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Abstract: - There are several types of events that could result in dispersion of radioactive substances in the
environment. These include both intentional and unintentional events. The extent of the contamination and
impact on the environment and people depend greatly on the specific event and the radionuclide involved. In
recent years, the concern for protection of urban populations against terrorist atlacks involving radiological
substances has attracted increasing attention. Models and computational codes have been developed and
hypothetical scenarios have been formulated for establishing priority of countermeasures and protective
actions; determining of generic operational guidelines; and assessment of risks for exposure population. The
aim of the presents study is to illustrate the resultant effects of intentional release of Cs-137 from stacks of
cement production industry. This is done through simulation of different scenarios using a computer code
named HotSpot. The Total Effective Dose Equivalent (TEDE), which includes external and internal
contributions for the whole absorbed dose, has been calculated for various atmospheric stability Pasquill
categories [1]. The meteorological data on atmospheric stability conditions are setting as “mean wind speed”
and the results have been analyzed and are presented here. The results indicate that atmospheric dispersion of a
relatively small amount of Cs-137 has the potential to contaminate a relatively large arca wilh the extent of
contamination (area and activity) firstly dependent on Cs-137 particle size, the height of release, and local
weather conditions.
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1 Introduction absorb.cd by vital human organs such as lung,
gastrointestinal  tract and into wounds. Cesitm

Cesium is a soft, shiny, gold-colored metal. It reacts e . ! ;
behavior is analogous to the behavier of potassium.

rapidly with oxygen or water. Its melting point is

301.55°K (28.4°C or 83.1°F) and boiling point is Once absorbed, cesium s quite  uniformly
951.6°K (678.5°C or 1253.2°F). Cesium-133 is the distributed within ~ the body, with the highest

concentration in muscle tissues and the lowest in
bones. Radiation exposure can occur both externally
and internally. The toxicity of a given radioactive
material and the associated doses for internal organs
depend on some factors as: 1) type and energy of the
radiation emitted by radionuclides, 2) the route of
entry into the body, and 3) the chemical
characteristics of the element, that determines the
retention and distribution in the body.

incidents involving commercial racioactive sources
that have fallen out of control and entered into the
public domain have been reported over the years. In
some cases, sources entering into scrap processing

only naturally occurring isotope and is non-
radicactive; all other isotopes, including cesium-
137, are produced by human activity, Among these
other isotopes, cesium-137 is the most common and
was discovered by Glenn T. Seaborg and Margaret
Melhase in the 1930s (Chase, 1967). The energy of
its gamma ray is moderately high (662 keV) and
depending on the source activity, the external dose
irradiation of the body can be high. Cs is quile
chemically reactive; its salts are very soluble in
water and, consequently have a high environmental
mobility,  spreading  quickly  through  the
environment. Moreover, Cs-137 can be completely



facilities have contaminated steel mills, resulting in
millions of dollars in cleanup costs. In other cases,
sources have been breached, exposing the public to
harmful radiation. A classical example of a strong
‘orphaned’  source  that  suddenly  appeared
completely out of context in an inhabited area,
causing severe health problems, is the Goidnia case
in Brazil [2]. Here a 50.9 TBq 137CsCl source (in
readily soluble powder form) caused contamination
ol a considerable area and many people, of which
four were reported to have died within a weeks. The
Goidnia experience is particularly interesting in
relation to *dirty bomb’ scenarios, as this accident
led to the contamination of a city area of a size
equivalent to what might be affected by the
contamination from a successful “dirty  bomb’
attack. Although a multitude of transportation and
migration pathways contributed to the spreading of
the contamination, #t has been reported that the
primary cause of contamination of housing in the
area was atmospheric dispersion. The Goidnia
accident resulted in extensive panic, social
disruption, great efforts and expenses for personal
monitoring, decontamination of humans and area
clean-up, for instance of roof tiles with Cs-[37
contamination levels ranging up to some 700 kBg
m-2. In the wake of the terrorist attack on
September [1th, 2001, there is a further security
concern over radioactive materials. Traditionally,
most commercial radioactive materials are managed
less stringently than uranium or plutonium, since
these commercial radioactive malerials cannot be
sources of nuclear weapons. However, the event
raised the concern that such commercial radioactive
materials could be cause of social disorder through
their use in terrorist weapons, such as dirty bombs.
The U.S. government and the International Atomic
Energy Agency (IAEA) had shown their interest in a
more stringent management system for commercial
radioisotope  materials and their  plans were
accelerated by the incident. Among these
commercial radioactive materials, Cs-137 is onc of
those most dangerous because il is generating of
beta and gamma emissions (gamma emission
through its transitional daughter isotope barium-
£37m), large amount of radioactivity, and relatively
long half-life,

Significant amounts of non-fissile radioactive
materials are stored in medical centers to diagnose
and treat illnesses, research laboratories, processing
plants to frradiate food to ecliminate microbes,
radiothermal generators, and oil well surveying
instruments. Although those facilities lack the types
or volumes of materials suitable for producing
nuclear weapons, they contain lfarge amounts of

radioactive material such as cesium-137, cobalt-60,
strontium-90, and iridium-192. The possibility of
terrorists using conventional explosives coupled
with those non-fissile radioactive materials to creale
a radiological dispersion device commonly called a
‘dirty bomb® has transformed concerns about tlicit
commercial radioactive materials  relatively
obscure topic into a major international security.

A radiological attack would not produce the mass
casualtics due to the blast and significant radiation
exposure associated with a nuclear event, but it
nonetheless could result in radiation concentrations
exceeding [nternational Commission on
Radiological  Protection {ICRP) guidelines  for
limiting exposwres to gamma radiation. Such an
incident could create a variety of impacls ranging
from extensive contamination requiring
remediation, to panic and cconomic disruption, to
long-term exposure of civilian populations to low
levels of radiation exceeding natural background
levels. The actual impact of terrorists releasing non-
weapons grade materials s contingenl upon a
variety of factors including the specific isotope
used, the amount of material relcased, the aeroasol
properties of the particles released, local-scale
metcorological conditions within a distance <10 km
from the initial release point (i.e., wind speed, wind
direction, other key meteorological parameters),
local-scale typography (i.e. location and size of
buildings), and the type of device used 1o releasc the
material (i.c., conventional explosive),

For these reasons, the studies and developments of
techniques and methods of atmospheric dispersion
modeling of radioactive material in radiotogical risk
assessment and emergency response over the past
50-60 ycars are evolved. The three marked types of
dispersion models, which wmay describe the
development of dispersion modeling techniques for
the application in radiological risk assessments and
emergency responses, are Gaussian plume models in
the 1960s and 1970s, Lagrangian — pufl models and
particle random walk models in the 1980s - 1990s,
and CFD (Computational Fluid Dynamics) models
in the 2000s [3, 5-19].

In this study, a potential scenario of radiological
release is simulated using HotSpot, which is able to
estimate the radiation dispersion in an arca. The
main purpose of this research is the evaluation of
different scenarios for initial aerosol dispersion by
stacks of a cement factory in function of difterent
atmospheric stability scenarios,



2 Methods

2.1 Source term and accident scenario

We have assumed that the

amount of Cs-137
involved in the accident scenario is 1.11x1014 By,
This amount of cesium is chosen for modeling
because it is comparable to the amounts typically

available in commercial radioactive souices.

The release scenario considers the introduction of
the radionuclide inside a limestone fragmentation
line and subsequent transmission to the filtration
system, as shown in Figure [.

The production plant considered in this case study is
composed of three stacks and their characteristics
are suninarized in Table 1.
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Fig. 1: Introduction of Radionuclide Inside the Cement Production Line

Table 1: Technical characteristics of stacks of cement production plant.

PROPERTY STACK 1 STACK 2 STACK 3
Height Above Sea Level 180 m 180 m 180m
Physical Stack Height 92 m 92 m 92 m
Stack Diameter 31m 1.8 m 1.8m
Air Temperature 22°C 22°C 22°C
Stack Effluent Temperature 80°C 95°C 110°C
Stack Exit Velocity 17.5 m/s 10.4 m/s 8.2 m/s
Flue Gas Flow 475000 Nm*/h 95000 Nm*/h 75000 Nm’/h

The raw material preparation stage of cement
manufacture results in the production of a raw mix
that is in a suitable state for feeding to the kiln in
which it is converted by heat info clinker. From data
obtained from the literature, it was possible to
estimate the average hourly volume of raw material
sent to the oven, needed for the production of
cement, [n this work we have assumed that during a
typical production day, the raw materials sent to the
about
corresponding to 208x10" kglh, which is equivalent
to 4.99x10° ke/day. In this scenario, assuming that

production  facilities  were

208

volume
0.0033%.
In this casc study, the source of Cs-137 was
introduced through limestonc fragmentation line,
and radionuclide will be subject 1o
filtration process of raw matertals with cmissions in
atmosphere of 0.0033% the initial amount. This
t/h, estimation is conservative because we have assumed
that Cs-137 is not all trapped in the clinker matrix.
All the remaining radiogenic material will be

introduced into

the filtration system woirks properly, the percentage
of dust emitted ito the atmosphere respect to the
the syslem, is

the same



retained by filters and/or reintroduced to cycle until
find it in the final product (clinker — cement). In
order to analyze the release scenario a virtual
stack" has been defined, obtained by normalizing
respect to the total flow rate the characteristic
parameters of cach stack, according to the following
calculation scheme:

Q, =Q, +Q, +Q, = 645.000 Nm’/h (1

d=d 4, % g B sg @
QT T T
vev, Py, 2y B g5 ams
T T T
721, Qg Qo y G ggoc )
QT T T

Where:

Qr=Total gas flow rate.

(), Oy, Qs = Gas tlow rate of single stack.

d = Stack diameter of virtual stack,

dy, d3, d; = Stack diameter of single stack.

v = Exil velocity of virtual stack,

vy, Va, vi = Exit velocity of single stack.

T = Effluent temperature of virtual stack.

T, T, Ty = Effluent temperature of single stack.
Table 2: summarize the characteristic parameters of
"virtual stack".

Table 2: Parameters of "virtual stack"

Height Above Sea Level 180 m
Plysical Staclk Height 92 m
Stack Diameter 2.8m

Air Temperaiure 22°C
Stack Effluent Temperature 86°C
Stack Exit Velocity 15.4 m/s
Flue Gas Flow 645000 Nm'/h
2.2. Mctcorological conditions and

atmospheric stability classes used in HotSpot
Meteorologists distinguish several states of the local
atmosphere: A, B, C, D, E, F. These statcs can be
tabulated as a function of weather conditions, wind
speed and time of day. According to the stability
category the attack can result in a wide spectrum of
tethal effects. Therefore the potential terrorist will
certainly take that into account, just as it happens by
war-planners, so that the lethal effects are
maximized. The stability of the atmosphere depends
on the temperature difference between an air parcel
and the air surrounding it. Therefore, different levels

of stability can occur based on how large or small
the temperature difference is between the air Parcel
and the surrounding air. [20-24]

The stability classes used for this work are referred
to Pasquill - Gifford stability classes and are
depicted in Table 3. As can be seen in the Table,
stabilities A, B, and C refer to daytime hours with
unstable conditions. Stability D is representative of’
overcast days or nights with neutral conditions.
Stabilities E and F refer to nighttime, stable
conditions and are based on the amount of clowd
cover. Thus, classification A represents conditions
of the greatest instability, and classification F
reflects conditions of the greatest stability. For all
stability class the wind direction was set at 270
degrees respect north direction, . The value of wind
speed assumed for the simulation are summarize in
Tabie 3.

Table I: Pasquill — Gifford stability classes and
2round wind speed. [1]

Ground wind Sun high .Sun IO\.\' “ Night
speed in sky in sky or lime
(m/s) : cloudy

[ A B F

A c E

3.5 B C D
5 C D )

7.5 C b} D

2.3, Radiation dose caleulations

All caleulations have been performed using HotSpot
Version 2.07.1 running on a PC computer {25-28].
The “standard area terrain” type has been uvsed to
take into account the conservative condition because
in this case the characteristic of roughness lengths is
in the range of 0.0F ~ 0.1 meters. The deposition
velocity of the particles is assumed to be 20 cm/s,
whereas a value of 40 em/s is used for the inhalable
fraction.

The breathing rate of exposed person is based on the
standard rates established by HotSpot code and
taken from the luternational Commission on
Radiolagical Protection (ICRP} for reference man.
The standard rate of 3.33 x 10-4 m3/sec, equivatent
to 1.2 m'/hr: this value corresponding to light
activity and is recommended for doses received as a
result of an accident. The height of the receptors is
setto be 1.5 m,



Source term values used to establish the outline dose
of TEDE and Ground Surface Deposition contour
plot are shown in Table 4,

Table 4: Source term value used in HotSpot
simulation

GROUND
TEDE SURFACE
(Sv) DEPOSITION
(kBg/m?)
ner Contour LOOx10r l
Dose 6
Middle Contour 100X 10
7 0.1

Dose
Quter Contour 1.00x 10"
Dose s 0.01 ]

To evaluate the dose conversion factors HOTSPOT
uses the publication FGR 11 for all calculations. For
the purpose of this work, the sample time has been
set to 60 minutes and the holdup time is assumed 0
minutes, o simulate that the material is immediately
released into (he atmosphere,

All simulation scenarios have been performed
including plume passage inhalation and submersion,
ground shine (without the weathering correction
factor) and re-suspension (with re-suspension factor
obtained from [4]

3. Results

For realistic and  reliable
contamination (total dose, ground deposition ete.),
following a typical dispersion of radiological
materials into the atmosphere, then it is necessary to
know the cloud properties:

+ dimensions (volume, effective height);
* particles size distribution within the cloud,;

and all the functions of the source term amount,
space and time, wind speed and atmospheric
stability class.

estimation  of

In this section the graphic results obtained for any
scenario considered are reported. For cach class of
stability and wind speed value the diagrams TEDE
and Ground Deposition diagrams have been plotted
as function of downwind distance.

The doses calcufated could be received by a person
at height of 1.5 m from ground leve] who remained
within the plume for the entire duration of the cloud
passage. As the release occurs at 92 m stack height,
the doses first increase with distance, reach a
maximum value and then decrease.

The heat and smoke of the explosion will [ift small
particles of Cesium up into the air and, according to
the nature of the released radioactive material, these
particles will settle to the ground as they are carried
along by the wind contaminating the ground surface.
Large particles will contaminate the immediate
vicinity of the explosion while smaller (fine and
mostly inhalable} ones will travel targe distances or
will rise up at high altitudes until they are deposited
on the ground. Obviously, non-inhalable material
will have a much larger deposition velocity than
inhalable ones.

Table 1 summarizes some physical parameters
obtained from the Hotspot simulations.

Setting the wind speed and the geometry of the
stack, the change of atmospheric stability class
affects the distance at which the maximum dose
oceurs, the TEDE variation and the effective height
of releasc.

In Figure 1 the diagram of the Total Effective Dosc
Equivalent as a function of downwind distance is
shown. The location of the maximum dose gives the
plume touchdown distance. For all  Scenario
considered, it can be observed that the plume
touchdown distance (point of maximum dose)
increases with increasing of the stabitity;, however
the maximum dose value reduces with increasing of
the stability. Only for Scenario 1, for the Pasquili
stability class I, the inner dose did not exceed. On
the other hand, the worst case represented by the
case Scenario 2 for the stability class A,




Table 2: Main parameters obtained for HotSpot code

SCENARIO 1

Stability Class A Stability Class B Stability Class F
Effective Release Height 432 m 432 m 149 m
Maximuin Pose Distance L4 km 22 Km 23 Km
Maximum TEDE 6.25x10° Sy 4.16x10° Sy 108 x107 Sy
Excecds inner dose out to 4.5 Km 55Km Not Exceeded
Ixeeeds middle dose oul to: 12.5 Km i3.6 Km J0Km N
Fxceeds outer dose out to 34.6 Kim 329 Km 74 Km
SCENARIO 2
Stability Class A Stability Class C Stability Class £
LEffective Release Height 234 m 222 m 152 m
Maximum Dose Distance 0.82 km 2.2Km 8.1 Km
Maximum TEDE 1.18x107 Sv 7x.81x10™ Sv. 1.39 510" Sy
Exceeds inneyr dose out to 412 Km 8.9 Km 12.5 Km
Exceeds middle dose out to: [3.05 Km 23.2Km 36 Km
Excceds outer dose outf to 4351 Km SEKm 58.10 Km
SCENARIO 3
Stability Class B Stability Class C Stability Class DD
Effcctive Release Height 195 m [86m 174 m
Maximum Dose Distance 1.1 Km .8 Km 4.4 Km
Maximum TEDE [.05x 07 Sv 8.52x10™ Sv 3TIx107° Sy
Exceeds inner dose out to 53 Km 8.6 Km 12.9 Km
Exceeds middle dose out to; 16.7 Km 259 Km 30.7 Km
Excecds outer dose out to 55.8 Km 64.1 Km 49 Km
SCENARIO 4
Stability Class C Stability Class D
Effective Release Height 159 m C3m
Maximum Bose Distance 1.5 Km 3.5 Km
Maximum TEDE 8.54x107 Sv 3.5x107 Sy
¥xceeds inner dose out 1o 7.8 Km 12.4 Km
Exceeds middle dose out to: 26,7 Km 32.6 Km
Exceeds outer dose out 1o 78.3 Km 58.6 Km

SCENARIO §

Stability Class C

Stability Class D

Elfective Release Height 137 m 132 m

Maximuim Dose Distance 1.3 Km 3 Km B
Maximum TEDE 8.07x107 Sv 3.65x 107" Sy

Exceeds inner dose out to 6.8 Kin 1.7 Km

Exceeds middle dose out to 26.5 Km 35 Km

Exceeds outer dose ouf to 93.6 Km 73.7 Km
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Fig, 2: Total Effective Dose Equivalent as a lunction of downwind distance: (a): Scenario I; (b) Scenario 2;

(¢) Scenario 3; (d) Scenario 4; (¢} Scenario 5

In case of radiological release the estimation of the
area contaminated is a very important point in order
lo manage the operation needed to decontaminate,
the impact on the environment and population and
the cost of the decontamination. Experience shows
that a radiological incident could contaminate a
targe area and that cleanup would be expensive. The
reality is more complex: area and cost depend on the
maximum acceptable dose and other assumptions
chosen for a scenario. Furthermore, atmospheric
processes can be reduced or enhance dispersion and
deposition afler the initial release of radiological

source, Three of the most important parameters that
drive the phenomena are wind speed, atmospheric
stability, and precipitation. Dilution occurs most
rapidly at high wind speeds, with unstable
atmospheric  condition  with  sharp  temperature
gradients in which (he surface layer is hotter than
the air above it, and during precipitation. For these
reasons, in this case study The Ground Surface
Deposition as function of downwind distance has
been evaluated. The Figure 3 shown the diagram for
each Scenario considered.
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Fig. 3: Ground Surface Deposition as a function of distance downwind: a¥: Scenario 1: (b} Scenario 2; (¢
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Scenario 3; (d) Scenario 4; (e} Scenario 5.

There are several relationships between ground- Concentrations  considerably lower than  those

level concentrations and concentrations at the level associated with fumigations, but of significance, can
of the plume release point in function  of occur with neutral or unstable conditions when the
meteorological conditions. For elevated dispersion upward s severely fimited by the
concentration material, the maximum concentrations existence of a more stable layer above the plume,
for time periods of about half an hour can ocecur for example, an inversion, Under stable conditions
with fumigation conditions when an unstable layer the maximum concentration at ground-level from

increases vertically to mix downward a plume big amount of materiat are less than those occurring
previously discharged within a stable layer. With under unstable conditions and occwr at greater
small different height (AH), the fumigation can distances from the source. Because the maximum
oceur close to the source but will be of relatively accurs at greater distances, concentrations that arce
short duration. For large AH, the fumigation will below the maximum but still significant can occur

oceur some distance from the stack (perhaps 30 to over large areas. This becomes . increasingly

40 km), but can persist for a longer time interval, signiticant if the emissions are from more than one



source, Figure 4 summarizes the trends of curves for
each stability class considered.
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Fig. 4: Ground surface deposition trend for each stability class considered.

4. Conclusions

Different scenarios of radiological release in
atmosphere function of a Pasquill class and wind
speed were analyzed, and the plume extension in
conjunction with the ground surface deposition of
each sccnario were evaluated. The data used to
create the parameters include: type of radioactive
material, stack geometry and dimension, effluent
parameters and meteorological conditions. The
radioactive material for evaluation was selected
based on information such as frequently used
material in usual and activity values characterizing
medical and industrial applications .

The results indicate a relatively small amount of Cs-
[37 has the potential to contaminant a relatively
large arca with the extent of contamination
dependent on Cs-137 particle size, the height of
release, and local weather conditions.

Modeling the dispersion of radioactive aerosols
throughout an wrban landscape, especially with
accurate knowiedge of radionuclide, geometry of
source and meteorology, is indispensable for

assessing the potential consequences of a terrorist
incident and implementing effective emergency
response, health services, and decontamination
decisions

Considering that (he atmospheric release  of
radioactive material might occur at high-density
crowd cvents or in densely — poputated urban areas,
it is possible to envisage that thousands ot people
might  be exposed (o ionizing  radiation.
Additionally, operations in these contaminated areas
might result in  intervention  teams receiving
sufficient radiation doses that arc of particular
concern and should be managed. [29.30)]

For first responders, given the dominance of the
inhalation pathway, the modeling results underscore
the importance of adequate respiratory protection to
reduce the amount of radioactive material inhaled.
And, prior to initiating follow-up evacuation and
environmental remediation activities, the results also
emphasize the importance of initial screening to
defineate quickly TEDE “boundary lines” as a
beginning point for determining the extent of the




“hot zone™ for potential ground shine exposure
created by accidental radiological release

In an operational situation it is important to obtain
useful results as quickly as possible. HOTSPOT is
particularly good in this sense, as it takes only
moments to input the scenario parameters, and
results are calculated virtually instantancously.

This application of computer modeling has
implications ~ for  identifying  the  potential
consequences of a intentional or non intentional
radiological releases.

The consequence data obtained from this study can
be used for the establishment of response measures
against radiological terror. In order to enhance its
effectiveness, more data for evaluation based on
reliable scenarios is needed.
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