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Abstract. Toxic chemical release may occur at different plants and impact
directly on the people in the working areas. It is very important to predict atmosphere
pollution and make risk assessment for accidental releases. CFD modeling is a powerful
tool to solve these problems. This work is concerning on development of quick
computing numerical model to predict air pollution in case of accidental solid propellant
burning at the chemical plant. The model is based on transport equation for the products
of propellant burning. Air flow on the industrial site is computed on the basis of potential
flow model. To solve governing equations implicit finite difference schemes of splitting
have been used. The results of numerical experiments are presented.
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1. Introduction

Pavlograd Chemical Plant is one of the most powerful chemical plants in Ukraine. This is
the main enterprise where solid propellants for missiles of different types are produced. It is
very important to predict atmosphere pollution, assess risk of hitting in case of accidental
emissions at this plant. These emissions appear in case of propellant firing because of the
products of propellant burning are toxic chemicals. This atmosphere pollution may be very
intensive especially at the territory of the plant. This information is especially important for
emergency preparedness and response.

The most used mathematical models to predict atmosphere pollution in case of accidental
emission may be divided into three groups. The first group consists of empirical models.
Such models are used now in Ukraine, in The State Emergency Service. These empirical



models were developed more than 60 years ago and the models have been “updated” during
the years. These models are based on some algebraic relations which are used to calculate
area of contamination zone, but predictions are “correct” only for wind speed V=1m/s. The
second group of models includes models which are based on Gaussian model or analytical
solution of contaminant transport equation [1-3]. These models are implemented in different,
widely used softwares, such as ALOHA, SLAB, PHAST, etc. These models allow to solve
different problems in the field of air pollution and predict consequences of toxic chemical
release. The models are widely used in practice because of their capability to obtain quick
results which satisfy user. It is very important that these models take into account important
physical factors which influence plume formation. The third group of models includes CFD
models which allow to perform numerical experiment with account of complex
configuration of different obstacles which distort airflow pattern and thus distort plume form
and pollutant dispersion. CFD models are the most powerful tool to predict air
contamination [4 -9]. The core of these models are Navier—Stokes equations (viscous flow
model) which are coupled with different turbulence models [4-8]. CFD models are the basis
of the world known codes, for example ANSYS. But, application of viscous flow model, for
high Reynolds numbers, demands application of very refine grid in order to simulate
correctly viscous effects, for example, near solid walls. Even, in case of laminar flow, we
must choose small grid steps in order that the artificial viscosity which appears as a result of
approximation, not exceed real viscosity. So, CFD models are not quick computing ones
and this factor makes an obstacle for their everyday use.

In this paper we present numerical model which was developed for practical use in The
State Emergency Service (SES) of Ukraine in Dnipropetrovsk region. According to the deal
with SES we had to solve three problems: develop mathematical model to simulate pollutant
dispersion in case of short-term pollutant emission during solid propellant accidental firing
(1); develop numerical model of pollutant dispersion using finite difference schemes (2);
develop Fluid Dynamic Computational program which is capable to compute air flow and
pollutant dispersion at the industrial site using personal computers which are available in
Ukraine (3). The main demand to the CFD model was quick computing and possibility to
take into account buildings effect on plume formation.

2. Governing equations

We studied the problem of air pollution in case of accidental firing of solid propellant for
missile Grim-2 (Fig. 1).

—

Fig. 1. Solid propellant engie for missile Grim-2

(https://www.kp.ru/online/news/2980501/)

In this case the process of pollutants emission is short — term and very intensive. Solid
propellant for missile Grim-2 consists of: ammonium perchlorate (NH4ClO4), aluminium
(Al) and astringent. During this propellant firing different pollutants are emitted into
atmosphere. We studied atmosphere pollution as a result of an ammonium perchlorate
transformation during firing. Chemical transformation of this component may be written as



follows:
2NH,CIO, =Cl, + 0O, +4H,0+2NO . (D)

Dispersion of Cl, and NO in atmosphere is of main interest. To simulate process of their
dispersion the following transport equation was used [10, 11]:
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where u, v denotes wind velocity components in X, y direction respectively; C denotes
averaged concentration of chlorine or NO; ., uy refer to the diffusion coefficients; xi(t), yi(t)
are the coordinates of point source of emission; Qi(t) denotes pollutant emission
rate;5(x—xi(t))5(y-yi(t)) denote Dirac delta-function; t is time.

Averaged concentration is determined as:

COuY) = [Cx Y, )iz,

where H is height which is used to perform averaging.

In (2) coordinates of point source of emission depend on time and we can simulate, if we
need, pollution from moving source of emission. To simulate this process we must set
dependencies which indicate the law of motion: x=f(t), y=f(t) (speed and trajectory).

Worthy of note, that NO has chemical conversion in atmosphere. Chemical reactions may
be written as follows [12, 13]:

NO +0,—2—NO, + 0, (3)
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To simulate NO, NO,, O3 decomposition, the following simplified equations may be used
[12, 13]:
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where ki, Jyo, are constants [12].

In this work we simulate an atmosphere pollution during solid propellant firing with
account of chemical reactions (3) — (5). To simulate NO,, Os dispersion we also used
transport equation (2).

To simulate an air flow at the industrial sites where different building are situated and
these buildings “distort” wind pattern we used a model of potential flow (9), (10):
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Uu=—,Vv=— (10)

where P denotes velocity potential.
Boundary conditions for governing equations are as follows [10, 11]:

1) at the inlet boundary: Z—P:Vn, C =C,,, where V, denotes known wind velocity; Ci, is
n

in?

known concentration (we assume Ci,=0 for Cl;; for another pollutants this concentration was
assumed to be the background concentration);

2) at the solid boundaries: Z—P =0, Z—C =0, where n denotes unit external normal to the solid
n n

boundary;
3) at the outlet boundary: P=Po+const where Py is an arbitrary value and it is known. For

concentration, we set g—C:O, and it means that we neglect the diffusion process at the
n

outlet boundary.
Initial condition, at t=0, is: C=0 (for Cl;) and C=C, (Co is known background
concentration of NO, NO,, Os).

3. Numerical model

In order to build a numerical model, we must transform differential equation into discrete
form and use numerical technique of solving. For numerical integration of governing
equations, we used implicit finite difference schemes of splitting which were traditionally
used in School of Computational Fluid Dynamics in Dnipro City (former Dnipropetrovsk
City, Ukraine).

Numerical integration was performed using rectangular grid. Concentration of pollutant and
velocity potential P were determined in the centers of computational cells. Velocity
components were determined at the sides of computational cells. This approach allowed to
create conservative finite difference analog of transport differential equation (2).

To solve numerically (9) we used finite difference scheme of conditional approximation
[14]. To perform integration this equation was written in evolutionary form:
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where t denotes fictitious time. For t — oo solution of equation (11) tends to the solution of
equation (9) [14].

Further, we approximated derivatives from equation (11) and split finite difference analog
in two steps. Finite difference equation at the first step was as follows [14]:
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Finite difference equation at the second step was as follows [14]:
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Sum of equation (12) and equation (13) gives the full approximation of equation (11).

1
Finite difference equations (12), (13) are implicit ones, but unknown values F’UMZ,P”.”+1 are
calculated using explicit formulae of “running calculation™ at each step of splitting [14]. To
begin calculations, we must set “initial” condition for fictitious time t=0. We set P=0 in the

computational region for t=0.



Computational procedure is over if:
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where ¢ is a small number.
After calculation velocity potential field P we can calculate velocity components as follows

U= Pi+1,j _Pij V= Pi,j+1_Pij .
AX Ay

Computed velocity components u, v are used at the next step to simulate pollutant
dispersion on the basis of equation (2).

To solve numerically (2) we used change—triangle finite difference scheme [11]. This is
four steps scheme of splitting. The finite difference equations at each step are as follows:

At the first step of splitting (k=1/4):
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At the second step of splitting (k=n+1/2; c=n+1/4):
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At the fourth step of splitting (k=n+1; c=n+3/4):
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At each step of splitting the unknown value C is calculated using explicit formula of
“running calculation” [11].

To solve (6)-(8) we used Euler method [14].

We programed all finite difference equations and developed computer program “Air2D”.
We used FORTAN PowerStation 4.0 to create tool for prediction accidental air pollution.
Developed program consists of following subprograms:



- Subprogram “Pot” serves to compute velocity potential field in the region;

- Subprogram “Vel” serves to compute velocity components on the basis of velocity potential
field;

- Subprogram “Cont” serves to compute pollutant dispersion in the region;

- Subprogram “Chem” serves to compute chemical transformation of pollutants;

- subprogram “Sou” serves to compute pollutants emission rate and change of source
position in case if we study emission from moving source;

- Subprogram “Ri” serves to compute potential risk on the basis of computed concentrations;
- subprogram “PRi” serves to print results of computer simulations.

Main Program coordinates work of all subprograms. Input of initial data (meteorological
data, position of source, etc) is made using “Data” file. In this file user forms geometry of
the computational region. To form position of the buildings we used “markers” (porosity
technique) [11]. “Markers” separate computational cells where the air flow takes place from
the cells where buildings are situated. Markers are also used to indicate computational cells
where emission takes place. We also use markers to indicate the trajectory of source if we
study emission from the moving source.

The main steps of the algorithm to solve the whole problem are as follows:

- we solve numerically equation (11) and obtain field of velocity potential P in the
computational region where buildings are situated (step 1);

- on the basis of computed data for P we compute air velocity components in the
computational region (step 2);

- we compute emission rate of pollutants (step 3)

- we solve numerically transport equation (2) to obtain concentration fields for different
pollutants (step 4);

- we solve numerically equations of pollutants chemical transformations and , as a result,
change of concentrations in the computational region (step 5);

- we repeat calculations from step (3).

Because of lack of experimental data, validation of numerical model was performed by
comparing numerical results which were obtained on different grids with analytical solutions
of (2) and (11).

For practice, it’s important not only to predict contamination zones after possible accidental
release but to determine zones of potential risk at the enterprise. Change of wind velocity
affects the dimensions and intensity of contamination zone and thus affects the length of
hitting zone. Schematically it is shown in Fig. 2 [15].

4*’* fi’# f*"v
OV
‘Vl ‘Vz V3
P(W)) P(W,) P(W,)

Fig. 2. Formation of hitting zone under different wind velocities [15]

For example, we have three typical meteorological situations, which have different wind
velocities: Vi, Vo, V3 (Fig .2). Assume, that for the region, where we study accidental



pollution, each meteorological situation has probability P(W;), (i=1, 2, 3). We can see from
Fig. 2 that, for person, who is situated at distance “Ls” from the point of emission, threat of
hitting exists only for the third meteorological situation. But, for person, who is situated at
distance “L;” from the point of emission, threat of hitting exists for all three meteorological
situations. So, if person is situated at distance “I” from the point of emission then probability
of toxic hitting (potential risk) can be determined as:

P()=2PW,)=lI, (18)

where P(Wy) denotes probability of all typical meteorological situations for which the person
falls into zone of hitting. In this zone concentration is higher than the level of concern.

For example, let us have: P(W1) = 60%, P(W,) = 30%, P(Ws) = 10%. Then, potential risk,
for person who is at distance L, (Fig. 2), is: P(L1) = 60%+30%+10%=100%. For person who
is at distance L, (Fig. 2), potential risk of toxic hitting is: P(L2) = 30%+10%=40%. So, it
means that it is very dangerous to be at the distance L, for all meteorological situations in the
region.

So, if we have information about typical meteorological situations in the region, we can
perform calculations for each meteorological situation and obtain concentrations in every
point in domain of interest. On the basis of this information and using dependence (18) we
can make “mapping” zones of potential risk. This “map” will be like a map of “minefield”
and it shows points where toxic hitting will take place for each meteorological situation in
the region or where the probability of toxic hitting is low.

4. Results

We used developed computer program to simulate air pollution at the industrial site of
Pavlograd Chemical Plant. Fig. 3 shows computational region at the plant.

Fig. 3. Computational region (Google image 2019): 1 — emission place; 2 —working place;
3, 4, 5 — buildings

Numerical experiment was performed for the following data: duration of missile solid
propellant firing was 4 minutes. Emission rate of Cl,, NO was calculated using (1). Initial
data (at t=0), background concentrations are: 0.06 mg/m?® for NO, 0.04 mg/m® for NO; 0
mg/m? for Cly; 0.025 mg/m? for Os. We assumed that probability of wind speed V=3 m/s was
86%; probability of wind speed V=7 m/s was 14%. We used grid: 40x40 knots.

We assumed that if Cl, concentration was more than 3 mg/m3 and NO concentration was
more than 0.6 mg/md, than a person, at this point, was in the risk zone.

Fig. 4 shows contaminated zone at the industrial site (modeling for wind velocity V=7 m/s).



Fig. 4. Contamination zone (Cl,), t=21s: 1 — emission place; 2 — concentration
C= 250 mg/m?; 3 — concentration C=1250 mg/m?3

We see from Fig. 4 that big contaminated zone was formed between two buildings
(building #3 and #4, see Fig. 3). It means that pollutant can inflows these buildings and hit
people there.

Fig. 5, 6 show map of potential risk in the computational region. In these figures number
“99” means 100% probability of death hitting.
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Fig. 5. Probability of toxic hitting, t= 8 s (for Cl, emission)
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Fig. 6. Probability of toxic hitting, t= 8 s (for NO emission)

We can see from Fig. 5, 6 that for the meteorological situations which were considered the
potential risk of toxic hitting is very high. Fig. 7 shows Cl, concentration at the working
place (Fig. 3, position 2).
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Fig. 7. Cl; concentration at working place

From Fig. 7 we see that toxic chemical concentration rapidly rises at the industrial site and
its value is much more the level of concern. From practical point of view, it means that
workers at this site are in zone of death hitting.

Worthy of note that computational time was 5 s. So, developed model can be used for
everyday calculations to obtain “first order” information to determine zones of potential risk
at the enterprise.

5. Conclusions

The paper presents the numerical model and computer program to perform risk analysis in



case of air pollution when the missile solid propellant is firing. The model allows to take
into account buildings affect on contamination zone formation. Air flow pattern is computed
using model of potential flow. That allows to solve quickly aerodynamic problem. Also,
chemical transformations of pollutants are taken into account when the process of pollutants
dispersion is under consideration. Results of numerical simulation show that developed
model allows to obtain important information which is necessary to assess zones of
potential risk at the territory of the chemical plant. Results of performed numerical
experiment show that if accidental propellant firing at the industrial site takes place it will
result in quick and very dangerous air contamination for lives.

Further, we will develop submodel to simulate pollutant intrusion into buildings for
prediction the unsteady process of air pollution there.
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