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ABSTRACT

The Virtual Range (VR) is an environment that integrates in
a seamless fashion several models to improve complex sys-
tems visualization. A complex system is a non-linear system
of systems whose interactions bring together interesting
emergent properties that are very difficult to visualize and/or
study by using the traditional approach of decomposition.
The VR Toxicity Model as described here represents the dif-
ferent systems that interact in the determination of the ex-
pectation of casualties (E,) resulting from the toxic effects of
the gas dispersion that occurs after a disaster affecting a
Space Shuttle within 120 seconds of liftoff. We present a
detailed description of the VR and the factors affecting E..
The system will help local authorities to estimate the popula-
tion at risk in order to plan for areas to evacuate and/or for
the resources required to provide aid and comfort and miti-
gate damages in case of a disaster.

1 BACKGROUND

In the face of a disaster (natural, accidental, or man-made,
e.g., terrorism), authorities need to determine the population
at risk. If toxic gases are released, there is a need to predict
where the gas plume will go, how far it will extend, and
what the expected concentration of toxins and health conse-
quences will be.

The Virtual Range Toxicity Model’s goal is to deter-
mine the population at risk and the expectation of casualties
(E.) as a result of toxic gas dispersion when faced with dis-
aster within 120 seconds of an orbiter’s liftoff. The system
will help local authorities to estimate the population at risk
in order to plan for areas to evacuate and/or for the resources
required to provide aid and comfort and mitigate damages.

We visualize the range as the volume of space through
which the vehicle must pass on its way to and from orbit.
We are particularly interested in the projection of that vol-
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ume over land and the people there that may be exposed in
the event of a disaster. The actual dimensions of the volume
and its projection over land depend on the vehicle’s speed
and direction and the risk component being analyzed. For
example, the volume (and the corresponding projection over
land) for the impact of gas dispersion will be considerably
larger (and have a different shape) than the volume and pro-
jection resulting from the orbiter’s resulting debris. As the
vehicle moves, the range encompasses new volumes of
space and leaves behind sections that fall out of range of po-
tential hazards. The corresponding projection over land also
changes dynamically in size and shape.

Toxic gas-related risk is a factor of exposure duration
and toxic propellant concentration or dosage that would re-
sult in casualties (death or incapacitating injury) of normal
and sensitive people in a given population area.

Table 1 displays the most commonly used Shuttle pro-
pellants. Public exposure to values above the ceiling con-
centration may cause casualties. Values in the last column
reflect time weighted average concentrations that may
cause casualties.

Table 1: Commonly used Shuttle Propellants

Toxic Concentration
Toxicant Ceiling | 60-min
[ppm] | TWA [ppm]
Ammonium Perchlorate/ 10 5
Aluminum (solid propellant)
Hydrazine - 2
Nitric Acid (HNO3) 4 2
Mixed Nitrogen Oxides (NO, 4 i
NO,, N,O,)

For the effects of this paper, the VR focuses on the
health impact of the release of large amounts of hydrochlo-
ric acid (HCI), a major toxicant in the event of a loss of ve-
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hicle. The effect of exposure to HCl may range from mild
irritation and headache to incapacitation due to constriction
of the airway and lack of oxygen delivery to the brain. The
analysis for other toxicants resulting from a Shuttle disaster
will be similar.

2 THE VR’S ARCHITECTURE

The VR integrates a Range Safety Simulation model, Geo-
graphic Information Systems (GIS), population data, gas
dispersion models, and weather information. The architec-
ture is modular and uses commercial off-the-shelf (COTS)
applications such as ARENA, CALPUFF, and ArcMap so
that it can be easily applied to other shuttle models and/or
other launch operation areas.

Figure 1 shows the architecture of the Virtual Range
Model. We use Monte Carlo simulation to account for the
effect on risk of factors such as vehicle position and con-
sumption of propellants, wind uncertainties, and vehicle
guidance and performance deviations. The need for a simu-
lation capability is paramount. For example, toxic gas im-
pact risk is affected by variability in the meteorological
and launch vehicle parameters, wind uncertainties, and
other weather related characteristics. We also use Monte
Carlo simulation to perform sensitivity analyses. For any
planned flight path, sensitivity analyses are needed to de-
termine how E. varies with changes in input parameters,
such as type of vehicle and wind velocity. These sensitivity
analyses will identify parameters with the largest impact on
the value of E. and, therefore, show where modeling accu-
racy is most important.
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Figure 1: VRTM Architecture

The VR incorporates flight trajectory data and weather
information in and around Kennedy Space Center (KSC), a
model of the toxics dispersion tailored for the NASA Shut-
tle at low altitudes, a GIS to visualize the area over land
affected by the disaster, a population model to determine
the number of people exposed in that area, and a probabil-
istic calculator/simulator to compute E,.
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If an accident occurs, the model determines the posi-
tion, volume, and initial dispersion velocity of the released
pollutants. These values are the input to CALPUFF — a
multi-layer, multi-species, non-steady state Lagrangian
puff dispersion model — which in turn predicts the toxic
concentrations for the toxicant at a specified time after the
onset of the accident. These values determine the envelope
over land where the pollutant concentration exceeds the
ceilings imposed by the pollutant’s Exposure Response
Functions (ERFs). We use the number of exposed people
under that envelope to estimate the number of casualties
for that simulated disaster resulting from exposure to toxic
levels of the released toxic propellant.

The scope for E. calculation is restricted to gas disper-
sion, which we focus on displaying boundaries for. We use
as critical values the concentrations defined for an E, =
30x10°°, e. g., an E, of thirty casualties in a million launches,
the critical value used by NASA when making a GO-NOGO
launch decision. An easy-to-use, “intuitive” interface pro-
vides numerical and graphical summaries of potential out-
comes, with user-defined preferences for the display of units
of measure, geographic locations, and time values.

3 FACTORS AFFECTING Ec

This section describes the different model components and
static and dynamic data integrated in the VR. The section
focuses on the factors that may significantly affect the com-
putation of the expectation of casualties resulting from the
toxic effects of the gas dispersion that occurs after a disaster
affecting a Space Shuttle within 120 seconds of liftoff.

3.1 Flight Path
Figure 2 displays the typical launch sectors for launches

from the Eastern Range (Cape Canaveral Air Force Station
and Kennedy Space Center) (AST 2002).
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Figure 2: The Eastern Range
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In general, vehicles are launched in an easterly direction
and on an azimuth that provides protection for land masses
and populated areas on and off the facility, including the
Caribbean Islands, Bermuda, the northeast coasts of South
America, and Africa. For polar launches the azimuth upper
limit is 37° and the lower limit is 44°. For equatorial
launches the azimuth upper and lower limits are 110° and
114°, respectively.

The path of the shuttle for equatorial launches is calcu-
lated from data of past launches given in EFG (Earth-fixed
geocentric) coordinates. This information was converted
into latitude, longitude, and altitude assuming a spherical
model of Earth. Because of this assumption the conversion
gave us an error of less than 0.5% as compared to the real
position of the Pad39a in Kennedy Space Center. The alti-
tude was obtained using as reference the distance from the
center of the Earth to the position of the shuttle before
launch. Using this method the calculated altitude at which
the Solid Rocket Boosters separation occurs was 44km. In
order to meet the data requirements of CALPUFF, the re-
sulting data was translated into UTM NAD 27 Zone 17.
(National Imagery and Mapping Agency 2004).

The first factor that may be significant is the direction
(polar, equatorial) of the launch. Figures 3a and 3b present
the VR interface. It does not yet offer the option for a launch
direction. So far we have simulated equatorial launches only.

al”| )

& virual Rangs lﬁ A-ml‘: cmleamsllﬂ atats |
l A )
L |

A ) ; v

Gtart Gimwlation
Stwp-by_step
Encution
Arsoe pacaind
simalation
(0

‘Weather Data File Set
~ Sut 1 11-23-2002

~ Set 110472002
 Set 304003002
= Sat 403012002
* Sur 805062002

I =

Figure 3a: The Virtual Range Interface
3.2 Probabilities of Failure for the Shuttle

The second factor is the exact location where the accident
occurs. The VR interface provides the analyst the ability to
select a random occurrence for the accident (e.g., to use
MonteCarlo Simulation) or to “fix” the time of the acci-
dent. There is also a third time-related option, which is to
specify a series of observations at fixed time intervals (for
example, at 0, 10, 20, 30, etc. seconds after launch).

Monte Carlo simulation works by generating random
numbers based on probabilities of occurrence of certain
events. Figure 4, adapted from a report on potential causes
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Figure 3b: The Virtual Range Interface

for a loss of vehicle prepared in 1995 by Fraggola and
Maggio (Fraggola and Maggio 1995), presents the total
probability of losing the vehicle due to the failure of the
different systems and subsystems of the shuttle. In order to
obtain the probability of losing the vehicle at the different
stages, the first 120 seconds were divided into representa-
tive events associated to the main components such as ex-
ternal tank, space shuttle main engine, integrated solid
rocket booster, and orbiter.
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Figure 4: Probabilities of Failure for the Shuttle
3.3 The Toxicity Model
3.3.1 Shuttle Toxicants

Mixed oxides of nitrogen (including nitrogen tetroxide) are
used as oxidants for the hydrazine fuels, which are used in
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relatively small amounts during the Orbiter Maneuvering
Stage to guide the orbiter in space. Nitric acid is the major
combustion product. In order to launch the shuttle into
space, the shuttle relies upon two solid rocket boosters.
These contain aluminum powder as fuel and ammonium
perchlorate as its oxidizer. Hydrochloric acid (HCI) is a
major combustion product.

Due to its relative quantity, the expected dispersion of
HCI gas (density 1.26) is the major determinant of shuttle
GO-NOGO decisions. The gas is initially exhausted as an
aerosol, which dissipates within a few minutes of flight and
remains as gas. With normal operation of the shuttle, total
exhaust of HCI is 163.3 tons during the first 15 kilometers
of flight. About 72.5 more tons are exhausted by two min-
utes after launch (ATAA 1991). In the event of a disaster,
the Solid Rocket Boosters (SRBs) separate from the shut-
tle, burning like “roman candles” as they fall.

3.3.2 The Gas Dispersion Model

The health impact of the release of large amounts of hy-
drochloric acid, a major toxicant in the event of a loss of
vehicle, may be catastrophic. The effect of exposure to
HCI may range from mild irritation and headache to inca-
pacitation due to constriction of the airway and lack of
oxygen delivery to the brain.

If a “loss of vehicle” event occurs close enough to lift-
off, it is possible under some meteorological conditions that
the ground concentration would exceed 7 ppm, the limit
short-term exposure limit (STEL) for HCI for normal people
(Hill Brothers Chemical Co. 2001). For HCI, mild symptoms
include irritation and headache, which are reversible within
48 hours and do not interfere with normal activity or require
medical attention (Philipson 1999). Moderate symptoms in-
clude cough and shortness of breath, and medical attention
might be sought. Severe symptoms include disorientation
due to constriction of the airway and consequent shortfall in
delivery of oxygen to the brain; changes to lung tissue are
irreversible in this category. Of course, the STEL values for
sensitive people (children, the elderly, and people with
asthma or other respiratory disease) are even smaller.

For the evaluation of the gas dispersion and toxic ef-
fect we use CALPUFF, developed and distributed by Earth
Tech, Inc (Earth Tech 2004). CALPUFF simulates the ef-
fects of time and space varying meteorological conditions
on pollutant transport, transformation, and removal under
inhomogeneous and non-stationary conditions with a one-
hour time step. CALPUFF has modules to assess toxic ef-
fects of specific chemical agents and factors such as vari-
ability of meteorological conditions, dry deposition and
dispersion over a variety of spatially varying land surfaces,
low wind speed dispersion, or pollutant wet removal.

There are several factors associated with CALPUFF
that may affect the value of E.. The ones we focus on are
the initial speed of the toxic plume, the weather conditions
(humidity, temperature, etc.), and the wind direction.
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3.3.2.1 The Weather Factor

CALMET, CALPUFF’s pre-processor of weather related
information requires four types of input files: surface me-
teorological data, upper air data, overwater observations
and geophysical data. (Earth Tech 1997, 2002) The
weather information that we gathered corresponds to days
in 2002 in which a launch took place, specifically March 1,
April 8, June 5, October 7, and November 23. In simulat-
ing future launches, for a given launch window (projected
day and time for launch), we will gather similar weather
information that occurred for the same time frame within
the same week in the previous three years and use the av-
erage and extreme values observed for the simulation.

The surface meteorological observations were obtained
from the National Oceanic and Atmospheric Administration
(NOAA) website (National Oceanic and Atmospheric Ad-
ministration 2004). CALMET’s meteorological data files
require hourly observations of wind speed, wind direction,
temperature (part of surface data file), cloud cover, ceiling
height, surface pressure, relative humidity, and precipitation
type code. We used the data from four different stations in
Florida: Orlando (2), Daytona Beach, and Melbourne. None
of these stations had the surface pressure, cloud cover, or
precipitation type code, so it was necessary to use
CALMET’s default values.

The upper air observations were also obtained from the
NOAA website. This set of observations contains twice-
daily observed vertical profiles of wind speed, wind direc-
tion, temperature, pressure, and elevation. The data was ob-
tained from station XMR in Cape Canaveral, Florida.

For overwater data, CALMET requires the overwater
transport and dispersion. For this purpose it is necessary to
have the following information: Air-sea temperature dif-
ference, air temperature, relative humidity, overwater mix-
ing high, and wind speed and direction. The information
collected was taken from the closest buoy, in this case Sta-
tion 41009 - CANAVERAL 20 NM East of Cape Canav-
eral. This information has been obtained from the National
Data Buoy Center a division of the NOAA (National Data
Buoy Center 2004).

Some of the data that was found in the NOAA site did
not match the requirements of CALMET, so we calculated
the missing parameters with theoretical formulas. For in-
stance, the relative humidity was not part of the informa-
tion found in the NOAA'’s files. Therefore, we used the va-
por pressure, the saturation vapor pressure, the dew point
temperature, and ambient temperature found from the
NOAA to calculate it.

Geophysical data inputs required by the CALMET
model include gridded fields of terrain elevations and land
use categories. Optional fields include surface roughness
length, albedo, Bowen ratio, soil heat flux constant, an-
thropogenic heat flux, and vegetative leaf area index.

Some the characteristics of the obtained weather-
related data are presented in Table 2. Note that the wind
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speed used by CALPUFF will depend on where the acci-
dent occurs. If at low altitude, the first two rows in Table 2
will be used; otherwise the last two rows will determine the
“default” values used.

Table 2: Weather During Launch Days

Min | Max Average | St. Dev
Surface data 1.67 6.43 4.46 2.18
wind speed
Surface data 30 122.5 80 41.00
wind angle
Upper Air data | 113.33 | 305 189.13 80.28
wind speed
Upper Air data | 3.63 13.85 8.07 3.94
wind angle

In the VR interface, the analyst is given the option of
selecting any of the given dates. The analyst can also
change the default values for the wind speed and angle in
any selected day. As an alternative, the “All days” option
may be selected which results in one independent simula-
tion run for each of the selected weather profiles.

3.4 Geographic and Population Models

The VR uses ArcGIS — a powerful commercial GIS appli-
cation that provides data visualization, query, analysis, and
integration capabilities along with the ability to create and
edit geographic data — to identify the region covered by the
dispersed gas.

The area covered in our simulation is basically the
area near and around the Cape Canaveral region, which in-
cludes mainly Brevard and Orange Counties and a large
part of the sea around the Cape. The simulation covers
about 150 km in each direction from the source (Cape Ca-
naveral). Since this area is a flat, noncomplex terrain and
surrounded by sea, it has a good flow of winds, pressure
and temperature variations through it. So, the weather data
plugged into the model plays an important role in the simu-
lation. The area covered by the simulation is divided into a
number of grids with equal spacing to facilitate the study
of concentrations of the explosions in the area considered.
Each grid can be a square block, whose side can range
from 10s of meters to 100s of kilometers.

3.4.1 Population Model

Using the LandScan Global Population Database — a public
domain database of the world’s population developed by
Oak Ridge National Laboratory (ORNL) — to present popu-
lation data associated with the covered region, the VR de-
termines the population at risk for that specific risk-
component (LandScan 2004).

LandScan includes the best available census counts
(usually at province level) for each country and allocates
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these figures into rural and urban population distributions on
a 30" X 30" lat/long grid cell system. To assign values to a
specific grid cell, LandScan calculates a probability coeffi-
cient for each cell and applies the coefficients to the census
counts. The probability coefficient is based on slope, prox-
imity to roads, land cover, nighttime lights, and an urban
density factor.

3.4.2 Exposure Response Functions

Figure 5 shows Exposure Response Functions (ERFs) for
HCI for sensitive and normal people subject to a 10-minute
exposure. The sensitive population was defined as children
through age 14 and adults aged 75 and over, as well as all
others with respiratory illnesses. In Brevard County, re-
cent census data shows that 42% of the population is made
up of those 18 and younger and those 65 and older and this
number is expected to increase to over 55% by the year
2010 (United Way of Brevard County 2002).
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Figure 5: Exposure Response Function for HCI1

These curves show that concentrations of 15 ppm and
41.5 ppm of HCI result in an expectation of casualties of
about 30 in a million (E;= 30x10) for sensitive and nor-
mal people, respectively.

ERF curves have been computed for nitric acid aerosol,
nitrogen dioxide, and hydrochloric acid. They were con-
structed by a panel of about 20 expert toxicologists who
provided best estimates of the 1- and 99-percentiles of ex-
pected casualties. Below the first percentile, “essentially no
one in a population of a given sensitivity category would be
affected to a given level of severity.” Above the 99" percen-
tile, “essentially all in the population would be so affected.”
Twelve estimates (with ranges of uncertainty) for each sub-
stance and duration of exposure (10, 30, 60, and 120 min-
utes) were provided by members of the panel of experts: one
for each percentile, casualty type (mild, moderate, and se-
vere), and victim type (sensitive, normal). Some of the pan-
elists computed duration estimates from 1-hour estimates
according to Haber’s Law, which states that “an effect level
is directly proportional to exposure concentration multiplied
by time” (Philipson 1999). Once these estimates were de-
cided upon by the panel, ERF curves were then calculated as
cumulative distributions.
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3.4.3 Geographic Data Model

ArcGIS is used along with LandScan Global Population Da-
tabase. In this GIS environment, the model of population
distribution is integrated with the gas dispersion model to
calculate E, for that risk component given a loss of vehicle.

Spatial Analyst, an extension toolset in ArcGIS, is
used to generate the query on the HCI data from the Gas
Dispersion Model to select the region where the concentra-
tion of the HCI exceeds a critical value. Zonal Statistics
calculates the statistics for each zone of a zone dataset
based on values from another dataset. A zone is a region in
which all the cells in a raster have the same value, regard-
less of whether or not they are contiguous. The sum of the
output gives the total number of people affected in that
critical HCI concentration zone.

For the VR, the sensitive and normal HCI severe ERFs
were combined according to the sensitive and normal
population mix in Brevard County, Florida. A critical
value of 15 ppm was used as a baseline. This value repre-
sents a value where most sensitive people will be affected
but most normal people will not. In the sensitivity analysis
we will vary this factor by increasing the critical HCI con-
centration by increments of 10 until we reach 45 ppm, a
value where almost the whole population will be affected.

Figure 6 shows an example of the ArcMap display of a
layer of contaminants over Florida.

Figure 6: CALPUFF Output Displayed on ArcGIS

Note that Spatial Analyst and LandScan combine to
give an estimate of the number of people that may be ex-
posed in the affected area. However, this figure represents
an upper limit for the number of people at risk as some,
hopefully most, people will be able to take cover or flee the
region before the gas dispersion reaches it. Still a sensitiv-
ity analysis could be done on the proportion of the exposed
people that will actually result incapacitated or dead as a
result of the accident.
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3.5 Summary and Conclusion
3.5.1 The Virtual Range Model

In summary, the VR works as follows: An Arena model
simulates the time of accident, which is determined by the
cumulative probability of accident in ten different stages dur-
ing a launch. Each of these stages has a different duration
and probability of an accident. Once the stage is determined,
the time of accident is fixed by equal chance within the stage.
Based upon the time of accident, the model references coor-
dinates of path of orbiter and determines the volume of re-
maining pollutants from the existing model data file.

These values are the input to CALPUFF, which in turn
predicts the toxic concentrations for each toxicant after one
hour. We enter these values as a layer into ArcMap, to de-
termine the envelope over land where the pollutant concen-
tration exceeds the ceilings imposed by the corresponding
ERF. ArcMap’s Spatial Analyst has the ability to deter-
mine the number of people covered by the displayed layer.
We use the number of exposed people and the parameters
resulting from the pollutant’s ERF (we use as critical val-
ues the concentrations defined for E. = 30x10°) to estimate
the number of casualties for that simulated disaster result-
ing from exposure to toxic levels of the released toxic pro-
pellant. Repeating the procedure for enough simulation
runs, we can get enough information to generate an “aver-
age” boundary and its associated confidence interval.

3.5.2 Initial Results

In our initial results, the sensitivity analysis shows that
wind direction and the time of accident (seconds after
launch) have the most significant impact on the number of
people on the ground exposed to dangerous concentrations
of the toxicant one hour after the onset of the disaster.
However, in these runs we varied wind direction from 0o
to 3600 in increments of 450. In the final runs the limits for
variation in wind direction will be given by the extreme
values observed in actual launch dates. We expect to get a
more detailed picture of the significance of the factors at
work (and their interaction) when we apply data mining
techniques such as neural networks, support vector ma-
chines, cluster analysis, or decision trees.

3.5.3 Factors to Consider

The factors selected for the final analysis are summarized
in Table 3. The dependent variable in the analysis is the
expected number of people on the ground exposed to dan-
gerous concentrations of the toxicant one hour after the on-
set of the disaster.
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Table 3: Factors Affecting E.

Factor Example Range

Flight path’s azimuth 112° Polar: 37°-44°;

(direction of the launch) ecuatorial:
110°-114°

Time of accident [sec- 15 0-120; will try

onds after launch] (sets 0, 5,10, 15,

altitude and amount of 20, 25, and 30

pollutants released) seconds.

Nature and amount of HCI, 8 tons |See Table 2.

the released toxicant

(depends on initial

value, flight time, and

consumption rate)

Initial velocity of the 380 Needs further

gas plume (CALPUFF’s |research

default)

Weather conditions 4/8/2002 | As represented
by 5 actual
launch dates

Wind angle (f(altitude)) 200 Limits repre-
sented by an-
gles observed
in actual
launch dates

Wind velocity 10 Limits repre-

(f(altitude)) sented by
speeds ob-
served in ac-
tual launch

Critical concentration 15 15 — 45 (from

for the pollutant ERF for HCI)

The proportion of ex- 60% 0 to 100%

posed population inca-

pacitated or dead as a

result of the accident

3.5.4 Conclusion

In conclusion, the VR develops a prototype of a virtual en-
gineering environment, called the “Virtual Range,” that fo-
cuses on the first two minutes after lift-off from Kennedy
Space Center. The scope for Ec calculation is restricted to
toxic gas dispersion, and we focus on displaying bounda-
ries for E; = 30x10°. Toxic gas-related risk is a factor of
exposure duration and toxic propellant concentration or
dosage that would result in casualties (death or incapacitat-
ing injury) of normal and sensitive people in a given popu-
lation area. The VR’s easy-to-use, “intuitive” interface
provides numerical and graphical summaries of potential
outcomes, with user-defined preferences for the display of
units of measure, geographic locations, and time values.
This paper presented the factors we have selected for an in-
depth sensitivity analysis of the population at risk, includ-
ing vehicle trajectory, accident location, vehicle position
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and consumption of propellants, weather and wind uncer-
tainties, and amount and type of toxicants released. Such
factors may significantly affect the computation of the
population exposed and the corresponding expectation of
casualties resulting from the toxic effects of the gas disper-
sion that occurs after a disaster affecting a Space Shuttle
within 120 seconds of liftoff.

3.5.5 Future Work

The modular architecture of the VRTM allows the analysis
of new vehicles (e.g., the Crew Exploration Vehicle
(CEV)) and the study of other launching sites. The current
environment uses extensively VBA, however, future archi-
tectures are contemplating the integration with discrete-
event simulation of KSC operations and the utilization of a
modified High-Level Architecture (HLA). We will report
about these developments in future papers.
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