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ABSTRACT

A three~-dimensional numerical model is ysed to calculate
ground-level air concentration and deposition (due to precipita-
tion scavenging) after a hypothetical tornado strike at the
Atomics International Nuclear Material Development Facility at
Santa Susana, California. Plutonium particles less than 20 um
in diameter are assumed to be lifted into the tornadic storm cell
by the vortex., The rotational characteristics of the tornadic
storm are embedded within the larger mesoscale flow of the storm
system. The design-basis translational wind values are based
on probabilities associated with existing records of tornado
strikes in the vicinity of the plant site, Turbulence exchange
coefficients are based on empirical values deduced from experi-
mental data in severe storms and from theoretical assumptions
obtained from the literature, The method of moments is used to
incorporate subgrid-scale resolution of the concentration within
a grid cell volume, This method is a quasi-Lagrangian scheme
which minimizes numerical error associated with advection,

In all case studies, the effects of updrafts and downdrafts,
coupled with scavenging of the particulates by precipitation,
account for most of the material being deposited within 50 km
downwind of the plant site. Ground-level isopleths in the x-y
plane show that most of the material is deposited behind and
slightly to the left of the centerline trajectory of the storm.
Approximately 5% of the material is dispersed into the stratosphere
and anvil section of the storm.
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CALCULATION OF PARTICULATE DISPERSION IN A DESIGN - BASIS
TORNADIC STORM FROM THE ATOMICS INTERNATIONAL NUCLEAR
MATERIAL DEVELOPMENT FACILITY AT SANTA SUSANA, CALIFORNIA

INTRODUCTION

This study is part of a series sponsored by the U.S. Nuclear
Regulatory Commission and managed by Argonne National Laboratory
regarding the radiological consequences of a hypothetical tornado
striking a plutonium fabrication facility. The report deals
specifically with the meteorological dispersion of plutonium
particles in a tornadic storm after the Atomics International
Nuclear Material Development Facility (NMDF) at Santa Susana,
California is breached.

The risk assessment and site characterization of the
Atomic International NMDF have been made by Fujital and were
based on existing records of extreme windstorms and tornadoes.
The storm characteristics were computed as a function of yearly
probabilities in an effort to determine design-basis storms
representative of the site. The design-basis wind values were

based on threshold windspeeds corresponding to structural responses

of the buildings and their components as determined by Mehta

et al.® Damage postulations have been translated into
consequences of damage to specific equipment and areas of the
plant. These consequences are used as input information by
Mishima et al.? for estimating the amount and form of plutonium
released into the atmosphere,




SITE CHARACTERISTICS AND DESIGN-BASIS TORNADOES

Site topography and characteristics with windspeed values
and probability of occurrence of a design-basis tornado are
given in detail for the Atomics International NMDF by Fujital,
In this study, windspeeds associated with probabilities per year
for a tornadic storm striking the Atomics International site are
given in Table 1.2

TABLE 1

Windspeed Values and Probabilities of Occurrence for Tornado at
Atomics International NMDF

Windspeed, m/sec

Probability, yr™* 1x 1077 3x 1077 7 x1077 2x 10°°

Maximum total 76,0 67.1 58.1 49,2
Translational 15.2 13.4 11,6 9.8
Tangential 60.8 53.7 46,5 39.4

The radius of the tornado is assumed to be 150 m with the vortex
extending to an altitude of 1000 m. Fujita' reports that several
tornadoes with windspeeds corresponding to these probabllltles
have occurred w1th1n 232 km of the plant site. Mehta et al.?

and Mishima et al.?® estimated that each design-basis tornado
causes enough damage to the Atomics International NMDF to allow
unencapsulated plutonium particles to be 1lifted into the vortex.

Fujita®' reports that the strongest tornadces to occur in
the California state region were F2. The strongest tornado
to occur nearest tre site was of F2Z strength and 43 km away.
A total of 39 tornadoes were reported to occur within 232 km of
the site, the majority being FO-Fl, between 1916-1977. Fourteen
of the tornadoes had path lengths greater than or equal to 1.61 km.
The majority of reported tornadoes moved in a northeasterly direction.
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DISPERSION MODEL

The model is based on the solution of the three-dimensional
time-dependent equation for pollutant transport:

%% « 0+VC = 7-(KVC) + S (1)

where C is the concentration, g/mB; U is the vector velocity
field, m/sec; K is the directionally dependent eddy diffusivity
(exchange coefficient of diffusion, m?/sec); and S represents the
sink torm associated with precipitation scavenging, g/(ma-soc}.
The complexity of the flow fields associated with tornadic storms
and the numerous scales of turbulence involved (which characterize
the diffusion processes) do not permit simple solutions to
Equation 1.

Gaussian solutions have been used in the past for solution of
Equation 1 under ideal steady state conditions.® These solutions
are not flexible enough to include the variations in updraft and
downdraft velocities, as well as the regionally dependent
scavenging within the thunderstorm cell. Vertical wind shear
and scavenging contribute significantly to early deposition of
radicactive particles. In order to accommodate the temporal and
spatial variations of numerous meteorological parameters, in-
cluding the effects of wind shear and wet deposition, a numerical
method is used to solve Equation 1.

The problems of numerical dispersion errors and mesh refine-
nent associated with numerital methods are reduced by using a
quasi-Lagrangian scheme with an Eulterian finite difference method.
To reduce the computer memoTy Trequirements needed to solve the
three-dimensional equation of concentration transport, Equation 1
is split into a series of one-dimensional advection-diffusion
equations.6 The method involves splitting each individual one-
dimensiocnal equation into a Lagrangian advection part plus an
Eulerian diffusion part. The method of second moments is used
to maintain subgrid scale resolution of the concentration.

The method of second moments is a unique guasi-Lagrangian
scheme initially developed by Egan and Mahoney® to model the
transport of urban pollutants. The method calculates the zeroth,
first, and second moments of the concentration within a mesh and
then advects and diffuses the concentration by maintaining con-
servation of the moments. The moments correspond to the mean
concentration, center of mass, and scaled distribution variance
(moment of inertia), respectively. The method of moments was
chosen in lieu of other numerical methods because of its ability
to resolve steep gradients, to eliminate numerical dispersion




errors, to maintain peak concentration values, and to minimize
computation time. A more thorough analysis of the technique is
discussed in References 8 and 9.

The initial conditions are crucial to the downwind dispersal ‘
patterns after the facility is breached. Radiocactive debris is -
assumed to be picked up by the tornado and 1ifted into the ‘
thunderstorm cell. The puff consists of particles that vary in
size from 1 to 20 um. Once the pollutant reaches the thunder-
storm cell (at a point where the vertical velocity within the
tornado is less than the updraft velocity of the thunderstorm |
cell), the puff is assumed to be dispersed according to the
dynamics of the thunderstorm cell.!® The puff is estimated to ‘
be completely distributed throughout the thunderstorm cell within /
20 min. The concentration within the thunderstorm cell ‘is
initialized by using a skewed log-normal distribution with maximum
values centered on the axis of the tornado, according to the mass
balance assumptions suggested by Fujita.'! Once the pollutant is
disbursed within the storm, advection and turbulent diffusion,
along with scavenging, act on the pollutant cloud.

Accurate mesoscale wind-field analyses are essential to
correctly calculate the trajectory of the storm. However, the
amount of information regarding thunderstorm cell dynamics is
limited; therefore a complex three-dimensional solution of the
equations of motion is not applicable at the present time.
Instead, the wind vector, U, is obtained at each time step of
integration by using empirical and experimental values suggested
by Fujita!! and Eagleman and Lin.'? The three-dimensional winds
associated with the tornadic storm are discussed in greater detail
in Reference 8.

The updraft and downdraft velocities vary with height within
the thunderstorm cell,!! decreasing to zerc at the top of the
anvil. The magnitude of the vertical windspeeds is chosen to be
compatible with observations and measurements of vertical velocities
within severe storms., Advection and diffusion of the horizontal
distribution of the vertical velocity field (at the 1000-m level
of the cloud) enable the updraft and downdraft regions of the
storm to be propagated with the trajectory of the storm.* Since
rain occurs in nearly all tornadic storms, scavenging of the
pollutant by raindrops is assumed to occur, Precipitation
scavenging field experiments’?’'? have shown that scavenging by
storms greater than 3000 m high deposit a significant fraction
of released tracer material.

* The rotational characteristics of the horizontal wind field
within the storm cell are likewise propagated with the
trajectory of the storm (procedures analogous to the vertical
velocity field calculation).




The sink term in Equation 1 is based on the removal rate of
concentration due to raindrops falling through the thunderstorm
cell., The removal rate is calculated from empirical estimates and
theoretical assumptions derived by Slinn.!'® A water droplet-
particulate collision efficiency of 100% is used. An average
rainfall rate of 20 mm/hr is assumed to occur throughout the 1life-
time of the storm. Although rainfall rates near the center of
a severe storm can vary above 100 mm/hr, such high rainfall rates
are not constant and fluctuate in location. The value of 20 mm/hr
is used as an ensemble average characteristic of severe storms.!!
Since updrafts markedly reduce the deposition due to rainout, the
removal rate is set equal to zero in those regions of the storm
where vertical velocities are positive. This allows the rainfall
to occur in those regions of the storm corresponding to the rain-
shaft and downdraft regions observed in actual storms. A more
conservative approach would assume the effect of scavenging to
occur over the entire horizontal extent of the thunderstorm.
However, the study of the Lamont tornado by Fujita et al.'"
indicates that in regions of moderate-to-intense updrafts, rain-
fall is nonexistent.




RESULTS

Numerous cases were simulated to determine the most likely
dispersion patterns as well as potential radiological hazard to
the people. The results shown in this study should be regarded
as conservative estimates.

Output of the numerical model consists of concentration
values specified within individual cell volumes. These values
are appropriately adjusted within cell volume to correspond to
the spatial dimensions of the cell. Since the amount of radio-
active debris picked up by a tornado varies according to the
structural damage sustained, a unit release of material has been
used to specify the source term. Results are presented as
isopleths of ground-level air concentration (ratio of concentration
to source mass, X/Q, m~?) and surface deposition (m'z) at t = 60
minutes. Centerline ground-level values of air concentration
(maximum values) are shown as a function of longitudinal distance
along the trajectory of the storm. The isopleths are drawn with
respect to distance from the point where the material is initially
dispersed within the storm.

The convergence and divergence of the mesoscale wind field
are not considered; therefore, the longitudinal wind transports
the storm cell in a straight line. Since the direction of the
tornadic storm is arbitrary, direction is independent of points
of the compass. The influence of topography on advection is not
considered.* Since dispersion is a function of translational
windspeed, the translational velocities are input into the model
corresponding to each design-basis tornado. Lateral dispersion
along the trajectory of the storm is due primarily to the
horizontal extent of the downdraft region (and rotational wind
field) in the rear of the storm with minor influence from hori-
zontal diffusion. Scavenging acts to dilute the concentration
in the cloud such that ground-level air concentrations are less
than ground-level values obtained without scavenging. A more
detailed analysis of the effects of scavenging in the calcula-
tiocnal procedure is discussed in Reference 8.

The initial air concentration distribution (X/Q) is shown
in Figure la in the x-z plane with the center of the plane
passing through the axis of the tornado (t = (). Figures 1b
and lc show air concentration (m~?) isopleths for U = 9.8 m/sec
in the x-z plane at t = 10 and 40 min, respectively. Figure 2
shows ground-level air concentration in the x-y plane at t = 40
min.

* Further research into this problem would require the incorpora-
tion of a more realistic wind field!? as well as topography.
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Ground-level centerline X/Q values are shown in Figures 3
and 4 for each specific translational velocity. The displacement
of concentration as a function of translational velocity is
evident. 1In all four cases, 90% of the peak air concentration
has reached ground level within one hour after initial dispersion
within the cloud (20 min after uptake of the pollutant). The
decrease of X/Q values beginning at X = 12 km in Figure 3 is due
to the depletion of concentration from the cloud (excepting that
part transported to the anvil region) and to nearly complete
diffusion of the concentration below cloud base to the ground.
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from Initialization Point in Storm

- 12 -




107°

1071° L
'[0'11 |
10712
1073

10‘11+ |

Air Concentration (X/Q), m'3

b LLIT TTT e

ot e wEms T a—
|

J l | | I | |
30 40 50 60 70 80 90

o
—
(]
(2]
o

Longitudinal Distance {X), km

FIGURE 4. Maximum Ground Level Centerline Air Concentration
from Plant Site

Isopleths of air concentration at ground level for t = 60 min
are shown in Figure 5 corresponding to storm translational
velocities of U = 9.8, 11,6, 13.4, and 15.2 m/sec, respectively.
The irregularity in the isopleth contours is due primarily to the
advection and diffusion of the updraft/downdraft regions on the
storm with time, The ground-level layer comsists of unit cells
with dimensions of 2000 m x 2000 m x 2 m, Figure 5 shows that as
the translational velocity of the storm increases, the lateral
spread of air concentration is stretched downwind. Peak
concentration values appear less displaced to the right for the
tornadic storm with a translational velocity of 9.8 m/sec than
with the succeeding velocities. However, once beyond the
initial peak concentration area, downwind values of ground-level
air concentration are less than values obtained for U = 11.6,
13,4 and 15.2 m/sec. This is to be expected because the increase

- 13 -




in advection causes the peak concentration values to be more
displaced (and distributed) in the longitudinal direction. Like-
wise, the slower the translational velocity, the more time turbulent
diffusion, vertical advection, and rainout have to act on the
airborne concentration.

In test cases run without the influence of updrafts and
downdrafts (and scavenging), the air concentration eventually
reached ground after 6 hours, but was several orders of magnitude
less in value. If the storm moves at 25 m/sec for 6 hours, depo-
sition at the surface would begin approximately 540 km from
the NMDF site. However, studies made by Davis'® and Hane!®
indicate that it would be very unlikely for the pollutant to
remain entirely within a storm cell for several hours without
vertical wind shear and scavenging bringing a fraction of the
pollutant to the surface.

Ground-level raindrop depositions (m~2?) are shown in
Figure 6 for 9.8, 11.6, 13.4 and 15.2 m/sec, respectively. The
deposition patterns consist of raindrops that have scavenged
pollutant from the storm cell and stick tec the surface. As shown
in Figures 3, 4, and 5, the effect of advection on air concen-
tration is also evident on ground-level deposition: the highest
peak values are obtained when 5.8 with the peak region being
nearest to the initial dispersion point in the cloud; sub-
sequent downwind values are slightly less in value than the
succeeding cases with 11.6, 13,4, and 15.2, The increase in
translational velocity causes the region of peak concentration
to be shifted along the direction of the storm.

Based on the test cases analyzed in this study, early depo-
sition of concentration occurs within 10 to 20 min after the
initial dispersion of concentration within the storm cell. The
primary mechanisms for concentration reaching the surface come
from the effect of the downdraft vertical velocity distribution
and wet deposition. In all cases, 50% of the initial concen-
tration, excepting that portion lifted into the anvil region of
the cloud, is removed from the cloud within 15 minutes from the
time of initial dispersion within the storm. The maximum ground-
level concentration in all cases occurs within 45 minutes of
ground-level injection.

Maximum centerline air concentration values reveal that peak
air concentration at the surface occurs within 12 km in all cases
from the point where the initial dispersion within the storm is
established (Figure 3). The concentration is essentially depleted
from the lower and middle layers of the cloud within 50 km of the
peak ground-level value.

- 14 -
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A modified Gaussian puff tornado model®’!7 was also used to

calculate ground-level air concentration. X/Q values were several
orders of magnitude lower than values obtained by the numerical
method. This was due to the initial conditions assumed within

the cloud (Gaussian in this case about cloud center) and lack of
downdrafts,

Figure 7 shows concentric annuli from the initialization
point with radii of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, and
40 miles in 22.5° sectors overlaid on the x-y grid network.
Average air concentration and deposition values after 60 min are
given in Table 2 and 3 corresponding to sector-averaged ground-
level values for each of the four translational velocities,
respectively. Since the directional dependence of the storm has
been eliminated, sector values for 180 to 360° are considered to
be zero. The centerline trajectory of the storm lies between
sectors 4 and 5. Appropriate assignment of the centerline
trajectory of the storm to a specific direction, i.e., N, NNE,
E, etc. would then give corresponding sector averages based on
compass points. Tables 4 and 5 give sector-averaged ground-level
air concentration and deposition values in 10-mile increments
from the Atomics International plant site.
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TABLE 2
Average Sector Air Concentration (m~-?) at Ground Level*

TRANSLATIONAL VELOCITY =~ 9.8

Sector — 1 2 2 4 . & L .
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Q.0 Le9E=1T 2.1E~16 2.T7E LS 2+0E=-15 1.9616 1. TE-11 0.0
.0 L.4E=16 3.5E-14 3.4E-12 3.46-12 ¢.IE-14 1.0E-1b6 0.0
0.0 2.3E-15 Se4E-13 4,2E-11 4.4E~]1]1 6.2E~13 2.LE-15 3.4E~-20
0.0 5.1E~16 l.26-12 L.86-10 2.CE-10 7.0E-12 B.bE~l6 T.4E~20
0.0 L1o8E-17 1.4E~13 3.2E-10 3.8E~10 2.5613 4.TE-16 0.0
0.0 0.0 Lo B%€=13 3,9E=10 5.1E-10 3,2E-13 1l.4t-18 0.0
0.0 T.1E=20 3.8E-L4 3.0E-10 %.4E-10 1.1€=13 9.6E-19 0.0
¢.0 0.0 2eTE~LS5 1.5E-10 2,8E-10 3.2E-14 4.0 0.0
0.0 0.0 L 3E=-19% 4,46-L1 L.3E-10 |.0E-L4 0.0 0.0
0.0 G.0 6.8E-17 2.1E~-L2 4.3E-11 1.3E~15 0.0 0.0
0.0 0.0 0.0 S 4E=LT 5.15-15 0.0 Q.0 .0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

TRANSLATIONAL VYELOCITY = ll.&6

Sector ——a | 2 3 4 5 ¢ 1 5
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 3.6E-18 %.0E-17 1.3E=15 lo3E-15 2.3E-17 Z,AE-14 0.0
0.0 3.56~17 54lE-15 [.6E-12 lobt~12 6,3E-15 L.SE-17 0.0
0.0 Lo#E-15 5.5E~14 2.4E-31 2.5E~11 6.6F~)4 1,3E-15 2.1E~20
0.0 3.0E—16 6.56-13 L.2E-10 1.3E~10 L.lE-12 5.5E-16 #«bE~20
0.0 LolE~LT 9.76-1d 2.4E-10 2.7E~L10 i.7E-13 3.4kt~16 U.0
0.0 0.0 1.1E-13 3,5E-10 4.3E~10 2.4E~13 L.OE-18 0.0
0.0 3.4E~20 2.8E-14 2,9E—10 4.0E~1C 9.6E—1h 6.4E~E9 0.0
0.0 0.0 2.0E-15 1,7E-10 2.8E~10 2.6E—14 0,0 0.0
0.0 0.0 1.1E-15 7.0E-11 l.6k~1C L.7E~14 0.0 0.0
0.0 0.0 8,2E-17 S.4E-12 6.0E~11 L.AE—15 0.0 0.0
0.0 0.0 0.0 1.1E515 5.1E~15 0.0 U0 0.0
0.0 @.0 9.0 6.46-20 L. TE~19 G.0 g.0 2.0
TRANSUAT TONAL VELOCITY = 13.4

Sector === 1 2 3 4 5 & 7 8
3.0 0.0 0.0 0.0 0.0 v.0 0.0 0.0
D.) 2.0E-18 2.2E-17 5.TB=1& 5.TE=16 1.1E-17 1.0E~18 C.0
Ded 2.0E-17 2.%E-15 8.3E-13 B.3E-13 2,56-15 7.6E~-18 0.0
0.0 B.6E-15 2.TE~14 1 .4E=11 1.4E=11 2.8E-14 8.3F-16 1.4E-20
DD 1.9E-16 3.6E=13 8.05-11 A,3E-11 S.4E=13 3.7E-16 3 .JE-20
0.3 b.S5E-LR ToTE-14 1.8S-10 2+0E-10 1.1E-12 2.6E-16 0.0
0.0 0.0 9.3E-14 3.08-1D 3.5E-10 1.7E-13 T.7E-19 0 .0
3ed L.9E-20 2.9E-14 2.76-1C 3.5E~10 8.1E-14 4.8E-19 0.0
Ded 0.0 1.7E-15 | .8E-10 2.TE-10 2.1E-14 0.0 0.0
30 0.0 9.6E-16 8.86-11 1.6E-10 1.5E-14 0.0 .0
’0 0.0 6.68~17 L TE-11 T.2E-11 1.5E-15 0.0 c.0
0.0 0.0 3.0 5 J9E-15 Z+0E-14 0.0 0.0 0.0
vad 0.0 0.0 9.3E-1¢F 4.4E-17 0.0 0.0 D.0
TRANSL AT IDNAL VELOCITY = 15,2

Sector ——e 1 2 3 4 5 6 7 8
0.2 0.0 9.0 0.0 0.0 0.0 0.0 0.0
0.0 2.3E-13 2.56-12 8.T8-12 7.26-13 7.3E-14 6.6E-15 0.0
0.0 3.0E-12 #.36-11 3,85~10 3.75-10 3.56-11 5.7E=14 D.0
20E-18 & .1E-11 5.2E~10 2.0E-06 2.0E-09 &.8E=10 3.2E~11 1.0E-16
4. 3E-18 8.1E-12 9.4E-10 5.75-09 5.9E-n9 1.0E-N9 1.6E-11 2.2E-16
0.0 1.BE-14 8.8E-17 1.1F-C& 1.1E-0B 1.1E~C9 8.9E-12 1.6&=-20
0.0 l.4E=17 7.3E-1) 1.32=08 1.7E~08 1.3E~-09 1.3E-15 0.0
0.0 2eTE-17 1o6E-10 T,58-09 1.%E-08 6.4E-10 1.8E~15 D.D
0.2 0.0 4,56-11 3.28-05 9+3E-09 4.5E-10 0.0 0.0
T 0.0 2.2E-11 1.6E-09 5.TE-09 2.9E-13 B o0
0.0 0.0 S.4E-13 5.38-£5 1.5E=08 2.5E-11 0.0 0.9
0.0 0.0 0.0 1.3E~05 3.3€-09 0.0 0.0 0.0
0.0 0.0 0.0 5,0E-17 1.3E-09 D.D D.0 0.0

-

values followed by the letter E (for exponent), minus symbol, and two digits indicate
the powers of 10 by which the number must be multiplied to obtain the correct value;
for example, 7.3E-19 is 7.3 x 10717,
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TABLE 3

Average Sector Deposition (m=2) at Ground Level*

TRANSLAT [IONAL VELDCIFY =

Sector—— 1
' Y ]
0.0
0.9
L. 1E~-17
24 3E-17
0.0

TRANSLATIUNAL YELOCETY =

Sector=—— 1
0.0
D‘O
0.0
4. 2E~-1B
9.2E~18

TRANSL AT JUNAL VELJICITY =

Sector — 1
D40

TRANSL 4T JONAL VELDCITY =

Sector —=—= 1
000
010
J.)
8.0
0.0
0.0

—
Values followed by the tetter E {
the powers of 10 by which the num

2

0.0

4.5E-13
T.26-12
6.0E-11
L.lE-11
T.4E-1%
l.#E'lb
1.4E-16

[-N-R+N-N=-]

ocCcO0Qo

2

Q.0

3.5E-13
5-3&’12
5.1E-11
1.0E-11
4.6E-14
b.4E-L1T
B.4E-17T

2
0.0
2.9e-13
‘04‘1‘5"12
4.3E-11
8.5€E-12
2.TE-14
2.8E-17
4.2E-17
0.0
0.0
0.0
0.0
0.0

2
3.0
1.2E-16
I-ZE‘IT
5.9E-16
1.3E-16
4 .E-18
0.0
1'25-20
0.0
2.0
0.0
0.0

Q.

9.8

3 4
O.o D.o
4o9k=-12 1.76-12
6.4E-11 5.3E-10
1.5E~10 2.TE=-09
1.3¥-09 7.4E-09
1.0E-09 1+3~08
T.SE-10 1.3E-08
L.86-10 7.0€-09
6.5E~11 Z2.4E-0S
3.06-11 T.6E=10
1.1E-12 2.2E-09

0.0 3.9€-10
0.0 3.3E-14
il.0
3 4
.0 0.0

1.86-12 l.38-12
5.,56-11 4.6E-10C
6.6E-10 2.4E-09
1.2E-09 6.8E-09
9.BE-10 1.2E-08
7.66-10 1.3E-08
L.7E-10 7.2E-09
5.TE-11 Z+6E09
2.TE-11 9.9E~1C
lelE-12 3.1E-09

0.0 8.4E-10
0.0 3.1E-12
134
3 4
3.0 0.0

3.2E-12 1.18-12
4.6E-11 4.0€-10
5.5E-10 2.1E-09
1.0E-09 6.28-09
9.2E-10 1.1E-CE
7 +3€-10 1.3E-08
1.6F-10 T.SE-0QS

SODE‘ll 2-95-09
2.5F~11 1 .32-0%
1.0E-12 4.2E~-0¢
0.0 1.2E-09
0.0 1.56-10
15.2

3 4

2.0 9.0

1.4E~17 2.5E-16
1.6F-15 3,96-13
1.8F-14 8 .1E~12
1.8E-13 5.5€=-11
6.0E-14 1.3E-10
7 8E-14 2.5E-10
2.TF=-14 2.5%-10
1.TE-15 1.8E-10
9, TE-14 9.9E-11
ba IE-1T Z-BE-II
0.0 L.4E-14
0.0 2.4E-18

for example, 7.3£-19 is 7.3 x 107'%.

5
0.0
l-SE-lZ
5-25"[0
2.76-0%9
T.4E~09
L.3E-08
L. 7E-08
1. 46~08
8.9E-09
5.1E~09
l.2E-08
1.8£-09
9.0E-17

§

9.0

l.1E~12
&.6E-10
2.4E-09
6.9E~09
1.2E-08
1.7E-08
}e45-08
9-0[-09
5.2E-09
l.3E-C8
2.8t-0%
h.28-11

5
0.0
8.8E-13
3.9~ 1¢
2.18-09
6.3E-09
10 IE" oa
1.7€-08
1.4E=08
9.48~09
5 .5E-09
l.4E-08
3 .5E"°9
5.9E-10

5
0.0
2.5€-18
3,9E-13
8.28-12
S.6E-11
1.4E-10
2 +BE-10
3.)E-10
2.46-10
l.ﬁE—lO
T.96-11
3.9E-14
b.4E-16

19

&
0.0
1.9613
5-2!‘ ¥
1 «4E~09
L+ 4E-09
1.4€-09
1.1E-CY
TTE10
4.6E-10
3.56-11
0.0
0.0

]
0.0
1.36=13
4.5E6=11
6.1E-10
1.3E~09
1.3E-09
1.58=0y
9.C66-10
b.6E-10
4 ,0E-10
3.38~11
0.0
0.0

b
0.0
5.1E-14
3,7e-11
5.1E- 10
1.1E-09
1-2E'Cq
le4E-0%
T.9E-10
$.7E-10
3.5E-10
3.0E-11
Q.0
0.0

&
0.0
6.9€-18
1. 6E-15
1.8€ 14
2.5E~13
T« 5E- 14
1.3E-12
6 hE-14
1.5E- 14
1.2E-14
1.3E-15
0.0
2.2

7
0.0
Lo TE= L4
LeSE=43
4.7E-11
2e3E~1}
l.6E~11
6.26~15
Lo LlE~ 4
0.0
Vel
0.0
0-0
Q0

I4
U
1.2E- 14
LeVE-13
4. 0k—-114
ZeUE-11
l.3E&-11
3-3E-15
5.1E-15
0.0
Q.0
Q.0
V.0
0.0

7
0.0
6 .3E-15
T.0E-14
J.3g-11
l.7TE-11
1.16-11
2 .08-15
3.2E-15
0.4

1
0.0
6+3E-19
4.9E-18
54“E‘lb
2J.6€-106
. 1E-16
6.06~19
4.5!-19
0.0
0.0
0.0
0.0
0.0

[ ]
o.o
0.0
0.0
2.56-18
S.5E-Lb
LelE—-19
0‘0
Q.0
0.0
0.0
Q.0
Q.0
0.0

8
0.0
ulu
0.0
L.TE-16
J.BE~-L6
5.86~20
0.0
0.0
U.0
0.0
0.0
0.0
0.0

]
0.0
0.0
0.0
1.3E- 14
2.9E-16
2. TE-20
0.
0.0
0.0
0.0
0.0
0.0
0.0

0.0

for expeonent}, minus symbel,and two digits indicate
ber must be multiplied to obtain the correct value;
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TABLE 4
Average Sector Air Concentration (m-?) at Ground Level*

Sector Values from Plant Site in 10 mi Increments

Translational Velocity = 9.8

Radius,
Sector — 1 2 3 & 5 ¢ mile
0-0 Q.0 1-3E“l? B.OE—I.I B-OE-II. 3-0&-[&
0.0 0.0 2.8E-17 L.3E-09 1.9E-C9 5.7E16 20
0.0 0.0 0.0 T.0E-1% 4.0E-13 0.0 30
0.0 0.0 0.0 2.0E-18 S5.26-117 C.C 40
0.0 0.0 0.0 0.0 0.0 C.0 50
Translational Velocity = [|.6
Radius,
Sector 1 2 3 4 5 & mile
0.0 0.0 0.0 0.0 Q.0 0.0
0.0 0.0 0.0 1.3E-09 la7E-09 4.7E-19 20
0.0 0.0 0.0 1.96-12 1.56=11 0.0 30
0.0 0.0 0.0 4.9E-16 2.5E-15 0.0 40
0.0 0.0 0.0 1.9E-26 44lE-27 C.0 50
Translational Velocity = 13.4
Radius,
Sector —— 1 2 3 4 5 6 mile
7.3 3.0 0.0 0.0 0.9 0.0 T0
3.9 Dol 0.0 1+15-C% 14E=-09 2.1E-20 20
b IS 0. 0.9 2.28-11 S.7E-11 0.0 30
0.0 9.0 0.0 3 4E-15 1.8E-14 0.0 40
1.3 0.0 9.0 B8.73-1€¢ 4.2E=-17 0.0 5Q
Translational Velocity = (5.2
Radius,
Sector ———= 1 2 3 4 5 6 mile
0.2 0.0 0.0 0.0 0.2 Q-0 0
0.0 0.0 0.0 3.TE~-08 4.3E-08 0.0 20
) (P U.n 1.86-C¢ 4.1E~08 0.0 30
.2 3.0 2.0 1 .6€6-06 4.,25-09 0.0 40
0.0 0.0 0.0 TJ58-10 1.96=09 2.0 50

* values followed by the letter £ (for exponent}, minus symbol, and two digits indicate
the powers of 10 by which the number must be multiplied to obtain the correct value;
for example, 7.3E-19 is 7.3 x 10-'°,
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TABLE 5
Average Sector Deposition (m %) at Ground Level®

Sector Yalues from Plant Site in 10 mi Increments

Translational Velocity = 9.8

Radius,
Sector === ] 2 3 N ] s 6 mile
0.0 0.0 1L.9E-12 T.16=09 7.0E~-CS S.%9E~12
Q.0 0.0 1.1E-13 4.%E-08 7.86-(8 2.0E6~11 20
0.0 . 0-0 0.0 9.46-10 5.,3E-(9 0.0 30
0.0 0.0 0.0 b.4E-12 3-‘5"10 Q.0 40
0.0 0.0 0.0 1.3E-21 1.36-21 C.0 50
Translational Velocity = [1.6
Radius,
Sector = 2 3 'y E 6 mile
0.0 0.9 0.0 0.0 0.0 Q.0
0.0 0.0 3,LE-LT 5.06-08 T.8E-0B L.6E-LS 20
0.0 0.0 0.0 2.6E-09 1.0E~C8 0.0 30
0.0 0.0 0.0 6, TE-L0 2.3E-09 0.0 a0
0.0 0.0 0.0 L TE-12 7.2E~-13 0.0 50
Translational Velocity = 13.4
Radius,
Sector — 1 2 3 4 5 [ mile
3.2 J o0 2.0 30 0.0 0.0
0.0 0.0 2.4E-19 %,.,B8E-08 7.2E-0f S.0E-17 20
)0 0.0 0.0 4, 8E-09 1,6E-C8 0.0 30
0.2 0.9 0.0 1 «2E-09 3.4E-09 0.0 40
9.0 6.0 0‘0 l-"E'lo 516E'lu D-b 50
Translational Velocity = 15.2
Radius,
SECLOr ———— 1 ? 3 & 5 6 mile
0.0 Uou 0-0 J 0 0-'.’ 0-0
0.0 OIO 0.0 "!SE‘IO 5.JE'1“ Q.0 20
3.0 D0 0.0 S.4E-10 T, TE-10 0.0 30
0.0 0.0 00 3 J1E-14 1.4E-12 0.0 a0
0-0 o‘o O-O T¢QE-16 z.lE-l’ 'J.D 50

* Values followed by the letter E {for exponent), minus symbel, and two digits indicate

the powers of 10 by which the number must be multiplied to obtain the correct value;
for example, 7.3E-19 {s 7.3 x 10°%7%,
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CONCLUSIONS

A three-dimensional numerical model is used to calculate
the dispersion of small particulates in a tornadic storm. The
model is designed to allow various meteorological parameters to
be updated as more precise information becomes available. The
three-dimensional transient equation of concentration transport
is solved by a quasi-Lagrangian method of second moments in an
Eulerian mesh centered over the assumed trajectory of the storm.

The horizontal wind field varies with height over the one-
hour period after the Atomics International NMDF is breached.
The updrafts and downdrafts associated with the tornadic storm
are calculated from initial empirical estimates and then
advected with the storm, The horizontal rotational wind field
within the storm cell is also advected with the vertical velocity
field., As the storm cell spreads horizontally, the wind field
within the storm cell spreads accordingly,

Because of the lack of precise information regarding turbu-
lence within severe storms, the turbulence diffusion coefficients
are obtained from empirical estimates. These estimates are based
on sparse data measured within storms and theoretical equations
appearing in the literature.

Scavenging is calculated as a sink term to the governing
equation. Washout scavenging below the cloud base acts on large
particles; rainout scavenging acts on small particles within the
cloud, However, limited knowledge of scavenging in severe storms
necessitates the use of a simple general expression based on
rainfall rates, droplet size, and a 100% collision efficiency.

The effect of topography surrounding the Atomics International site
is introduced through specification of roughness heights used in
determining turbulent diffusion below the cloud. The effect of
topography on advection is not considered.

The pollutant is assumed to be dispersed throughout the
thunderstorm cell., A skewed log-normal distribution is used to
initialize the concentration field, Approximately 35% of the
material is dispersed within the upper regions of the cloud, 15%
within the middle section of the storm, and 50% within the lower
layers and cloud base of the storm, Once the concentration field
is established, scavenging and downdraft velocities begin to
bring the concentration to the ground,
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The updraft and downdraft vertical velocity distributions
and wet deposition account for most of the material being
deposited at the surface one hour after initial uptake of the
material. Scavenging accounts for approximately 50% of the
particle removal from the cloud within 15 min. A constant
rainfall rate of 20 mm/hr is used throughout the calculation.
The deposition of concentration at the surface consists primarily
of plutonium particles suspended within waterdrops. As additional
information on rainfall rates and velocities in tornadic storms
becomes available, deposition will likely become highly nonuniform.

Ground-level air concentration begins to reach the surface
within 5 min. Results show values of ground-level concentrations
to begin occurring within 10 to 20 km from the NMDF, Peak
centerline air concentrations occur within 12 km of the point
of initial dispersion within the cloud. The concentration decreases
significantly with distance after peak ground-level values are
reached. The lateral spread of ground-level concentration is
principally governed by the size of the thunderstorm cell directly
overhead, Downdrafts and scavenging have more influence on
bringing the concentration directly from the storm cell to the
surface than turbulent diffusion. Concentration reaching the
anvil portion of the cloud is advected at a faster velocity than
concentration in the lower levels of the storm, Approximately 5%
of the concentration is advected out of the anvil into the
stratosphere.

Results obtained with a modified Gaussian puff model were
considered to be low and showed the inflexibility of the
analytical solution to account for the transient nature of the
vertical wind field. Ground-level X/Q values were several orders
of magnitude less in value than X/Q values obtained from the
numerical method.
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