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SPILL MODELING



CHAPTER 17



PRACTICAL USES OF AIR PLUME MODELING IN CHEMICAL EMERGENCIES John S. Nordin AristaTek, Inc. and Western Research Institute (WRI), Laramie, Wyoming
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METHODS During a chemical emergency, a toxic or hazardous cloud of gas, vapor, or particulates may potentially or actually be released to the atmosphere. The release may be a direct release of gas, evaporation from a spilled pool, an aerosol or droplets from a tank or pipe under pressure, or as a result of fire or explosion. Sometimes no chemical has actually been released but there is potential for a release because of an accident or a nearby fire or terrorist threat. In the United States, users of large quantities of hazardous chemicals are required by the 1990 Clean Air Act Amendments (CAAA) to model potential releases of these chemicals, including catastrophic releases under worst-case conditions. The modeling results are made available to emergency responders as part of their risk management plans, even though no release has actually taken place. When the chemical is released to the air, a cloud or plume forms that tends to disperse as the cloud travels downwind. The two dispersion mechanisms accounted in the popular gas dispersion models are (1) turbulence from air instability resulting from solar heating and (2) turbulence resulting from wind blowing across the terrain. Many of the popular models do not account for (1) buoyancy resulting from a fire or fires, (2) rainout of droplets or larger particulates, (3) effect of releases during a precipitation event, (4) variable terrain, (5) highly reactive chemicals with air moisture or oxygen, (6) a zero-wind condition, or (7) multiple sources. If these situations occur, worst-case situations could be examined; for example, the user might model both the chemical and the reaction product(s) with water for the case of a highly reactive chemical with water. Eventually, far downwind from the source the concentration drops below the level of concern. The model user is faced with the tasks of (1) identifying the chemical, (2) determining how much is released or could be potentially released to the atmosphere, (3) assessing meteorological conditions, (4) assessing terrain conditions, (5) assessing other factors such as fire or a potential explosion, (6) selecting an appropriate model, and (7) establishing a level of concern. First responders make decisions on establishing an initial isolation zone and protective action distances and whether to evacuate the public or have some people remain on site inside a building with windows closed until the toxic cloud passes. These 17.3
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tasks are not trivial. Even basic information such as the name of the chemical(s), its release rate, or the total amount present may not be known. During a chemical emergency, the first responder also does not have the time to select an appropriate model and learn how to use it. If the accident occurs at a fixed U.S. facility, the modeling may already be incorporated as part of the facility risk management plan. Also, the facility should have made available lists of large volumes of chemicals and where they are stored (a requirement of the Community Right to Know regulations) to fire departments and emergency responders. The 1996 North American Emergency Response Guidebook (NAERG96) and the updated version 2000 Emergency Response Guidebook (2000ERG) gives information on initial isolation distances and protective action distances for spills from large and small containers in the case of a transportation accident. Computer software programs, such as ALOHA, designed to run on a desktop or laptop computer are available. The 2000 Emergency Response Guidebook and the U.S. National Institute for Occupational Safety and Health (NIOSH) Pocket Guide to Chemical Hazards are available on CD-ROM. Western Research Institute has developed software for a palmtop (hand-held) computer containing emergency response information including modeling capabilities. These are all useful tools in emergency situations.
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CONCENTRATION LEVELS OF CONCERN FOR TOXIC CHEMICALS When a toxic gas or vapor is released to the atmosphere, the chemical will eventually disperse and reach some concentration at which the risk to the general population is minimal. A major and controversial part of the emergency planning process is establishing guidelines as to what these concentrations or levels of concern should be and duration. These information is used for determining when to evacuate or in some instances when to advise people to stay indoors with windows closed until the danger has passed. The American Industrial Hygiene Association (AIHA) of Akron, Ohio, has developed a series of emergency response planning guidelines (ERPG) for three different levels of concern, all based on a one-hour airborne exposure to the chemical. As of 2000, ERPG values have been developed for almost 100 chemicals, with about 10 added each year. The levels are defined as follows: ERPG-1: The maximum airborne concentration below which most individuals could be exposed for up to one hour without experiencing anything other than mild transient adverse health effects or perceiving a clearly defined objectionable odor ERPG-2: The maximum airborne concentration below which most individuals could be exposed for up to one hour without experiencing or developing irreversible or other serious health effects, or symptoms that could impair their ability to take protective action ERPG-3: The maximum airborne concentration below which most individuals could be exposed for up to one hour without experiencing or developing life-threatening health effects The U.S. Department of Energy Subcommittee on Consequence Assessment and Protective Actions (SCAPA) has developed Temporary Emergency Exposure Limits (TEEL) for approximately 1,200 chemicals as approximations to ERPG-1, ERPG-2, and ERPG-3 values (Craig et al., 2000) to be used as temporary guidance by DOE and its contractors until the peer reviewed ERPG values developed by AIHA are published. The TEEL and ERPG values can be obtained from the SCAPA website (http: / / www.scapa.bnl.gov / teels.htm). The following are concentration limits representing levels of concern:
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The U.S. Occupational Safety and Health (OSHA) regulations1 specify time-weighted average concentrations (OSHA-TWA) in the workplace for an eight hour per day, 40 hours per week exposure. The National Institute for Occupational Safety and Health (NIOSH) also specifies time-weighted average concentrations for an 8 hours per day, 40 hours per week exposure which are sometimes different from the OSHA regulations. The values established by OSHA are used to determine whether workers, including response personnel, should wear personnel protective equipment. The immediate danger to life and health (IDLH) concentrations represent the maximum concentration from which a worker could escape in 30 minutes without experiencing any escape-impairing (e.g., severe eye or respiratory irritation) or irreversible health effects. The IDHL concentrations do not consider long-term adverse effects such as cancer. The definition of IDHL was originally based on the U.S. Mine Safety and Health Administration stipulation (30 CFR Part 11.3(t)) to ensure the ability of a worker to escape in 30 minutes in case respiratory protective equipment fails. NIOSH reviewed and revised the IDHL values, adding to it the criterion that the IDHL value must not exceed 10% of the lower explosive limit (LEL) even though relevant toxicological data indicated irreversible health effects or impairment of escape existed at higher concentrations. The ERPG-2 level was used in preparing the NAERG96 and 2000ERG for defining protective action distances. If ERPG-2 level numbers were not available, NAERG96 and 2000ERG used 0.01 times the LC50 value for one-hour exposure of the chemical to rats. If the exposure time was different than one hour, the LC50 was divided by the exposure time (in hours) if less than one hour, or divided by the square root of the time if greater than one hour. The LC50 is the median (50%) lethal concentration. For the initial isolation distances, NAERG96 and 2000ERG uses the ERPG-3 level where available. The toxic endpoint used in U.S. EPA Risk Management Plans under 40 CFR Part 68 is either based on ERPG-2 values or is 0.1 times the IDHL value or (for a few chemicals) is estimated at some fraction of LC50 values for some animal. The ALOHA version 5.2.1 dispersion modeling incorporated as a part of CAMEO uses IDHL values as a default condition. The user may override these values and model to some other toxic endpoint. Toxic inhalation endpoints for selected chemicals are compared in Table 17.1. These numbers, current as of 1996, are subject to revision. The numbers apply to most healthy adults. Some people will be more sensitive than others, including the elderly, infants, chemical-sensitive individuals, and individuals whose immune system is impaired.
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SOURCE TERM Air plume modeling of a chemical release accident requires knowledge of the release rate and the release situation. During an actual emergency, even if the chemical involved is identified, the release rate in all likelihood cannot be determined because safety considerations do not allow approach near the source. Instead, the responder might identify the chemical and size of the container or containers and assume that all of the chemical is released at once if there is danger of explosion. If there is no danger of explosion, the modeling may be done, assuming all of the gas is released over a 10-minute period. If the spill is a liquid that evaporates on the ground, the release rate is the evaporation rate. Mathematical expressions are available that estimate an evaporation rate based on pool area; these may be embodied in popular dispersion models such as ALOHA or in hand-held computers with appropriate software such as PEAC. If the pool area is not known, sometimes it is assumed 1



Under 29 CFR Part 1910; CFR ⫽ Code of Federal Regulations.
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TABLE 17.1 Toxic Inhalation Endpoints for Selected Chemicals



Chemical



ERPG-1



ERPG-2



ERPG-3



OSHA TWA



NIOSH TWA



Acetaldehyde Acrolein Ammonia Benzene Bromine 1,3-Butadiene Carbon disulfide Carbon monoxide Carbon tetrachloride Chlorine Chlorotrifluoroethylene Dimethyldichlorosilane Dimethylamine Ethylene oxide Formaldehyde Hydrogen chloride Hydrogen cyanide Hydrogen fluoride Hydrogen sulfide Isobutyronitrile Methanol Methyl isocyanate Methylene chloride Methyltrichlorosilane Monomethylamine Phenol Phosgene Phosphine Propylene oxide Styrene Sulfur dioxide Sulfuric acid Toluene Trimethylamine Vinyl acetate



10 0.1 25 25 0.2 10 1 200 20 1 20 0.8 1 na 1 3 na 2 0.1 10 200 0.025 200 0.5 10 10 na na 50 50 0.3 2 mg / m3 50 0.1 5



200 0.5 150 150 1 200 50 350 100 3 100 5 100 50 10 20 10 30 30 50 1000 0.5 750 3 100 50 0.2 0.5 250 250 3 10 mg / m3 300 100 75



1000 3 750 1000 5 5000 500 500 750 20 300 25 500 500 25 100 25 50 100 200 5000 5 4000 15 500 200 1 5 750 1000 15 30 mg / m3 1000 500 500



200 0.1 ST 50 0.1 0.1 1000 20 50 ST 10 1 no data 5 (HCl) 10 1 0.75 5 10 3 20 n.l. 200 0.02 500 see HCl 10 5 0.1 0.3 100 100 5 1 mg / m3 200 n.l. (5) n.l. (10)



Ca 0.1 25 0.1 Ca 0.1 Ca 1 35 2 Ca 0.5 no data 5 (HCl) 10 Ca Ca 5 ST 4.7 3 10 8 200 0.02 Ca see HCl 10 5 0.1 0.3 Ca 50 2 1 mg / m3 100 10 4



IDLH



EPA 112(r)



2000 2 300 500 3 2000 500 1200 200 10



76 mg / m3 1.1 mg / m3 140 mg / m3 6.5 mg / m3 160 mg / m3 8.7 mg / m3 36 mg / m3



500 800 30 50 50 30 100 30 6000 3



90 mg / m3 12 mg / m3 30 mg / m3 16 mg / m3 42 mg / m3 140 mg / m3 1.2 mg / m3 18 mg / m3



100 250 2 50 400 700 100



0.81 mg / m3 3.5 mg / m3 590 mg / m3 7.8 mg / m3 10 mg / m3



500 260 mg / m3



na ⫽ not appropriate Concentrations in ppm unless otherwise noted. See below to convert ppm to mg / m3. n.l. ⫽ not listed (number in brackets is PEL) ST ⫽ short-term or ceiling value during a normal work day Ca ⫽ NIOSH potential occupational carcinogen (if no value listed, NIOSH recommends occupational exposure to the lowest feasible concentration) HCl means that for the chemicals listed react with air moisture producing HCl and the numbers listed are for HCl The listed ERPG-2 and ERPG-3 values for ammonia and phosphine reflect the 1999 revision. Concentrations in ppm may be converted to mg / m3 by multiplying by MW / 24.45 where MW is the molecular weight, e.g., mg / m3 ⫽ ppm (MW) / 24.45 Conversion of mg / m3 to ppm is not appropriate for particulates, metal fumes, or chemicals whose molecular weight is uncertain.
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that all of the container liquid spills onto the ground to a depth of one centimeter. Mathematical expressions are also available to calculate a discharge from a pipe or a hole in a tank under pressure. The dense gas model SLAB allows the user four choices: (1) a puff (instantaneous) release, (2) an evaporating pool, (3) a horizontal jet, and (4) a vertical jet. The responder should also be aware of special circumstances. For example, some chemicals react with water (from air moisture or if the spill is over water), in which case the modeling should be done with the reaction products with water. In addition, release of some cryogenic gases may result in ground-hugging aerosols that may increase concentrations downwind more than that predicted by models. The toxic cloud plume may also be confined by a valley or by buildings and travel further downwind.
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EVACUATE OR REMAIN IN PLACE Sometimes in the case of a chemical spill a decision must be made whether to evacuate the public or to have people remain inside buildings with windows closed until the toxic cloud has passed. If there is time to evacuate, this is usually the choice that is made. Evacuation may be ordered if no spill has actually occurred but there is potential for a release, as in a transportation accident or fire. But sometimes the toxic cloud forms quickly or there may be a wind shift so that there is no time to evacuate. Responders may also recommend that people remain indoors with windows closed in fringe areas, such as (1) in areas not directly downwind or (2) when the toxic cloud has become diluted to the point where outdoor concentrations are below ERPG-2 levels, or (3) when the toxic cloud passage is very brief. If it is practical to evacuate, this is the preferred choice. Air plume modeling can help in the process of deciding whether to evacuate or remain in place, but the modeling should not replace common sense. An appropriate model is used to predict the maximum outdoor concentration and cloud duration at the building location. The assumption is usually made that the air recirculation rate within the building is ample but the building air intake is closed (windows closed). The simplest calculation predicts a concentration Ct within the building after time t (t ⫽ outside toxic plume cloud duration in hours): Ct ⫽ Cp (1 ⫺ e⫺Dt) where Cp ⫽ maximum plume concentration outside predicted by the model and D ⫽ number of building volume air exchanges per hour. For many public buildings, D ⫽ 1 may be used as a default condition (e.g., one building volume exchange of air per hour). For example, if the cloud duration is predicted by the model to be 30 minutes and the maximum outdoor concentration is 100 ppm, at the end of 30 minutes the concentration inside the building is predicted to reach 39 ppm. If the cloud duration is predicted to be 5 minutes, the indoor concentration is only 8 ppm at the end of 5 minutes. The calculations show that if the cloud is of short duration, it may be better for people to remain in place inside the building. If the cloud duration is one hour or less, the concentration might be matched up with ERPG-2 levels as the level of concern. But if the cloud duration is expected to be several hours, the OSHA-TWA or other more conservative number might be more appropriate to use as the level of concern. The ALOHA model incorporates indoor building concentrations as part of its calculation methodology.
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RISK MANAGEMENT PLANS In the United States, the Clean Air Act Amendments of 1990 (section 112 r) require that facilities that store or use large quantities of hazardous chemicals complete risk management
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plans (RMPs) and make them available to firefighters and emergency respondors before any incident. An offsite consequence analysis in case of a potential spill or chemical accident is a part of the RMP. Details of how the offsite consequence analysis is to be completed depend on quantities that may be stored; these details may also be revised and updated by the U.S. Environmental Protection Agency (U.S. EPA) as defined in their 40 CFR Part 68 regulations. It is the responsibility of the facility to make sure it is in compliance with the latest regulations. The offsite consequence analysis requires that the facility determine (1) the worst-case consequence distance, where all of the chemical is released under an F atmospheric stability condition and a wind speed of 1.5 m / s (meters per second); and (2) alternative release scenarios. This is done for each chemical. The worst-case and alternative release scenarios require that the toxic plume from the hypothetical spill be modeled to a toxic endpoint (in mg / m3) and the downwind distance to that endpoint be determined. The facility must also identify offsite receptors within the circle defined by the worst case and alternative release scenarios. Offsite receptors include public receptors (list population within circle, identify schools, commercial or industrial areas, etc.) and environmental receptors (wildlife sanctuaries, preserves, national forests, state parks, etc.). The facility does not need to consider the consequence of a toxic plume on the offsite receptors, only identify them. The alternative release scenario could include a worst-case release amount but with passive (e.g., dikes or sumps) or active responses (e.g., a deluge system, emergency shutdown system) in place, or a release based on past history. The modeling is done under either typical meteorological conditions or a D atmospheric stability and a wind speed of 3 m / s. For the worst-case scenario for a flammable substance, the modeling assumes either a vapor cloud explosion or BLEVE. The endpoint distance for a vapor cloud explosion is 1 psi over pressure. For a BLEVE, the distance is at 5 kw / m2 for 40 seconds, or a thermal equivalent to receive second degree burns. For a worst-case release scenario involving toxic gas, the modeling is based on all of the gas released in 10 minutes. For a worst-case release scenario involving a liquid that evaporates, the modeling may be for a 10-minute or 60minute release duration. The U.S. EPA provides look-up tables to give distances to the toxic endpoint. To use, the facility must determine a release rate and the toxic endpoint for the chemical under question. For a flammable material, distances are computed to the lower flammable limit. Additional tables and equations are provided for calculating distances for vapor cloud explosions and BLEVEs. Separate tables are provided for dense gases and neutrally buoyant gases, urban or rural conditions, and a D stability at 3 m / s wind speed or F stability at 1.5 m / s wind speed. The U.S. EPA also provides tables listing toxic endpoints for the chemicals regulated by 40 CFR Part 68. The EPA lookup tables for dense gases are based on the SLAB dense gas model, developed by Lawrence Livermore National Laboratories (as of 1998). The EPA lookup tables for neutrally buoyant gases are based on a Gaussian model using Beals dispersion coefficients (documentation in U.S. Air Force, 1971). The facility may use other appropriate models such as ALOHA instead of the EPA lookup tables.
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NORTH AMERICAN EMERGENCY RESPONSE GUIDEBOOK The North American Emergency Response Guidebook is a pocket-sized book developed jointly by Transport Canada, the U.S. Department of Transportation (DOT), and the Secretariat of Communications and Transportation of Mexico. The guidebook is intended for use by first responders who arrive at the scene of a transportation accident involving dangerous materials. The intent is to update this guidebook every three years and place one copy at no charge in each emergency service vehicle throughout North America, through voluntary cooperation of key government agencies. This guidebook aids first responders in (1) quickly identifying the specific or generic hazards of the material(s) involved in the incident and (2)
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protecting themselves and the general public during the initial response phase of the incident. The ‘‘initial response phase’’ means that period, following arrival at the scene of an incident, during which the presence and / or identification of the hazardous material is confirmed, protective actions and area securement are initiated, and assistance of qualified personnel is requested. In the United States, Occupational Safety and Health Administration regulations (under 29 CFR Part 1910.120) require that first responders be trained in the use of the North American Emergency Response Guidebook. The 1996 version (NAERG96) and 2000 version (2000ERG) are divided into several sections. The 2000 version is also available on CD-ROM. The first section gives general information on the hazard classification system for shipping dangerous goods, including a table of placards referenced to an initial response guide number. The second section lists hazardous materials according to the placard ID number (a four-digit number that appears on the shipping placard) and cross-references this number with the material name and guide number. For example, the placard ID number 1090 refers to acetone and guide number 127. In the next section, the hazardous material is listed alphabetically by name and crossreferenced to the placard ID number and guide number. The following section gives information on (1) potential hazards, (2) public safety, and (3) emergency response for each guide number. For example, guide number 127 is for the general class of materials under ‘‘flammable liquids, polar / water-miscible.’’ Potential hazards include both fire or explosion hazards and health hazards. Public safety includes (1) emergency response telephone numbers, (2) protective clothing, and (3) evacuation distance for a fire or large spill. Emergency response includes information for fighting fires, containment for a spill or leak, and first aid. A list of water-reactive materials is also presented for spills on water; the list also gives the toxic vapor produced. The major changes in the 2000 version are (1) chemical warfare agents are included, (2) a few additional placard numbers for additional categories are included, (3) the initial isolation zone and protective action distances for some chemicals have been changed, and (4) the guide numbers for a very small number of chemicals have been changed. The 2000 version is available at no charge from the Internet (http: / / hazmat.dot.gov / gydebook.htm). Some of the chemicals and placard ID numbers listed in the guidebook are highlighted in color. For the highlighted chemicals, the user is directed to another section listing initial isolation and protective action distances in miles and kilometers (or feet and meters). The initial isolation distance is defined by a circle, the center of which is at the spill site. The protective action distance is defined by a square that has the center of one end located at the spill site and the other side downwind. The square assumes that random changes in wind direction confine the vapor plume to an area within 30⬚ on either side of the predominant wind direction, resulting in a crosswind protective action distance equal to the downwind protective action distance. This is shown in Fig. 17.1. For the initial isolation and protective action distances, the user must choose between a large spill (⬎55-gallon drum equivalent) or a small spill. For the protective action distance, the user must also choose between day and night conditions. Technical documentation for the model used in NAERG96 is described in Dunn et al. (1996). The initial isolation and protective action distances were obtained using a Gaussian dispersion model assuming that the gas is neutrally buoyant. The argument is given that dense gas effects are relatively unimportant at the distances of interest compared with other uncertainties in the analysis. The ERPG-2 value is used as the basis of concentration for the protective action distance. If no ERPG-2 value is available and no surrogate is available, then the concentration is based on 0.01 times the LC50 value for a one-hour exposure. The ERPG-3 value is used as the basis of concentration for the initial isolation zone. Again, if no ERPG-3 value is available and in the absence of other information, the ERPG-3 is set equal to five times the ERPG-2 value. The NAERG96 also provides a section on dangerous water-reactive materials for spills over water giving toxic vapor(s) produced. For example, a spill of methyltrichlorosilane over water produces the toxic vapor HCl. Technical documentation for this section is in Carhart
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protective action distance



initial isolation zone wind spill



FIGURE 17.1 Defining initial isolation zone and protective action distances.



et al. (1996). The 2000ERG provides initial isolation zone and protective action distances for water-reactive materials in separate categories of spills in water or spills on land. The Gaussian dispersion models used in the guidebook may be a puff or continuous release For the puff mode, a 15-minute concentration averaging time is used. The corresponding ERPG-2 concentration value for 15 minutes is assumed to be twice the one-hour concentration. The 15-minute ERPG-3 concentration is also assumed to be twice the onehour concentration. In order to use the Gaussian dispersion model equations, knowledge of parameters such as wind speed, boundary layer height (for stable atmospheric conditions), inversion height (unstable or neutral conditions), Monin-Obukhov length, friction velocity, and convective velocity (unstable conditions) are required. While a first responder might ballpark estimate a wind speed, the other parameters are not obvious. Dunn et al. (1996) describe what they call a meteorological processor, which estimates these parameters from routine weather observations. The meteorological processor includes a surface energy budget model to calculate friction velocity and Monin-Obukhov length and an integral model for unstable conditions to calculate the inversion height and convective velocity. For the stable atmospheric conditions (defined by a positive value of Monin-Obukhov length), the boundary layer height is calculated from the wind speed and Monin-Obukhov length. The NAERG96 methodology examined weather data from 61 stations (Dunn et al., 1996, references 64 stations) to come up with a statistical average for daytime (unstable and neutral atmospheric conditions) and nighttime (stable) conditions. Each station represented approximately 40,000 to 44,000 measurements over a five-year period. Then a maximum concentration probability function was computed for each station at the 90% level, meaning, for 90% of the time, the meteorology was such that the protective action distance was equal or less than the normalized concentration (concentration divided by release rate). This was done for both day and night conditions for each station. Then the 61 (or 64) stations were weighted to come up with a single representation of normalized concentration as a function of distance for puff and continuous releases, daytime and nighttime conditions, representing four conditions. The final result Fig. 4.7 in Dunn et al. (1996) were four plots of distance X vs Cm / q for X between 0.1 and 10 miles. In their plots, Cm ⫽ maximum centerline ground level concentration (ERPG-2 or ERPG-3 value for protective action distance or initial isolation zone) and q ⫽ release rate. For a puff release, q was the total release divided by 900 seconds. The plots are reproduced in Fig. 17.2. In these plots, Cm / q has the units of seconds per cubic meter (s / m3) and the protective action distance is in miles. It is noted that the continuous release and the 15-minute instantaneous release give almost the same plot.
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FIGURE 17.2 Downwind concentrations vs protective action distances.



The NAERG96 and 2000ERG simplify the results further by providing first responders with only two categories for the initial isolation distance and four categories for the protective action distance. The categories are small or large spills and (for the protective action distance) daytime or nighttime conditions. Small means 55 gallons as from a drum or a release from a single standard cylinder, and large means a representative large container (e.g., a tank truck) for that chemical. The NAERG96 and 2000ERG do not state the release rate used for each chemical for the small and large spills. No distinction is made between 15-minute instantaneous releases and continuous releases. The result is tables that are quick and simple for first responders to use. The four choices allowed for protective action distance for a given spilled chemical are conservative for most circumstances. But the tables do not provide answers for different situations such as a catastrophic tank car spill or very small leak, an evaporating pool, spills under very stable atmospheric conditions, or distinctions between a rural spill over flat land or in an urban area. The toxic cloud dispersion is very different for a cloudy, windy night than for a calm clear night. Having many categories to cover these cases, however, would result in a document too cumbersome to use in emergency situations.
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HAND-HELD COMPUTERS WITH DISPERSION MODELING CAPABILITY Under a U.S. Department of Energy Contract, Western Research Institute (WRI) of Laramie, Wyoming, surveyed over 100 spill accidents where public evacuations occurred and determined a need for responders to have a hand-held computer tool that incorporates a chemical database, information on respirators and protective clothing, and dispersion modeling capabilities. WRI noted that even though communities sometimes had modeling capabilities such as CAMEO or ALOHA available, the models were not used at the time of the spill. The people familiar with the computer software were not available at the time of the incident, and sometimes responders were unable to determine the chemicals and amounts released. WRI determined that the requirements of the computer tool were that it should (1) be small and rugged for field use, including operation under adverse weather conditions, (2) provide a database for hazardous chemicals including information on respirators and protective clothing, (3) have dense gas and neutrally buoyant dispersion modeling capabilities, (4) provide fast answers, including the ability of the responder to model several ‘‘what-if’’ situations, and (5) could be used by someone under the stressful condition of an emergency situation. The user should have the flexibility to model any spill size, under rural or urban conditions and under a variety of meteorological conditions and not be limited to four choices
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as in NAERG96 or 2000ERG. The dispersion modeling should be as powerful as ALOHA but designed for field use by a responder with minimal computer skills. As of the year 2000, hand-held computer versions were available using CE Windows and the Apple Newton Message Pad 130, which featured the Newton 2.0 operating system. Additional versions became available in 2001. The system is designated the PEAC (palmtop emergency action for chemicals) management tool. Information programmed into the PEAC tool included the following:



• Database of over 10,000 chemicals and synonyms, including DOT Guide information, and



• • • • • • • • • •



physical properties such as flash point, lower explosion limit, and boiling point, including the information contained in the 1997 NIOSH Pocket Guide to Chemical Hazards, the 2000ERG, and other sources. NFPA hazard rating designations Specific chemical protective clothing information Respirator recommendations Built-in computations for fire-foam applications Database of levels of concern based on ERPG-1, ERPG-2, ERPG-3, IDLH, eight-hour worker exposure limits, or short-term exposure limits (STEL) for different chemicals Gas dispersion modeling capabilities that compute protective action distances based on either levels of concern stored in the system or a user-supplied level of concern Internal computations for chemical release rate for discharges from a pipe, hole in a tank, or evaporating pool Built-in calculator Metric / English conversions Storage of national and user-specified emergency phone numbers



The user inputs the chemical (by name or DOT number), geographic location, time of day, weather conditions (estimation of wind speed, temperature, cloud cover), ground surface features, type of release (e.g., hole or pipe discharge, a major rupture as in a BLEVE), and container size and type. If a liquid pool is formed that evaporates, the user may input an estimate of the pool area. The user also specifies whether the protective action distance is to be based on ERPG, IDHL, STEL, eight-hour worker exposure TWA, or a specified level of concern. For ground cover features, the user is allowed three choices: flat, cropland / light residential, and urban / forest. Default conditions are shown on the computer screen if the user does not know what information to input. The process of the user inputting conditions and modeling takes less than a minute, with the actual computational time about one second. A patented feature is how gas dispersion modeling, including dense gas modeling, is programmed into the unit to enable rapid calculations. The field responder can compute protective action distances based on different levels of concern, different release rates, or all of the chemical released at once, or different meteorological conditions, and have all of this information quickly. The ability to go through several different scenarios in a couple of minutes or less in the field helps facilitate the decision-making process for public evacuation. This is especially useful if the responder does not know the chemicals present or is lacking other information; the responder can use the tool to go through a number of what-if situations quickly. Units have been sold to fire departments and other emergency response agencies through AristaTek, Inc., Laramie, Wyoming, which sells the PEAC tool. They have been used in training exercises and in the field.
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Example 1: Kit Fox Field Demonstration Tests at the DOE HazMat Spill Center



From August through September 1995, approximately 90 releases of carbon dioxide were completed at the Department of Energy HazMat Spill Center near Mercury, Nevada. The purposes of the tests were to gather chemical cloud dispersion data under a variety of surface roughness and meteorological conditions and compare with available gas dispersion models. The carbon dioxide, which simulated a toxic gas spill, was released at ground level for periods of time ranging from a 20-second puff to several minutes. The carbon dioxide in the resulting cloud was measured by arrays of sensors located 25, 50, 100, and 225 m (meters) downwind. The test results (as of 2000) are available to the general public on the Internet (www.westernresearch.org) with analyses or summaries presented in several technical papers (King et al., 1999; Spicer and Havens, 1999; Hanna and Chang, 1999). Sample carbon dioxide sensor plots for one of the releases (test day 8, release number 11) are given in Fig. 17.3. For this release, 1.49 kg / s of carbon dioxide were released at ground level for 240 seconds using a specially designed release system that permitted a sharp on / off cutoff of the gas. The surface roughness was 0.02 m; the roughness was created by using arrays of rectangular sheets orientated perpendicular to the wind. The wind speed measured at the 2-m height at a location within the roughness elements was 2.3 m / s. The calculated Monin-Obukhov length was 27 m (indication of a D transitional to E atmospheric
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FIGURE 17.3 Carbon dioxide sensor plots for sample Kit Fox tests.
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TABLE 17.2 Time-Averaged Concentrations (ppm) for Kit Fox Release 11, Test Day 8



Distance 25 20 100 225



m m m m



One-second peak



One-minute average



Ten-minute average



One-hour average



29,769 14,171 7,280 2,283



24,989 10,513 5,865 2,076



10,991 4,564 2,629 1,085



1,528 617 333 220



stability) based on temperature and wind speed sensors within the roughness array. Other sensors, placed outside the roughness array, indicated a Monin-Obukhov length of about 12 m (E atmospheric stability). The plots (sensor readings) are zeroed out for background carbon dioxide. The sensor time plots presented are for sensors located closest to the centerline of the carbon dioxide cloud. The time scale is seconds from the release start. The concentration is in parts per million (ppm) by volume. The sensor time plots presented are typical of all releases during the Kit Fox tests, in that (1) concentrations decreased farther downwind from the source; (2) the cloud size increased laterally, vertically, and duration farther from the source; and (3) the peak (one-second) concentration to one-minute average concentration decreased farther from the source. All of these observations were due to mixing of the chemical plume with the surrounding air. For this test, the release duration was 240 seconds but the plume duration at 225 m downwind was almost 400 seconds. Other releases showed that the plume duration increased as the atmospheric stability increased from D to F. Also, the plume arrival time was greater than what would be predicted from wind speed measurements (e.g., for the plots presented, the plume should have arrived at the 225 m distance 98 seconds after the start of the release, but the plume arrive at about 120 seconds). This was in part due to lower wind speeds closer to the ground and possibly also due to dense gas effects near the source. Of interest are the average concentrations for the distances downwind (Table 17.2). Obviously, the 10-minute and one-hour concentration averages are much less than the peak one-minute average because the spill duration was only 4 minutes and the plume duration at the sensors was 7 minutes or less. But the peak one-second concentration was significantly greater than the peak one-minute average concentration. This has important implications because ERPG-2 and ERPG-3 values represent one-hour exposure but actual instantaneous concentrations, especially near the source, are usually much higher. This is of special concern with toxic chemical compounds, especially nerve gases and other chemical agents, where the harm may come with a single breath of air. The concentrations predicted by several popular gas dispersion models at the same distances downwind are presented in Table 17.3. The popular gas dispersion models selected were (1) neutrally buoyant Gaussian dispersion, (2) dense gas model SLAB, and (3) ALOHA version 5.2. When the model called for a concentration-averaging time, a one-minute average TABLE 17.3 Carbon Dioxide Concentrations (ppm) Predicted by Popular Gas Dispersion Models



Distance downwind 25 50 100 225



m m m m



Gaussian E stability



SLAB



ALOHA version 5.2



50,600 12,600 3,100 600



27,000 10,500 3,850 1,040



29,000 11,000 3,300 800
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was used. The Gaussian dispersion model used Briggs’ dispersion coefficients for rural conditions and an E atmospheric stability. In this example, ALOHA version 5.2 selected the dense gas model DEGADIS, developed at the University of Arkansas (Spicer and Havens, 1989). ALOHA also gives the option of using a Gaussian model, which gave the same answer as the Gaussian E stability tabulated above. In the example presented, both dense gas models SLAB and DEGADIS accurately predicted the one-minute average concentrations at 25 and 50 m downwind. The measured one-minute average concentrations were higher than predicted at 100 m and 225 m downwind. The comment is made that micrometeorology has an important role on the local plume cloud shape and concentrations. The example is chosen for illustrative purposes and no general conclusion should be drawn on the ability of the models to predict accurately a toxic cloud resulting from a chemical release on the basis of the information presented. 17.8.2



Example 2: Oleum Spill at Richmond, California



This example was chosen because chemical spills and resulting dispersion are sometimes more complex than can be accounted for in popular gas dispersion models. On July 26, 1993, at the General Chemical Corporation just outside Richmond, California, workers were starting to unload oleum from a 100-ton tankcar. Oleum is a mixture of sulfuric acid and sulfur trioxide. Because oleum is a very viscous liquid at room temperature and does not flow readily, the workers followed a standard operating procedure of heating the oleum by running steam through heating coils on the tankcar. Shortly after 7 a.m., a safety release valve unexpectedly blew out even though the tankcar’s pressure gauge read only 55 psi. The result was a steady stream of vapor that began to escape through the three-inch valve. A thick white cloud formed around the tankcar and began drifting downwind. The cloud hugged the ground initially but then rose to a height of about 1,000 ft (300 m). The workers were able to escape safely. By the time the chemical cloud towered high above the chemical plant, people began to arrive at the local hospitals complaining of stinging eyes and lungs, nausea, and vomiting. The weather conditions at the time of the incident were 70⬚F, partly cloudy skies, and winds from the southwest at five to seven knots. Evans (1999) discusses the use of the ALOHA model to model this incident. The author points out that oleum is a mixture of two chemicals (sulfur trioxide and sulfuric acid), but ALOHA is (as of 1999) designed to model release and dispersion of pure chemicals only. Therefore, oleum was not in the ALOHA database. The user may still model the release as sulfur trioxide, but ALOHA displayed a warning message saying that sulfur trioxide reacts with any water to produce sulfuric acid and water, and therefore ALOHA cannot model chemically reactive substances and cannot accurately predict the air hazard. Fortunately, in this incident the plume cloud escaping from the oleum tankcar was clearly visible. Visual observation allowed responders to track its movements more accurately than any air dispersion model could. For all practical purposes, sulfur trioxide was the constituent released from the heated tank car. The behavior of the resulting plume suggested that initially sulfur trioxide behaved as a dense gas, but the chemical reacted with air humidity, producing sulfuric acid and heat. The heat caused the plume to rise. Eventually the plume cooled, resulting in sulfuric acid decending towards people on the ground. This kind of behavior is not accounted for in the popular gas dispersion models. Yet there may be a need to model the situation. In this Richmond, California, case the plume was visible, but another such accident might occur at night or there may be a transportation accident or threat of fire and the public should be evacuated as a precaution even though little or no chemical has yet been released. The NAERG96, under oleum, crossreferences to guide number 137 and ID number 1831; oleum is also highlighted, indicating that the chemical is listed in the table for initial isolation and protective action distances. Under the ‘‘large spill’’ category, day conditions, for ID number 1831, the initial isolation
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distance is 185 m (600 ft); the protective action distance is 0.6 km (0.4 miles). These distances may be too low. One problem in using the NAERG96 tables is that we don’t know what a large spill is or how much chemical is released or could potentially be released. Another problem is that NAERG96 is applicable to transportation accidents and does not apply to situations where the tank car is heated as during a chemical transfer operation or a fire. The configuration is a 100-ton tank car containing an unknown amount of oleum that contains an unknown percentage of sulfur trioxide. The responder might assume a worst case, where the tank car is full and all of the chemical is released as sulfur trioxide. Assuming that 30 tons of sulfur trioxide (30% of the oleum is sulfur trioxide) is released over 10 minutes and the ERPG-2 endpoint of 10 mg / m3 for sulfuric acid is used (based on sulfur trioxide converted to sulfuric acid), the Dunn et al. (1996) graph (Fig. 17.2) predicts a protective action distance of 10 miles. Either the PEAC tool can pull up the same NAERG96 or 2000ERG information for oleum for large day spills or the user can model as a release of sulfur trioxide to a 10 mg / m3 equivalent sulfuric acid level of concern. The user may choose a different level of concern. A warning message is displayed that sulfur trioxide reacts with water, producing heat and sulfuric acid. The model stored in the PEAC tool assumes that the sulfur trioxide or sulfuric acid stays at ground level and behaves like a gas and does not consider buoyancy effects. If all of the sulfur trioxide (30 tons) is released within a short period of time, a message is displayed showing the protective action distance in excess of 10 km (7 miles), with a caution message in using the results.
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Example 3: Chlorine Release at Morristown, Tennessee Water Filtration Plant on September 2, 1987



This example was chosen because the approximate amount released was known and the resulting five-mile-long plume was described and photographed in a magazine (Ryan, 1988). The description of the situation was suggestive of an F atmospheric stability condition. The chlorine leak occurred from one of two one-ton capacity chlorine tanks connected with a manifold at a water treatment plant. A room chlorine monitor and alarm signaled employees that a leak occurred at 4:50 a.m. on September 2, 1988. However, chlorine concentrations in the room were too great for employees to enter. The Morristown fire department was notified at 5:07 a.m.; the fire department entered the room using self-contained breathing apparatus but was unable to cap the leak. The leak was described as a chlorine liquid jet escaping from the tank. The liquid dropped to the floor and vaporized. The chlorine corroded the electrical components, eventually starting a fire in the transformer room. Power to the plant was cut off at 7 a.m. Chorine hydrate slush began to build up in the area. At noon a team from the chlorine supplier arrived on site and capped the leak. Before the leak was capped, an estimated 2,400 to 3,000 pounds of chlorine had escaped.



TABLE 17.4 Chlorine Concentrations (ppm) Predicted by Popular Gas Dispersion Models



Distance downwind 100 500 1000 2000 4000 8000



m m m m m m (5 miles)



Gaussian F stability



SLAB



ALOHA version 5.2



1000 37 8.3 5.1 1.0 0.18



400 50 19 7.1 2.7 1.0



240 19 6.3 2.4 0.8 —
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The published aerial photograph of the chlorine cloud showed that the cloud was 5 miles long and 1 mile wide and followed the terrain, seeking valley areas. The initial cloud that escaped from the building that housed the chlorine tank hugged the ground and was only 2 feet high. Within 30 minutes after the spill, the cloud advanced 0.25 miles from the building. After 3.5 hours, the cloud was 5 miles long and 10 feet high. The winds were described as calm, and the humidity was high. As the morning progressed and the sun began to heat the ground, the cloud height increased to 30 feet, and then the cloud dissipated. The cloud forced the evacuation of 4,000 people, including 131 patients from a nursing home, and closed three schools. The initial 3.5 hours when the cloud was formed is of interest in modeling this release. The nighttime conditions and shallow depth of the cloud were indicative of very stable atmospheric conditions. After 3.5 hours, the cloud had progressed 5 miles, which is equivalent to 0.6 m / s average travel time. It is not clear how much the cloud traveled due to following the valley seeking a lower elevation and how much is due to air movement, but a low wind speed is indicated. For the purpose of modeling, an F atmospheric stability and a wind speed equal to the average cloud movement of 0.6 m / s was chosen. For the purpose of modeling, 2,000 lb were assumed to be released in 3.5 hours, which is equivalent to an average release rate of 0.072 kg / s. The Briggs dispersion coefficients (Briggs 1973, cited in Reynolds 1992) for ‘‘F Stability’’ and open country conditions were used for the Gaussian model. The default surface roughness of 3 cm recommended by the ALOHA version 5.2 model was used for ALOHA; the same surface roughness was used for SLAB. ALOHA version 5.2 did not accept a wind speed of 0.6 m / s but accepted a wind speed of 0.62 m / s as a minimum condition; also, the model did not calculate a concentration at 8,000 m downwind. In Table 17.1, an ERPG-2 value of 3 ppm is listed for chlorine; the most conservative model (SLAB) indicated a distance of 2.5 miles (4,000 m) for evacuation purposes. Observations indicated that the plume cloud extended 5 miles. At 5 miles SLAB predicted the concentration dropped to 1 ppm chlorine, which is the OSHA-recommended worker eighthour exposure limit. SLAB predicted the cloud width should be roughly 0.25 miles and the maximum height should be roughly 50 ft, when the concentration dropped off to 1 ppm. In modeling a real-world spill, allowances should be made for uncertainties in typography and surface roughness and local meteorology. Chlorine also reacts with air moisture and particulates in the air so concentrations cannot be related directly to physical observations of the plume shape.
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