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Abstract

The characteristics of the radionuclides transport model imbedded into the NOSTRADAMUS
integrated software package of the Nuclear Safety Institute are described.

The mesoscale transport model based on the mixed techniques of randomly migrated gauss
clouds which is designed in Institute. The model embraces as its particular cases: the standard
method of point object random displacements; the PUFF-method, i.e. the regular transport
of gauss clouds in a wind field. The mixed techniques of randomly migrated gauss clouds in
nonuniform wind field designed in the Institute takes a great advantage in computation time
over the point random displacement methods without appreciable loss of precision. Test runs
of the model show its performance to be several tenth times better.

There are several models of a source of contamination. The package includes some local
models of contamination transport over a fire or an explosion. For these processes the contam-
ination distribution can embrace several km in height. Over this height interval the wind can
be directed differently. In this case the approximation formulas of Brigs give only very rough
assessment. Some verification and validation results are presented.

©Nuclear Safety Institute, 1994
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1 Introduction

In the Nuclear Safety Institute the integrated software package NOSTRADAMUS is designed for the
modeling of consequences of nuclear accidents and the support of decision making.
The software is able:

e to forecast the release propagation in atmosphere depending on meteorological situation,
e to estimate the atmospheric radioactive release consequences.

The software package includes both mesoscale model of radionuclides transport in real meteorological
situation and a model of local atmospheric processes over the source of a fire or explosion.

Mesoscale model type: the stochastic random displacement model

Meteorological data: the information available from the Russian Meteorological Center for the
standard isobaric surfaces in the nodes of 2.5%2.5 horizontal grid. The package carries out the interpolation
and detalization of these data.

The source: the point polidisperse source; the volumetric polidisperse source including polluting
distribution over the source of a fire or explosion.

The processes are considered: gravitational deposition, dry deposition at the surface, washing
out by precipitation.

Hardware: IBM PC

Program language: C, PASCAL

In this paper the models of radionuclides transport in atmosphere from integrate software package
NOSTRADAMUS are describe.

Stochastic models for impurity propagation in atmosphere may be divided on two classes.

Track models with stochastic displacement of particles in turbulent atmosphere belong to the first
class. Models with stochastic particles speeds disturbances that are defined from Langeven equations
belong to the second class. Models of second class require much greater costs then models of first class.
Models of first class, that are based on assumption of large diffusion scale, where most of details are
averaged, are more economical. _

In case of track models the requirement imposed for the period of averaging is connected with the
fact that sequent shifts of diffusing particles are independent. The reduction of averaging time bring the
necessity to consider second type models with dependent shifts where particles speeds undergo stochastic
distribution.

The solution of track stochastic equations with general requirements comes to the solution of diffusion
equation for average magnitudes (period of averaging is greater than Lagrangian time scale). Therefore
track stochastic models for problems of impurity propagation have the same scope as equations of diffusion
propagation.

Track models have gone through serious examination. These models are considered to be perspective
numerical methods for calculation of impurity propagation in inhomogeneous field of wind velocity.

This examination figured out that formulation of track equations [1] in case when vertical diffusion
coefficient is height dependent was incorrect. The vertical diffusion coefficient is growing fast with height
for most of standard atmospheric conditions. In [1] the corrections which allow to take into consideration
this dependence has been calculated.

For use as a base model we developed the stachastic particle displacement model taking into account
the corrections for the vertical diffusion coefficients dependence on height. We have shown for several
analytical solutions the great advantage of the new formulation over traditional one.

In particular if the diffusion coefficient changes with height realistically, the stochastic equations -
formulation in the model similar to that of the “TYPHOON” (Obninsk, Russia) (2] distorts the solution
of semi-empirical diffusion equation significantly.

Along with this base model we are developing a couple of modified models. The first modification is
supposed to be used for contamination transport simulation up to 50-100 km range with the wind varying
with time and height. The second modification is intended for the transport modeling with arbitrary
wind field. The first model considers the stochastic transport process of a plane Gauss clouds with their
centers of mass subjected to random vertical displacements. Several test runs of the model show its

performance to be several tenth times better then that the base type without any loss of results quality
for appropriate tasks.




The second modification is the stochastic process of the transport of clouds with Gauss concentration
distribution. The random process can be splitted to two independent processes. The sum of dispersions
of these two process must be equal to dispersion of former process. The dispersion of Gauss process is
estimated considering the distance scale on which the wind speed variations are negligible. It gives a
considerable advantage in computation time (up to ten times) without any loss of results quality.

In an emergency situation of great importance is the on-line exhaustion of the possible scenarios and
their consequences. This requires high performance computational algorithms. Therefore the common
stochastic methods mentioned above are not used in on-line forecasts. This paper describes the mixed
techniques, rising computational speed without noticeable loss of accuracy, that can be used for on line
forecasts. Besides, the use of these techniques allows to consider many factors usually neglected in
common Gauss models.

For example, Gauss models including Gauss-puff models describe the concentration distribution
mainly in terms of gauss low (RIMPUFF and other). The impurity transport in large-scale wind field
does not obey gauss low. Strictly, the low seems applicable for 7 mesoscale (2-20 km) and in some cases
for B mesoscale (20-200 km). In our opinion they are not applicable for @ mesoscale.

During the preliminary verification of stochastic model several parametrizations of diffusion coefficients
have been tested. The most successive is the parametrization and typization of synoptical situation (the
wind rotation with height) in terms of 7 stability types (Byzova, “TYPHOON”, Obninsk, Russia) [3,4,7].
This typization is based on the data obtained at the Obninsk meteorological tower. We use these data
to reconstruct the vertical wind profile if only poor data about synoptical situation are available.

Some verification and validation results are presented.

Mesoscale model for impurity propagation of Nuclear Safety Institute has been validated by five
environmental experiments. The comparison of the results of the NSI model, two basic models of the
Livermore Laboratory (USA) and nine European models have been made for all these five experiments.
This intercomparision have shown the high competitivability degree of the stochastic model of the Nuclear
Safety Institute.

2 Mesoscale model for impurity propagation in inhomogeneous
velocity field

Equation of advection and diffusion, which describe impurity propagation in atmosphere is
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where ¢ is volume concentration;

U,V — horizontal components of wind velocity;

W=W-Ww,;

W — vertical component of wind velocity;

W, — speed of gravitational precipitation;

K, Ky — horizontal diffusion coeflicients;

K, — vertical diffusion coefficient;

@ — ejection source power;

S — term, which takes account of washout.

The following system of stochastic equations for particle coordinates is the base for analysis of impurity
concentration propagation in inhomogeneous wind velocity field [1].

X ;. dY .42 - 3K, ,
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U', V', W' — component of wind velocity pulsation — stochastic quantities.
The system of stochastic equations (2) may be written in the following form

dX = Udl + 0;a5;dY = Vdt + oyay;dZ = (W + %]ii)dt +0,a, (3)




where a5, ay, a; are stochastic quantities with Gaussian probability distribution, unit dispersion and null
mathematical expectation. The system of stochastic equations (3) is equal to the following equation (5):
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In case when o, = V2K, di, 0, = \/2K,dt, 0, = V2K, dL.

Equation (4) may be rewritten as
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As the rule derivative of coefficients of horizontal turbulent exchange may not be counted when
compared with wind speed. In this case the system of stochastic equations (3) is equal to the equation (1).
The term (8K, /8z)dt in the last equation of system (3) was not considered in many models of such type.

As shown in [1] this brings to non-realistic impurity disturbance with height, impurity accumulation
near surface and overestimated magnitude of deposition. There is effective average (against a background
of turbulent pulsations) vertical speed K /dz (pointed up) due to rapid growth with height of vertical
diffusion coefficient in the low layers of atmosphere.

If source action Q is represented as a set of great amount of discrete ejections and if their positien
in inhomogeneous speed field is defined by track equations (3) then cloud contour may be found in any
moment and impurity concentration disturbance may be calculated

mn
where m — mass of single particle, n -— number of particles in chosen volume V.

Wind velocity field and diffusion coefficients are the input information for calculating particles coor-
dinates. Wind velocity in regular grid nodes is known from forecast of Russian Meteorological Center,
which is based on synoptic information and routine forecasting model. The coefficients of vertical diffu-
sion in grid nodes are defined from information about wind velocity and insolation class by the method
described in [3]. Diffusion coefficients and its varyability with height depend upon: class of stability,
season and surface friction. The value of wind velocity and diffusion coefficients components outside of
discrete grid are linear interpolated from the neighboring nodes.

The coefficient of horizontal turbulent diffusion was defined from data obtained by “TYPHOON?”,
Obninsk

Oy = a|r|* (7)
where a; and b;depend upon class of stability.
During the preliminary verification of model several parametrizations of diffusion coefficients have
been tested. It is the parametrization which was found to be most successive.
The system of equations (3) may be rewritten in a form of finite difference equations. The position of
particle in moment of time (n + 1) is defined as follows. First, particle is moved wind speed in a moment
of time n:

XPH = x84 UPAS; (8)
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Then the position of particle is corrected
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And finally, the particle undergoes the stochastic shift (the more diffusion coefficient the more the
average amount of this shift).
X =Xr4 \/21'(:,.+‘Ata,

YPH=yr g \/21?;‘.-“Atay
ZpH = 20 4 (2R Ata,

Depending on the users wishes, this particular realization of the stochastic model can work as:

a. Gauss model (single gaussian cloud)

b.  Puff model (many gaussian clouds moving in the wind field)

¢.  Gaussian clouds moving in the wind field with their centers
being subjected to random displacement.

In last case the random process is splitted by two independendent processes. The sum of dispersions
of this two processes is equal to dispersion of former process. The dispersion of Gauss process is estimated
considering the distance scale on which the wind velocity variations are negligible. Diffusion coefficient

for the center of Gaussian clouds is defined by relation K’ = K — %% 7® — dispersion of Gauss clouds).

3 Verification of mesoscale Lagrangian transfer model

Results of calculation of impurity transfer with use of Lagrangian model and package “Voyage”
(standard—technical document 38.220.56-84) have been compared. Parameters of dispersion of impurity
cloud have been defined according to standard technical documentation of this package.

Results of this comparison are shown on Figure 1.
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Figure 1: Comparison with Gauss model. Impurity density distribution upon
height at the distance: a) z = 20m, b) z = 1000m.

Number of points N = 1000. Source height h = 50m, wind velocity v = 5m/sec, cross diffusion
coefficient D = 0.5d(02)/dt, o0y = C2(1 + 0.001z)~1/2 & = yt.

Gaussian profiles are the precise solutions of turbulent diffusion equation when turbulent parameters
are independent of height and when wind speed is constant. Lagrangian model for impurity transfer gives
the same results as package “Voyage” in this preside case.

The preside solution of diffusion equation for stationary impurity source with power profile of wind
speed U = Upz™ and power profiles of diffusion coefficients K = K(2z™, K, = K,z has been used as the
other test. The analytic solution is obtained in [5]. The comparison of theoretical and calculating profiles
is shown on Figure 2.a. Here model gives the results that well agree with theory.
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Figure 2: Comparison with analytic solution [5]. Density distribution upon
cross wind horizontal coordinate on the beights: 1) R =02, 2) h=10.9. U, =4
m = 0.05; ko = 0.03; k; = 0.1.

a) simple Monte Carlo method, points amount N = 1u(00.

b) modified method, ‘clouds’ amount N = 200.

Taking into consideration of correction terms in stochastic equation is demonstrated on two examples.
1. The first example is propagation from pulse ground point source in neutral stratificated bounder
layer of atmosphere. Logarithmic profile of wind speed is feature of such layer:

U(z) = %’—Inz a

(14)

Z0

where kK — Karman constant, U, — “friction velocity”, z — height, z¢ — rou ghness parameter. Diffusicn
coefficient in directions z,y, z (z is direction of wind) are taken in form:

K. = agUsz; Ky = ayUs2; K; = a:Usz; (13)

In this case analytical solutions of diffusion equations exist. They give the following expressions for
statistical cloud characteristics.

400
t,5ec t,5ec

Figure 3: The computation of point source evolution in neutrally stratified
atmosphere.
ze — height of mass center, ¢ — vertical dispersion of cloud; solid line — theory; stars — with

correction i:—(,‘-; crosses — without correction.
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Figure 4: Experiment modeling [6]. 1 — Gauss model; 2 — ADPIC model; 3 — our
solution; crosses — experiment.

Coordinations of center-of-mass:

X(t) = %‘-‘(ln"fz[]'t —1-9) (16)
Z(t) = a,U.t (17)

where v = 0.58 — Euler constant, t-time. Horizontal and vertical dispersions:

n? 1
02 = (= = 1)= + aza,)U22 18
6 K? :
03 = aya, U2t (19)
o? 2 o303 (20)

According to the data of great number of laboratory measuring: o, = 0.47,a; = ba;,ay = 5.2.

The results of modeling with correction term and without it are shown on Figure 3. Calculating
points, when corrections are not considered, are greatly different from theoretical; when corrections are
considered solutions are close to theoretical.

2. The solution mentioned above for stationary source with power low profile of wind velocity is
used as second example. Neglecting of correction term brings to overestimating of near-the ground
concentrations more than twice when U; = 4, m =0.15 Ko = 0.03, K; = 4, source height h = 0.3.
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Figure 6: Experiment E2: 1 — experiment, 9 — NSI model, 3,4,5 — other models
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Figure 8: Experiment E4: 1 — experiment, 2 — NSI model, 3,4,5 —




4 Validation of mesoscale Lagrangian transfer model

The first experiment used for validation was made by Idaho National Engineering Laboratory (INEL)
at september 22,1972 [6]. It’s characteristics are: stability class of near the ground layer C(3); ground
source is iodine isotope (1'31).

Time of source action 3 hours.

Source intensity — 0.379 uCi/sec.

Speed of gravitational deposition — 0.1sm/sec.

The aim of this experiment was verification of Lagrangian particle advection—diffusion model of Liv-
ermore laboratory. Locality was smoothly heighten to the left of the source in direction of average wind
(ridge). The height difference of between highest and lowest points was about 1000 meters. The distance
between this points was about 35 km 17 stations gave the meteorological information. Wind field was
corrected by means of the model for near the ground layer (MATHEW).

The only known information is value of near the ground wind (about 5m/sec and stability class.
Velocity and direction of wind in bounder layer of atmosphere depend upon height. This and velocity
pulsation bring to scattering of impurity cloud. Beginning some moment of time contribution of this
factor exceed contribution of normal diffusion. Method of restoration of wind profile and coefficient
of vertical turbulence depending upon stability class, ground information and local latitude have been
recommended basing on several years observations in |3,7]. It was supposed that ridge changes typical
wind profile over plain locality and concentration disturbance which would be formed over plain locality
only near the ridge because the ridge is quite plane. Results of our calculations confirmed this assumption.

Tracer time integrated concentration (TIC) at the distance 50km from source calculated from stochas-
tic advection model, Gaussian model and natural data are shown on Figure 4. Results calculated
from model ADPIC-Livermore laboratory model for forecasting accident impurity propagation for 100 —
—200 km are shown on Figure 4 as well.

Gaussian model for such distances underestimates the latitude of cloud track. Stochastic model
that considers typical wind turn with height gives better results. It underestimates concentration in
wind direction on the left, where ridge was located because ridge existence has not been considered in
calculations.

The next data used for validation was four natural atmospheric dispersion experiments described in
KFK report [8].

This report has presented the results of the intercomparison of different mesoscale dispersion models
and measured data of tracer experiments. These models are suited for the caiculation of the atmospherical
transport of radionuclides released from nuclear installation.

In the KFK the comparison between nine most prominent European mesoscale transport models have
been made. The model results and the environmental data about four natural atmospheric dispersion
experiments (E1,E2,E3,E4 experiments) have been compared. Among these nine models were the Gaus-
sian, Eulerian and stochastical Lagrahge models. The same experiments have been reproduced to verify
the NSI model. The comparison of the experimental data and the model results are shown in the fig.5-8.
For the sake of comparison the results of the best among these nine models — Gauss puff, Eulerian and
Lagrangian models are presented in this figure also.

Shown on Fig.5-8 is normalized TIC angle distribution. 1 — experiment, 2 — NSI model, 3 —
Lagrangian random walk model JABG (Schorling), 4 — Gauss-puff model Ris0, Denmark (Mikkelson),
5 — Eulerian model, Hamburg University (Dunst).

The comparison of the results of these models with that of NSI model shows the NSI model is at least
not at disadvantage in relation to the models concerned. The advantages become more significant as a
distance from a source increases. The fact should be noted that not all avalible meteorological data have
been used when modeling E1-E4 experiments. In particular, the data about temporal and height variation
of second moments of wind speed have not been used. This information is hardly rely able and usually
inavalible. The imbedded in the package parameterizations of the intensity of vertical and horizontal
turbulence have been used instead to check its performance. in our opinion, the advantages of the
NSI model in E1-E3 experiments over the others that consider similar wide range of factors influencing
impurity transport is mainly due to regard of the vertical diffusion coefficient variability with height.
As our numerical experiments have shown, the choice of the vertical eddy transport model is critical
(very important) for overall model performance. The most successive is the parameterization of vertical
diffusion coefficients that of [3,4]. So the NSI model has been tested by five environmental experiments.
The comparison of the results of the NSI model, two basic models of the Livermore Laboratory (USA)
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and nine european models have been made for all these five experiments. This intercomparison have
shown the high competitivability degree of the stochastic model of the Nuclear Safety Institute.

5 The models of source of a contamination. The online models
of emergency fire and explosion release

5.1 The online model of emergency fire release

Results of modeling convection, that is initiated by heat, show that injection height depends not only
upon heat intensity, but also upon weather conditions [8-14]. The main factors among the factors that
influence the height of convection penetration are temperature stratification of atmosphere and humidity
level. That means that lift height of emergency release in atmosphere as result of fire occurrence will
inevitably depend upon concrete state of atmosphere at time and place of fire occurrence.

The simple approximation formulas for smoke rise above the fire give crude approximations because
they consider average state of atmosphere. The influence of atmospheric humidity on the strong convec-
tion parameters is not considered. The fact that the emergency release over the fire source can spread
over several kilometers in height is not taken into account. Over this height interval the wind can have
opposite directions.

There are a lot of one-dimensional models for estimating of distribution of emergency release with
height above the fire source now. These models describe parameters of smoke column above the stationary
source of heat. The main difference between them is the form of parametrization of the velocity of ambient
air entrainment into the plume.

Model of Morton-Teilor-Terner (MTT) [15,16,18,19] that doesn’t consider the phase change and
model of Squers-Terner [17] that difference from MTT only by consideration of phase change are the
most frequently used models. The influence of horizontal wind on parameters of smoke column are not
considered in these models. The way of consideration of vertical profile of horizontal speed is developed in
[20]. The characteristics property of this models is that they describe stationary parameters of convection
for constantly active source. Thus the radius of convectional jet is tending to infinity when vertical speed
is tending to zero near the upper bounder. The smoke or emergency release (that is accompanying the
fire) is supposed to be distributed evenly between the level of null buoyancy and the top of convectional
plume, but it seems to be quite crude approximation [13].

One-dimensional model for convectional flows above the source of fire will be described below. Using
of this model allows to estimate the size of smoke column above the fire and distributions of emergency
release with height (the source is continuous and quasi-stationary) depending on meteorological conditions
at different moments of time. Factors that influence the character of impurity propagation for fire source
are stratification of atmosphere, humidity of atmosphere, existence of wind and wind change with height.

Model has been verificated for calculations of fires of different powers. The descriptions of these fires
are described in literature sources [12, 13].

Results of calculations with use of operative one-dimensional model and results of calculation with
use of three-dimensional gydrothermodinamical model of Livermore laboratory have been compared.

Model allows to estimate the presence of humidity that condensed in result of convectional movement
and thus probability of rapid impurity washout.

There is additional reference information in programs package for user convenience.

The parameters of standard atmosphere for different seasons and latitudes may be used for method-
ological calculations.

If information about intensity of energy release from fire is absent then the special block in programs
package for estimate may be used. This block consists of information above heat from 27 basic solid,
liquid and gas combustibles. The tentative duration of fire depending on amount of combustibles on unit
area is defined with the help of statistical diagrams from the same block [21].

If o — parameter of ambient air entraining to the jet

1 dM
= 21
Y= M, (21)
Here M; = r;W;R? — |, r; — density, W; — speed, R; — radius; index i is referred to parameters of

convectional column. According to the Newton second low the equation of movement of convectional Jet
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in vertical direction has the following view:

aw; 1 9P gt
& =TI e W=
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It will be thought below that pressure in convectional jet is equal to the pressure of ambient air at the
same level. Z—axis is directed up. Considering that Wdt = dz ,(22) may be rewritten as

daw;  T;-T 9
@ =9 oW (23)
According to
CpdT; = aCp(T - T3) + R,T(—i}? (24)
where R — universal gas constant. Considering that for the ambient atmosphere 4;,‘-)- = —-ﬁf-fdz the
following may be obtained.
ay g T;
. dT; T;
Ve aWAT - T) - L2
o = eWi(Ti = T) T (26)

For the movement in moist atmosphere all equations are correct but 7" and T; are changed to the virtual
temperatures.

The equations (25),(26) should be corrected when saturation is reached due to appearance of new
heat source that is bound up with condensation.
In this case equations (25) and (26) may be rewritten as

d(T; + & 4:) L g T;
2 m L2 h
= o(T; - T) + o a (¢ — @) o (27)
d(Ti + &) L g T
et aWi(T; - T)+ aWiC—,p(q - qi) - W"_(';"f (28)

where ¢, ¢; — specific humidity. The change of specific humidity in the plume g¢; up to condensational
level is defined by the following correlation

dg; .

=== olgi—4) (29)
(—i‘% = aWi(gi - q) : (30)

When saturation is reached moisture is condensed and temperature is rised. In this case optical energy
T; + ¢iL/C, stay the same. The condensed moisture is supposed to fallout.

The equations (21),(23) and (25) are the base for modeling the vertical convectional jets in many
stationary model. The most full theory of plume movement in stratificational humid atmosphere that

considers horizontal wind field is presented in [20]. The following expression for entraining speed has
been obtained:

2CT;
aW; = ET Wiz + U.2 (31)

{ dif “On e
ooa - RTVY T (32)

where C — constant, U; — horizontal speed of jet.

The calculations according to the model described in this section are taken using equations (22), (28),
(30) and (32).

or
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Figure 9: The view of smoke column and smoke propagation with height for
Hamburg fire.

This set of equations is chosen because they allow to get the profile of convectional cloud at any
moment of time. Parameters of convectional flow above the source is fast determinated [8] when the fire
is powerful and heat intensity may be considered as quasi-stationary. It is supposed that propagation
of smacke column through any period of time beginning the time of fire occurancy agree with contours
of jet and smoke cloud that has been produced by established convectional flow for that period of time.
In this case content of smoke or any other emergency release from continuously acting source in height
interval [Z,Z+H] is defined by source release for the time when front of convectional flow has been in this
interval.

If the release during the fire was shirt-termed then the movement track with height is defined by
position of convectional flow front through the corresponding period of time.

The horizontal velocity of the plume is defined as follows:

dU;
— = aW;(U = U;) (33)
dt

The basic variant of the model uses Bekryaev parametrization for entrainment [18]. The possibility
to use any other known functional dependence for parametrizations of entrainment (models: MTT and
Gostintsev [23]) is provided.

Using equations (21) and (22) the following correlations may be obtained:

1dR; o Ti—-T gR, 1 |
R~ w ‘mwit o ®, G (34)

e 1 dR; =T Ri 1 1
= - oR;
——2 = (o — g W+ T (= = )W 35
ma - W fmweit ey T ) (35)

According to the theory of Hauton and Kramer [22] gT; — T'/2TW? is proportional to I}T% . Co-
efficients of proportionality 4 and C have been chosen from model verification. ¥ = 0.66 , C = 0.14.

oT/T; ~ « for fires of even more intensity [8].
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Figure 10: The view of smoke column and smoke propagation with height for
fuel fire in Long Beach.

The third term in (34),(35) that characterize the increase of radius of convectional plume at a count

of pressure change during vertical movement influences on the cloud contour only in case of fires of great
areas.

The initial buoyancy produced by the fire source is defined as follows.
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For the steady regime of convection the rise of convectional flow above the source in one second may
be estimated by using

dxp; RZW? _ gT.- -T

p 7 xpi R} (36)
e dxp; RIW? T;,-T Q
api RiWE _ Li— 1 p2yy o g
5 =9—F npi Ri Wi C,T 37

where Q — source power.
Near the ground where vertical speed is fast increased it is considered that

d p. R? Wi2
dz

where po — near the round density, Ro — radius of fire.
Then W = \/Qg/TC,poRgt and rizing of convectional flow during one second above the source is
h= O.GGJ@g/TCppoRg Thus near the surface T; — T = Qg/TCypoR3.

Explicit approximation in time is used while solving evolutionary equations of model. Temperature
and humidity are defined by iterational Newton method when condencational level is reached.
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Figure 11: The view of smoke column and smoke distribution with height for
Hammburg fire when horizontal wind was considered.
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Figure 12: The view of smoke column and smoke distribution with height for
fire in Long Beach when horizontal wind was considered.

Verification of one-dimensional operative model has been conducted by means of comparison between
calculations for some real fires (the information about them has been available) and results of calculations
of Livermore laboratory using three-dimensional thermogydrodynamical model.

Hamburg fire at the end of World War IL The description of the fire is in [13]. The value of
the fire power was 1700000 MW. The area was about 12 square kilometers. The wind at a moment of fire
occurancy was weak. Humidity in atmosphere was low. Temperature gradient in troposphere was about
6.4 degree per kilometer. Tropopause was at the level of about 11.5 km. Temperature in stratosphere
was standard — 216°K. Temperature near the ground was 288.1°K. The height of smoke column was
12 km.

The information about the result of modeling of this fire using the three-dimensional thermogydro-
dynamical model of Livermore laboratory is available.

The variant of operative model that did not consider humidity and wind was used to model the smoke
column above this fire.
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The calculations showed that the height of fire column reached 12 km.

The distribution of smoke with height a contours of cloud after 30 minutes from a moment of fire
occurrence is shown on Figure 9. The maximum of horizontal speading of cloud is 12.8 km. The
three-dimensional model gave the same result.

Fuel fire in Long Beach (1958). The description of this fire is in [13]. Wind was practically
absent. Temperature gradient was above 6.5 degrees per km of height. The fire was not accompanied
by steam condensation and cloud development. Heat intensity was about 10000 MW. Radius of fire was
500 meters.

According to the description of smoke column its top reached 3300 meters. Smoke was distributed
mainly between height of 1500 and 3300 meters. The information about results of modeling of this fire
using three-dimensional thermogydrodynamical model of Livermore laboratory was available.

The same variant as in the previous case was used for modeling of smoke column above this fire.

The calculations showed that the height of smoke column reached 3.3 km and smoke was distributed
in height interval that was observed.

The information about horizontal spreading of cloud with height at different moments of time is
absent, but the results of calculations using the model of Livermore laboratory [13] showed that there is
a agreement.

The smoke distribution with height and cloud in one hour after fire occurrence are shown on Figure 10.
Maximum horizontal spreading of cloud is 3.6 km; the three-dimensional model gave the same results [13].

The calculations that take into consideration horizontal wind which is characteristical for middle
latitudes (climatic data [24]) have been taken for Hamburg fire and fire in Long Beach. The smoke
distribution with height and cloud contours for these fires are shown on Figure 11, 12.

The number of calculations for fires of different intensity have been taken aiming to verificate the

operative model for propagation of impurity from fire source in moist atmosphere when horizontal wind
exists:

1) radius of fire 5 km, heat — 14000 W/m
2) radius of fire 5 km, heat — 2300 W/m
3) radius of fire 5 km, heat — 89000 W/m

Fires have been modeled for standard atmosphere with standard profiles of humidity and wind.

The comparison with results of three-dimensional thermogydrodynamical model of Livermore labora-
tory has been taken. The agreement between height profiles of smoke distribution with height and results
calculated with use of model of convectional flows above the fires (Livermore laboratory) was good in
comparison with model MTT.

The model of Livermore laboratory for modeling of convectional flows above the fire source is the
most full when factors that influence the convectional parameters are considered. In is widely used in
practice. It was used by USA for prognosis the propagation of smoke if the fires in Kuwait would occur.

The graphical dialog interface for user has been worked out. The results of modeling are ocular
demonstrated. Program package allows to get any reference information. Program package may be used
for operative estimation of impurity rise for great fires and cloud contour depending on meteorological
situation. Program package allows to determine the presence of steam condensation when convection
occurs and the probability of release washout in the nearest zone.

5.2 An operative model of the size and rise for explosion

The code for operative estimation of rise of impurity release and dimensions of cloud for powerful
explosion has been worked out basing on simple model for vorticial ring. The factual meteorological
situations are used for this estimation. The possibility of steam condensation inside of cloud is considered.
The results: rise of release and dimensions of smoked zone may be used as input data for the problem of
passive impurity advection by wind.

An online model of the size and height of the pollutant cloud over an explosive source
of energy. This model is based on the fact that circulating flows inside of the clouds appear because
of the surface fraction when high heated cloud moves up after the explosion [26]. This cloud changes to
toroidal vorticial ring because of this flows. The presence of vorticial movements in cloud is confirmed by
observations of clouds of nuclear and ordinary explosions. The presence of the speed circulation brings to
origin of Joukovski lift force that stretch cloud in horizontal direction [27]. Therefore this model allows
not only to estimate the rise of cloud but also to calculate its dimensions and to describe the effect of the
horizontal spreading of the cloud that was observed in atomic explosions [27).
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The scheme for calculation of buoyancy vorticial ring in gravitational field was suggested by
S.C. Christianovich and worked out but A.T.Onufriev [27]. This scheme is used in this model as well as
the results of the researches of vortex conduct that were published by M.A. Lavrentev in his book [28].

Equations of vorticial ring movement. In accordance with the work of Onufriev [27] and
Lavrentev [28] the rising cloud may be visualized as the oblate ellipsis which dimensions are shown
on Figure 11. There is vorticial ring (vortex kernel) with radii R and r inside of ellipsis (2R ~ D — 2r).

Ah

Figure 13: The schematic representation of the vorticial cloud.

The change of momentum of torus mass and ambient air that is entrained in movernent is equal to
the sum of forces that act on it (torus): Archimed force, Joukovski lift force and resistant force. When

vectorial equation is projected on vertical and horizontal directions the {ollowing equations of torus
movement appears as:
in vertical direction

d CiSm
}?Z((M + My)v) = gQpo — p) — 2xRT pou 42 povV (39)
in horizontal direction
d CaS,
(M + My)u) = 27 RT pov "2 ™ pouV (40)

In formulas (39) and (40) p is an air density inside of torus, po is an air density in atmosphere, M
is air mass inside of torus, M; is an “associated” mass of torus (mass of ambient air that is entrained
in movement when movement is not steady), v is a vertical speed of rising, u = 0.5dD/dt is horizontal
speed of spreading, V = v/u? 4+ v?, g is an acceleration of gravity, I' is a circulation of speed of vorticial
ring, Q2 is volume of ellipse formed cloud with axis D = 2R+ 2r and Ah = 2r, R is a radius of axial ring
of torus, r is a radius of cross-—section of torus kernel, Ah is a vertical dimension of cloud, S,, is an area
of center section of ellipsoid, Cj is a resistance coefficient.

There is a necessity to add an equation of torus movement when wind is present:

d dM T
3¢ (M + M1)vs) = vos—= + Capolvos — vs|(vos — vp) g DAh (41)

where vgp is a wind speed, v, is speed of torus movement in direction of wind.

For the air mass that is entrained in a unit of time through the area S of the lateral surface the
expression Pl
o = °VS(ero)'"? (42)

may be used, where S is the area of the lateral surface of the cloud [26]. This expression appears as the
result of turbulent mixture of heated air that is enclosed inside of torus, and cold ambient air.

The equation for determination of the circulation amount is derived from the following considerations.
In nonstratificational atmosphere, when Archimed force is constant (F4 = const) equations of vortex
movement have selfsimilar solutions [28], z ~ t!/2,v ~ t~1/2 where z is horizontal dimension of vortex
and v is its speed. At the same time circulation I' ~ vz = const does not change in time. From the other
side when F4 = 0 (free movement of vortex without buoyancy) the other selfsimilar regime exist.

£

z~tl/4;v~t—3/4;[‘~t‘1/2;i‘/F=2M/3M (43)
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Both regimes of vortex movement are confirmed by the experiment [28, 29, 27]. Here the interpolation
equation for I', that combines these two limit regimes, is used. First, the order of magnitude of circulation,
when the cloud is expended by the constant force F4, will be defined. Velosity circulation in the vortex
have an order of magnitude I' ~ zv. The speed v is defined by the balance of friction force (S ~ z2 —

cloud section; Cj resistance coefficient) and force F4 and is proportional to the /v ~ \/F4/S ~ /F4 /=.
Thus

F~zv~/Fy (44)

Then when F is changing in time the circulation I' tends to new quantity (44) by the law (43). This
gives an equation for I':

dar Fu 2 dM
Et- = -—( F—AQFO - I‘)W—dt— (45)
where Fyo and T are initial quantities for F4 and I'. When F4 = F49 = const the equation (45) gives
I' = const, and when F4 = 0 it gives limit regime (5). The circulation change that is described by the
equations (45) in concrete variants appears to be close to the solution of equation I' = —1/M ot ST'dM/dt
with the empirical coefficient § ~ 0.2 that was used in work [27].

The initial circulation was chosen as Fy = 79a0./Gog in accordance to [27], where ay is an initial radius
of the fire sphere y¢ dimentionless parameter. It’s magnitude is chosen in accordance of the calculated
result with the experimental data.

‘The change of gas enthalpy in the cloud is happening because of the mixture with ambient air, change
of ambient pressure and possible phase changes of the humidity in the cloud

dW . dM y-1WdP dM,

& STt 9y (46)

where W = C}, MT is gas enthalpy in cloud, Cpo and Ty are temperature and heat capacity of ambient air,
Cp and T are temperature and heat capacity of cloud, P is atmosphere pressure, 7 is adiabatic exponent
for gas inside of cloud, @ is heat of vaporization, dM, is mass of condensed vapor for time period dt.

The first term in (46) is concerned with the entraining of ambient air, the second term is corresponded
to the adiabatic spreading of cloud that is due to the change of the atmosphere pressure with height during
the rising and the third term is corresponded to the emission of heat when vapor is condensed.

The condensation of vapor inside of the cloud may occur when p. > p,(T'), where p. is vapor density
inside of cloud, T is cloud temperature, p,(T) is saturated density of vapor. The condensation is described
by an equation dM./dt = Q(p. — ps(T'))/7, where 7 is characteristic time of the condensation. In the
calculations this time was chosen much less than time scale of cloud movement and the magnitude of this
time did not influence the result.

The heat capacity of dry air and vapor in atmosphere are not depend on temperature. The heat
capacity of condensed water and the heat capacity of aerosol particles that are captured in cloud are
considered too.

The gases in the cloud (dry air and vapor) are considered to be ideal and the equation of state has a
form of:

Pa Pe
P =T =T(—+ — 47)
(na+m.) = (2 4 22 (47)
where n., n, are concentrations of vapor and dry air; m., m, are their molecular masses.

The initial conditions for the problem of the cloud rise are specified immediately after the explosion,
after departing of shock wave from fire sphere when air inside of fire sphere has a pressure that is equal
to outside pressure and is stationary. The initial volume of the fire sphere is defined from

ET
= ST =PI T) o

where E is the released energy to the air after the explosion; T is temperature inside of the fire sphere; Ty
is temperature of ambient air. Temperature T" should be specified depending upon the type of explosive.
Thus for the organic fuels it could be equal to 2500°K [33]. For the nuclear explosions the average
temperature inside of the fire sphere is equal to 3000°K [31]. The calculations showed that the cloud
movement slightly depends on 7" when T 3> 300°K. The energy E is defined by caloricity and amount
of matter. For the nuclear explosions E is takes as 1/4 of full energy of charge [26] (other energy leaves
sphere in terms of radiation and energy of shock wave).
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(Qﬁg/21rpoc,,)‘/‘. H is height, Q is charge energy, 3 is coefficient of ther-
mal spreading. The points are the experiment by Gostintsev i5].

Model verification. The problem has three parameters that should be found out of experimental
data: « is entraining coefficient, Cy is resistance coefficient, o is magnitude of initial circulation. When
~ = 0 the cloud has spherical form and the problem is equal to the problem of spherical thermic movement.

Coefficient Cy is taken ~ 0.4, that corresponds to the experimental data on flowing around the spheres
for large Reinolds numbers.

The coefficient « is taken from the experiments with jets and is equal to 0.2.

The coefficient gammag defines the cloud spreading in horizontal direction and is found from the data
on nuclear explosion clouds dimensions.

The first test consisted of the comparison of selfsimilar character of the thermic movement with the
small scale explosion experiments (30 kg of powder), that were described by Gostintsev [28].

The results are shown on figure 14. The experimental points lies clear to calculated curve when

a=0.13,Cq = 0.4,y = 0.13. These magnitudes were used in the calculations that models the cloud rise
after the nuclear explosion.

There is the data [25] on rise and dimensions of clouds for the explosions with charge energy from 0.5
to 50 kT. The comparison of the calculated and experimental data is given in Table 1.

Table 1.

Experiment Calculation
Qir | H, | AR ] D | D/AR || H, Ak | D* | D/AR* | D/AR | D
05 | 24106 |14 2.3 27106 |14 2.3 2.6 1.8
10 (2909 (18] 2.0 32108116 2.0 2.5 2.1
20 | 4210924 27 38710718 2.0 2.6 2.5
50 63|15 ]34 23 57114123 1.8 34 3.3
10. (741546 31 [[69]21(26] 14 22 | 3.7
20. 1 9.1 1862 34 8.1}127]3.2 1.4 1.9 |44
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All calculations were taken for the standard atmosphere of middle latitudes (summer). The humidity
condensation was considered. The calculated D* and (D/Ah)* are corresponded to the moment of time
when maximum rise of cloud was reached, and D ZDI are taken for ¢t = 17 min.

By &
T I ME, ™mi n

Figure 15: Change of rise of upper cloud level in time for
energies Q=20 kT and Q=1 kT. Points represent the experimental
data [31].

The change of cloud with time for energies @ = 1 kT and Q = 20 kT is shown on Figure 15, the
amount of cloud spreading (D/Ah) is shown on Figure 16. The experimental data [30] is shown by means
of points. The clouds rise continuously for 6 — —8min (the same is for the experiments). Then movements
inside of the clouds attenuate on the equilibrium height.

D/ AR
a.&§ /1\k/T‘/\/\/\/\/\,—
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20k T,
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- =g 20 ‘o o eo
TIME, min

Figure 16: The amount of cloud spreading (D/Ah) for energies
Q=20 kT and Q=1 kT. i

The accepted model describes the experimental data in the wide interval of explosion energies. The
calculations have been done without consideration of ground ejection into the fire sphere and capturing of
ground by rising cloud because of the lack of the experimental data. The experimental data [31] confirm
that the tunnel volume for the contact explosion and the amount of ground in cloud increase slower than
the explosion energy. That means that the influence of captured ground on buoyancy is greater when
energies are small than when they are greater. Probably the consideration of the ground entraining will
reduce rise (when the energies are small) and make it close to experimentally observed rise.
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