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NUMERICAL SIMULATION OF AIR POLLUTION IN CASE OF
UNPLANNED AMMONIA RELEASE

Purpose. Development fast calculating model which takes into account the meteorological parameters and
buildings which are situated near the source of toxic chemical emission. Methodology. The developed model
is based on the equation for potential flow and equation of pollutant dispersion. Equation of potential flow is used
to compute wind pattern among buildings. To solve equation for potential flow Samarskii implicit difference scheme
is used. The implicit change — triangle difference scheme is used to solve equation of mass transfer. Numerical
integration is carried out using the rectangular difference grid. Method of porosity technique («markers method»)
is used to create the form of comprehensive computational region. Emission of ammonia is modeled using Delta
function for point source. Findings. Developed 2D numerical model belongs to the class of «diagnostic models».
This model takes into account the main physical factors affecting the process of dispersion of pollutants in the
atmosphere. The model takes into account the influence of buildings on pollutant dispersion. On the basis of the
developed numerical models a computational experiment was carried out to estimate the level of toxic chemical
pollution in the case of unplanned ammonia release at ammonia pump station. Originality. Developed numerical
model allows to calculate the 2D wind pattern among buildings and pollutant dispersion in the case unplanned
ammonia release. Model allows to perform fast calculations of the atmosphere pollution.
Practical value. The model can be used when developing the PLAS (Emergency Response Plan).

Keywords: air pollution; unplanned release; toxic chemical; numerical modeling

object. Prediction of contaminated zones and
detection of Dangerous Level of Contamination

The ammonia pipeline Toliatti-Odessa was g the basis of this document. Therefore, the actual
built in the late 70s—early 80s specifically for the  tagk is to estimate the level of contamination

transportation of the main products of the Toliatti working areas of the pump station in the case
nitrogen plant for export. The end point of ammo-  of ynplanned ammonia release.

nia pipeline is Odessa Port. There are several
pumping stations along the route of this pipeline Review of literature sources
(Fig. 1). These pump stations support the correct
pressure in ammonia pipeline. From the point view
of industrial safety these pump stations are
the chemically dangerous objects [4, 6, 15].
According to the Law of Ukraine for high-risk
objects, a PLAS (Emergency Response Plan) doc-
ument should be developed for such industrial

Introduction

To solve the problem of chemical contamina-
tion zones formation in the case of unplanned am-
monia emissions analytical models are widely
used. For example, Berland model was used to
predict air pollution in the case of ammonia pipe
rupture [6]:
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0O, — emission rate; H — height of emission
source; ko, ki, m — empirical constants; / — Bessel
function; C-concentration.

Another approach for assessing the zones of
chemical contamination is the application of the
Gaussian plume model [2, 3, 10-14]. The use of the
analytical models or Gaussian models allow to cal-
culate quickly zones of chemical contamination.
On the other hand, these models have significant
lacks because they cannot be used when we model
toxic chemical dispersion among buildings. For
this purpose, it is necessary to use numerical
models [1, 8, 9] which are based on Fluid Dynam-
ics equations. In Ukraine, there is a certain deficit
of such models [8, 9]. Worthy of note that the
application Navier—Stokes equations for this
purpose demands using of very fine computational
grid and much computational time.

Purpose

The purpose of this paper is to develop
a numerical model for computing the chemical
contamination of air on the territory of the
ammonia pump station for unplanned ammonia
release (accidental release or terror act).

Fig. 1. GOOGLE’s image of Ammonia Pump Station:
1 — pump station

Mathematical formulation

To simulate the pollutant dispersion in the
atmosphere 2D transport model is used [5, 7]

oC ouC ovC a( ac]
—t—+—+0C=—| pu,— |+
ot oy ox ox

Oox
a(u@—f}ZQ(Z)S(X—xi)ﬁ(y—yf)a (1)
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where C 1s mean concentration; u, v are the wind
velocity components; G is the parameter taking into
account the process of pollutant chemical decay or
washout; p=(p, py ) are the diffusion coefficients;
Q is intensity of point source emission; 6(r - ri) are
Dirak delta function; .= (x;, y;) are the coordinates
of the point source .

To simulate the wind flow in the case of the
buildings at the territory of Pump Station the 2D
model of potential flow is used [7]

o’pP &*pP
—_—t =

0,
o ot

2

where P is the potential of velocity.
The wind velocity components are calculated as
follows:

_oP

oP
U=—o01 b, v=—.
ox

oy

Boundary conditions for modeling equations
are discussed in [5, 7].

Numerical model

The computation of wind pattern and pollutant
dispersion is carried out on rectangular grid. To
create the form of buildings we use porosity tech-
nique or so called «markers method» [1, 7].
Markers are used to separate the computational
cells where flow takes place from the cells which
correspond to buildings.

Main features of the finite difference schemes
which we use for the numerical integration of
modeling equations are shown below.

To solve equation (1) we use change — triangle
difference scheme [1, 7]. The time dependent
derivative in Eq. (1) is approximated as follows:
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At the first step convective derivatives are
represented in the following way:
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At the second step the convective derivatives
are approximated as follows:
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The second order derivatives are approximated
as follows:

El [M a_c]zpl G, =G GG
ox|* Ox x A * Ax*
=M= Cn+1 + M Cn+1
of  oC). . Gm-G" __ G -G _
| My, |FHy 2 Py 2
v\ oy Ay Ay
— - n+l n+l
—MyyC * +M;yC -,
In these expressions

are the dif-

xx° xx? o »w

+ - 7+ - + - + -
L,L,L,L,M M M, M
ference operators. Using these expressions, the
difference scheme for the transport equation can be

written as follows:
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Solution of the transport equation in finite —
difference form is split in four steps on the time
step of integration df:

— at the first step (k:% ) the difference
equation is:

n+k n
Cij+ _Cz‘j 1
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4
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— at the second step (k:n-q-%; c:n+%):the

difference equation is
Ck

—Cf.
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At 2 a4

Lo N - e
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~ at the third step (k=n+>-

i c=n+%) the

expression (4) is used;
— at the fourth step (k=n+1; c:n+%) the

expression (3) is used.

At the fifth step (at this step the influence of the
source of pollutant emission is taken into account)
the following approximation is used:

5n+1 5n N "
Ci,j —Ci,j :ZQz(t )5
At “AxAy

Function ¢; is equal to zero in all cells accept
the cells where source of emission is situated.

This difference scheme is implicit and
absolutely steady but the unknown concentration C
is calculated using the explicit formulae at each
step (so called «method of running calculationy).
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To solve equation (2) we transform it to the
«evolution type»

oP _ o*P o°pP
+

811 o’ oy
where m is *fictitious’ time.

7 3

For n — o the solution of equation (3) tends to

the solution of equation (2).

To solve equation (3) A. A. Samarskii’s
change-triangle difference scheme is used. Accord-
ing to this scheme the solution of equation (3) is
split into two steps:

— at the first step the difference equation is
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— at the second step the difference equation is
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From these expressions the unknown value P;;
is determined using the explicit formulae at each
step of splitting («method of running calculationy).
The calculation is completed if the condition

n+l1 n
‘QJ_EJﬁg

is fulfilled (where ¢ is a small number, n is the
number of iteration). The components of velocity
vector are calculated on the sides of computational
cell as follows

L by
u, ;= ,
/ Ax
BBy
v, = n
4

Calculation of velocity components on the sides
of computational cell allows to develop the
conservative numerical scheme for pollutant
dispersion.

For coding of difference formulae, we used
FORTRAN language.

Findings

Developed numerical model and code were
used to compute ammonia concentrations at the
territory of ammonia pump station in the case of
unplanned release (Fig.2). It was supposed that
release takes place near building with ammonia
pumps (Fig. 3, 4). Sketch of computational region
is shown in Figure 4. Figures 5, 6 show modeling
results for ammonia emission. Emission rate is
0=17 kg/s and was chosen from literature [6].

Fig. 4. Sketch of computational region
(ammonia pump station): 7, 2 — buildings with ammonia
pumps, 3, 4, 5 — industrial buildings on the territory of station;
6 — receptor position; 7 — position of ammonia release
at the territory of pump station
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Fig. 6. Ammonia concentration at receptor
spot (position No. 6, Fig. 4)

As we can see from Fig. 5 plume of toxic
chemical quickly covers all the territory of
ammonia pump station. To estimate the danger of
such unplanned release we computed the ammonia
concentration near one building at the territory of
this station. Receptor position (position of person)
is shown in Fig.4. Dynamics of ammonia concen-
tration at this spot is shown in Fig.6. It is clear that
the people affected will die at the territory in the
case of this unplanned release because the ammo-
nia concentration exceeds Level of Concern which
is 20 mg/m’.

Worthy of note that computational time was 5
sec. It allows to use the developed model for pre-
diction of air pollution during PLAS development.

Originality and practical value

A 2D numerical model has been developed to
compute contamination zones among buildings
during the accidental emission of a hazardous
substance. The presented 2D numerical model is
based on the application of the fundamental
equations of aerodynamics and mass transfer.

The peculiarity of the developed model is the
use of standard meteorological information and
quick calculation.

Conclusions

Numerical 2D numerical model for estimating
the level of atmospheric air pollution during the
emergency emission of hazardous substances is
proposed. Proposed numerical model allows to
predict level of pollution of atmospheric air among
buildings. The solution of the aerodynamic
problem is based on the numerical integration of
the equation for the velocity potential. To predict
the air pollution, the equation of mass transfer is
used. The mass transfer equation takes into account
the convective and diffusive transport of pollutants
in atmosphere, taking into account buildings
situated near the source of emission. Emission of a
dangerous substance is simulated by a point
source, which is modeled using Dirac’s delta func-
tion.

Further improvement of the model should be
carried out in the direction of creating a 3D
numerical model that takes into account the forma-
tion of vortices in the air flow.
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YUCEJIBHE MOJIEJIIOBAHHS 3ABPYIHEHHS ITOBITPSA B PA3I
PAIITOBOI'O BUKHUAY AMIAKY

Merta. JlociimkeHHs clpsiIMOBaHe Ha po3poOKy MOJIeli MIBUAKOTO OO4YHCIIEHHS, siIKa BpaxoByBaja O METeopoJIo-
TiYHi apameTpu Ta OyniBii, KOTpi 3HAXOJATHCS MOOIN3Y JpKepesa TOKCHYHOro BUKUAy. Mertoamka. Pozpobiena
MOJIeTIb 3aCHOBaHA Ha PIBHSIHHI JUIA HOTEHIIHHOTO IOTOKY Ta PIBHSHHI PO3CiIOBaHHS 3a0pyAHIOIOYNX PEYOBHH.
PiBHSIHHS MMOTEHNIHHOTO MOTOKY BHKOPHUCTOBYETHCS JJIsI OOYHMCICHHS MOAENI BITPY MK OyIiBISIMH, a Ui BUPi-
IIICHHS PIBHSAHHS MMOTEHIIIHOI Tedii — HesiBHA pi3HHUIEBa cxema Camapcrkoro. HessBHa morepeMiHHO-TPUKYTHA Pi3-
HHILIEBa CXEMa 3aCTOCOBYETBCS ISl BUPILICHHS PIBHAHHSA MacoliepeHocy. UncenbHe iHTerpyBaHHs 30IHCHIOETHCS 3a
JOTIOMOTOI0 NPSIMOKYTHOI PI3HUIIEBOI CITKH. MeTox MapKyBaHHS («METOJI MapKepiB») BKUBAETHCS JUISl CTBOPCHHS
(hopMu BeIMKOi po3paxyHKOBOI obyacTi. Bukua amMiaky MOJIENIOETHCS 3 BUKOPUCTaHHAM JlenpTa QyHKIIT s TOY-
KoBoro mxepena. PesyabraTtu. Po3pobnena nBomipHa ducenbHa MOJENb BiTHOCHUTHCA 10 KIIACy «TiarHOCTHYHI
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mojeni». Lls Mozesp Mae Ha yBa3i ocHOBHI (hi3n4HI ()aKTOPH, 1IO BILUIMBAIOTH HA MPOLEC PO3CIFOBAHHSI 320y THIOK0-
YHUX pedoBUH B aTMocdepi. Moenb BpaxoBye BIUIMB Oy/iBellb Ha pO3CiIOBaHHS 3a0py/IHIOIOYHX peuoBuH. Ha ocHo-
Bl pPO3pOOJECHUX YHCEIBHUX Mojesell OyB MpPOBENEHHH OOYMCIIOBAIBHUNA EKCIIEPHUMEHT [UIS OIiHKH PiBHSI
TOKCHYHOI'O XIMIYHOro 3a0pyJHEHHs B pa3l panToBOrO BUKWJAY aMiaky Ha amiauHiii HacoCHIW craHuii.
HaykoBa HoBu3Ha. Po3po0OsieHa aBTOpamH 4ucelbHA MOJIENb I03BOJISIE PO3paxyBaTH JIBOMIPHY MOJENb BIiTpY
cepen OyaiBenb Ta po3CilOBaHHS 3a0pPY/HIOIOYHMX PEUOBHH Y Pa3i panToBOro BUKUAY aMiaky. Mopenb J03BoJIsiE BU-
KOHYBATH IIBHUJIKI pPO3paxyHKH 3a0pyaHeHHs atMoc(epu. [IpakTuuna 3HauuMicTh. MoJ1elIb MOXKIIMBO BUKOPHCTO-
ByBaTH npu po3poodui [IJIACa (tutan nikBiganii aBapiiiHIX cUTYyaIlii).
Kiowosi croea: 3a0pyaHEHHS TOBITPs; pANITOBUI BUKH/T; TOKCHYHI XiMIYHI PEYOBHHH; YUCEIHLHE MOJICITFOBAHHS
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YUCITEHHOE MOAEJIUPOBAHUE 3AT'PA3HEHUA BO3/1YXA B
CJIYYAE BHE3AITHOI'O BBIBPOCA AMMHAKA

Heasn. MccnenoBanue HanpaBiIeHO Ha pa3pabOTKy OBICTPOW pacyeTHOW MOJEIH, KOTOpas y4uThiBaja O MeTeo-
pOJIOTHYECKUE TapaMeTphl U 37aHHs, PaclojoKeHHbIe BOJIM3M MCTOYHHMKA TOKCHYECKOTO XMMHUYECKOTO BBIOpOCa.
Metoauka. PazpaboranHas Mosenb OCHOBaHA Ha YpaBHEHUH JUIS MIOTEHIMAIBHOTO MOTOKA M YPaBHEHUH JUCIIEp-
CHUM 3arpsA3HAIONINX BEIIECTB. YPaBHEHHE MOTEHIUAIBHOIO MOTOKA UCHOAB3YETCs Ul BBIYMCICHHUS MOJEIU BETpa
MEXIy 3IaHUSAMH, a ISl peIICHHs YpaBHEHUS MOTEHIINATFHOTO TeUSHHSI — HesIBHAsI pa3HOCTHAs cxeMa CaMapcKoro.
HesBHasi nmonepeMeHHO-TpEYrojbHasi pa3HOCTHAsl cXeMa MPUMEHSETCS IS PELICHMs] YpPaBHEHUS MaccoIllepeHoca.
UuciieHHOE MHTErPUPOBAHME OCYIIECTBISIETCS C TMOMOIIBIO MPSAMOYrOJIbHOM pa3HOCTHOM ceTku. Meron
MapKHpPOBKH («METOA MapKepoB») UCIONb3yeTcad s co3maHuss (opMel Oombmioi pacdeTHoil o0xacTu.
OMHucCHsT aMMHaka MOJACIHMPYeTCsl ¢ ucmonb3oBaHueM JlembTa (GyHKOMHM AN TOYEYHOTO HMCTOYHHKA.
PesyabTaTsl. Pa3paborannas nByMepHAs YHCICHHAS MOJETh OTHOCHTCS K KJIACCY «IHATHOCTHYECKHUE MOJEIH».
Ota MOJ€JIb UMECT B BUAY OCHOBHBIC q)nfmqecxne (baKTopr, BJIMAIONINE HA MPOLECC paCCCUBaHUA 3arpsA3HAIOUINX
BellecTB B arMocdepe. Mozienb y4uThIBAaeT BIMSHHUE 3aHUK Ha JMCIEPCHIO 3arpsi3HAIONIMX BellecTB. Ha ocHoBe
pa3pa60TaHHb1x YHUCJIICHHBIX Moneneﬁ 6])1.]'[ IIPOBCACH BBIYHCIIUTEIILHBIN OKCIICPUMECHT J1JI1 OUCHKH YPOBHA TOKCHUYEC-
CKOTO XMMHUYECKOTO 3arps3HEHUs] B Cllyyae BHE3alHOIO BBIOpOca aMMHaKka Ha aMMHAaYHOM HACOCHOW CTaHIHH.
Hay'—IHaﬂ HOBH3HA. Pa3pa60TaHHa51 aBTOpaMU YUCJICHHas MOJCIIb MO3BOJISIET pACCHUTATh ABYMEPHYIO MOJCIIb BETPA MEKIAY
3OAaHUAMU U JUCTIEPCHUIO 3arPA3HAIOIINX BEIIECTB B CIIyya€ BHE3AIIHOT'O BBI6pOC3 aMMHaKa. MO,HCJ'IL [I03BOJISIET BBIIMOIHATE ObI-
CTpBIE pacueThl 3arps3HeHus atMmocgepsl. IlpakTuyeckas 3HAYUMOCTh. Mozenb MOXXHO NMPUMEHATH mpu paszpadotke [IJIACa
(T1aH TMKBUAIAY ABAPUHHBIX CUTYAIH).

Knouesvie crosa: 3arpsA3HCHUE BO3ayXa, BHE3AITHEIN BI)I6]I)OC; TOKCHUYHBIC XUMHUYECCKHUE BCUIECCTBA, YUCJIICHHOE MOAC/INPOBA-
HHUC
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