.

Results

A computational experiment was conducted on
the basis of the developed numerical models of
aerodynamics and mass transfer. The scheme of
the computational domain is shown in Fig. 2. In
the working room, an emergency ammonia emis-
sion was considered. The emergency emission was
carried out during 20s, and then the emission
stopped. In the working room, air enters through an
opening located at the middle of the left wall, and
the outlet opening was situated at the right wall of
the room. The both openings are shown by the «ar-

rowsy in Fig. 2.
X
1
i {
0 X
Fig. 2. Calculation scheme:
1 — ammonia emission site; 2 — equipment

The intensity of ammonia emission was 3 g¢/s,
the dimensions of the calculation area were
10m*5m. When performing calculations, the fol-
lowing dependencies were used to determine the
value of the diffusion coefficients:

u,=021-u; pn,=01-v.

The results of the numerical experiment are
shown in two forms: a matrix of the distribution of
ammonia concentration in the working room
(Fig. 3-6) and in the form of ammonia concentra-
tion isolines (Fig. 7-10). The matrices make it pos-
sible to obtain quickly a «quantitative» assessment
of the level of chemical air pollution in the work-
ing room, or in a certain area of the room, and
change of this level during time. The modeling
results, shown in the form of isolines (Fig. 3-6),
make it possible to determine quickly the shape of
the chemical pollution zone and the influence of
the equipment on the «deformation» of the pollu-
tion zone.

The matrix figures show the ammonia concen-
tration field in dimensionless form. Each number
in the figure shows the concentration value as
a percentage of Cmax (mMaximum concentration).
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The maximum ammonia concentration changes
over time in the working room.

Figure 7-10 shows how the shape of the con-
tamination zone in the workroom changes at dif-
ferent times after the accident. Figure 3-6 shows
the ammonia concentration field in dimensionless
form. Each number in the figure shows the concen-
tration value as a percentage of its maximum value
at a given time.

Fig. 3. Area of contamination in the workplace
t=2s, Cnax= 1,34 g/m?

Fig. 4. Area of contamination in the workplace t = 4s,
Crmax= 1,56 g/m®

Y

0 =

Fig. 5. Area of contamination in the workplace t = 10s,
Cmaxz 1,95 g/m3

0 X

Fig. 6. Area of contamination in the workplace t = 20s,
Crmax= 2,25 g/m®
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Fig. 9. Isolines of impurity concentration
in the working room t = 15s
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Fig. 10. Isolines of impurity concentration
in the working room t = 70s

As can be seen from the figures, the contamina-
tion zone increased in size very quickly. By the
time t = 4s, this zone «occupied» all the working
room. That means that the room was filled with
toxic gas. The concentration of toxic gas will sig-
nificantly exceed the maximum permissible con-
centration. And this can be seen clearly in Fig. 11.
Fig. 11 shows the change in the maximum ammo-
nia concentration in the room at different times.

C max, /a3

60 t, cex

Fig. 11. Changing the maximum indoor ammonia
concentration in room

As can be seen from Fig. 11, over time there is
a decrease of ammonia concentration in room,
which is associated with the leak of a chemically
hazardous substance. An intensive decrease of the
ammonia concentration is explained by the work of
emergency ventilation system and emission source
stop. The calculation time is 3 seconds.

Scientific novelty and practical
significance

A numerical model has been created to predict
the level of air pollution in a work environment
due to toxic gas emissions.

The model is based on the numerical integra-
tion of fundamental equations of the mechanics of
a solid medium. A feature of the numerical model
is the consideration of the main physical factors
that affect the spread of toxic gas in the room (the
presence of equipment in the room, the position of
ventilation openings, the location of the emission
of the toxic substance, etc.) and the speed of calcu-
lation.

Conclusions

1. A dynamic multifactorial numerical model
has been developed to analyze and predict the pro-
cess of chemical contamination of the work space.

2. A feature of the numerical model is the abil-
ity to take into account the main physical factors
that influence the formation of pollution areas in
work areas.

3. The developed numerical model can be used
to scientifically substantiate emergency ventilation
parameters to quickly reduce the concentration of
a toxic (or explosive) substance in a workroom.
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HIBuaka oouncaoBaibHa CFD-moxens Ajis1 IPOrH03yBaHHS XiMIYHOTO
3a0pyaAHEeHHsI NPUMIllIeHHS

Mera. [IpoGiiema aBapiitHoro 3a0pyAHEHHS POOOYHX MPUMIIIEHb IPUBEPTAE A0 cede 0COOIMBY yBary, OCKUTBKA
B pa3i BUHUKHEHHS TaKUX €KCTPEMaJbHUX CUTYallill BI0OYBA€ThCS IHTCHCUBHE XIMiYHE 3a0pYyAHEHHS IOBITPS B PO-
Oouux 30Hax. Lle cTBOpIOE 3arpo3y TOKCUYHOTO ypa)KeHHs NpauiBHUKIB. [1iJ yac OLiHIOBaHHS HACHIAKIB TAKHX CH-
Tyaniil mOTPiIOHO BPaxOBYBAaTH 4YacOBUil (hakTOp, 30KpeMa IIBHIKO BH3HAYUTH CTBOPEHHS KOHIICHTPAIil XiMIYHO
HeOe3MeYHNX PEYOBHH. Y 3B 53Ky 3 LIUM aKTYaJbHOIO 33/1a4€l0 € PO3po0Ka ePEeKTUBHUX MaTeMaTHUYHHX MOJENei
JUIsl OTIEPATUBHOTO OI[IHIOBAaHHS HACJIJKIB €KCTPEMaJbHUX CUTYallild y poOOYMX MPHUMIIIEHHSX XIMIYHO Hebe3ney-
HuUX 00’ekTiB. PosrmsHyro moOynoBany CFD-momens is aHamizy mporecy XiMigHOTO 3a0pymHEHHsS TOBITPS
B po0oYOMY MPHUMILICHHI i/l Yac aBapiifHol eMicii XiMiuHO HeOe3rmeuHol peduoBrHU. PimeHHs 3ama4i 6a3yeThcs Ha
YHCeTbHOMY IHTETPpYBaHHI (YHIaMEHTAIbHHUX PiBHAHB MEXaHIKU CYHUTBHOTO cepenoBuma. Meroauka. [ po3pa-
XYHKY TI0JI IIBUAKOCTI MOBITPS B poOOYOMY HPUMIIIEHHS il Yac poOOTH MPUILUIHBHO-BUTSKHOI BEHTHIIALT BHKO-
pHCTaHO MaTeMaTH4YHY MOJIENIb PyXy HEB’s3K01 piiuHu. sl po3paxyHKy KOHIEHTpaLil XiMi9HO HeOe3neuHol pedo-
BUHH B poOOYOMY NMPHUMIIIEHHI BUKOPHCTAHO PiBHSIHHS KOHBEKTHBHO-IU(Y3iHHOTO pyXy. [HTErpyBaHHS MoOnemo-
BaIbHUX PIBHSIHb 3JIIICHEHO 3a JIOTIOMOTOI CKIHYEHHOpI3HMIEBHX cxeM. PedyabraTtH. CTBOPEHO NUHAMIYHY
MOJIeTIb JUIsl PO3paxyHKY MOLIMPEHHs XIMIYHO HeOe3NeuHoi peYOBHHU B pobodoMy npumiieHHi. Ha 6a3i nobymosa-
Hoi CFD-Mojeni CTBOPEHO KOMIT'IOTEpPHY NpOrpamy Mjisi IPOBEIEHHS OOYHMCIIOBAJIBHOTO EKCIIEPUMEHTY.
HayxoBa noBuzHa. CtBopeno CFD-moenb /1i1si IpOrHOo3yBaHHs piBHsI 3a0py/AHEHHS MOBITPS B pOOOYOMY MPHUMi-
LIEHHI B pa3i eMicil TokcnuHoro razy. OCHOBOW Mozeni € (hyHAaMeHTalIbHI PIBHSHHS MEXaHIKH aepoJUHaMIKU Ta
MacornepeHocy. Mozenb 1ae MOKIIMBICT BU3HAYATH BIUIMB PEKHMMY BEHTHJIALIT, IHTEHCUBHOCTI eMicii XIMIYHO He-
0e3IeyHol PeYoBHHN, PO3TAIlyBaHHs 00Ja{HaHH B pOOOYOMY NPUMIILIEHH] Ta TUHAMIKY (OpMyBaHHS KOHLICHTpA-
uitaux noxis. [pakTuuna 3naunmicTb. Po3pobnena CFD-monens Moxe OyTv BHKOpHCTaHa ISl ONIEPATHBHOTO
aHaJIi3y HacINiAKIB aBapiiiHOI emicii XiMiuHO HeOe3re4yHoi peyOBHHU B poOOYOMY NPHUMIIIEHHI Ta OL[IHIOBAHHS PH-
3MKY TOKCUYHOT'O YPa)KE€HHs TIpaliBHUKIB.

Kniouosi crosa: XimiuHe 3a0pyaHEHHS OBITPsI; poOoUe MPUMIILICHHS; MATeMaTHYHE MO/ICITIOBAHHS
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