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EXECUTIVE SUMMARY 

A. Objective 

The primary objective of this project was to assess the 
feasibility of improving the Air Force capability to manage 
potential air quality-related emergencies from releases at space 
or missile bases, or routine airbases. The scope of this effort 
would include dense and non-dense gas releases, and exposures to 
onbase and nearby communities. 

The current models that are available to the Air Force are not 
compatible with the data needed to effectively implement the.Air 
Force two-tier emergency response procedures that are used to 
manaae high risk operations at selected bases. The ma}or 
explication is thatairbases differ from the idealized surfaces 
that serve as the basis for existing models Structures at 
airbases modify ambient concentration fields, and P^yide 
alternative environments that need to be assessed to allow 
commanders to have a basis to make the critical decision to 
evacuate or shelter-in-place individuals at risk. 

The specific technical objectives that formed the basis for 
the Phase I feasibility assessment of this problem are as follows. 

1. To assess the relative significance of building effects versus 
overall modeling uncertainty. 

2 To assess the feasibility of producing a practical model to 
account for building effects for non-dense and dense gas 
releases. 

3 To ensure that model estimates developed through this Project 
»failsafe», i.e. to minimize the potential to underestimate 
concentrations. 

B. BACKGROUND 

The U.S. Air Force routinely handles hazardous materials at 
space and missile bases, and to a ^sser extent at typical 
airbases. These activities cannot be avoided because they are a 
necessary part of the Air Force mission, but there is a need to 
elfeclively manage environmental risks, risks that may arise from 
equipment failurl, human error, or sabotage ^^^^/tlT^ 
of toxic vaoors from these chemicals creates a health and safety 
?hrea?to onbase personnel, and the general population in adjacent 
areas? The hazards can be associated with toxicity flammability 
or exolosivity. The Air Force has a good record of managing these 
Lks There is an incentive, however, to determine if the 
illations or existing air quality models could be enhanced to 



improve emergency response capability for future operations. The 
vapor clouds can be released as dense or non-dense gas clouds. The 
focus of this report is on dense gas releases because of: (1) the 
potential for greater risks, and (2) the more limited research in 
this area. 

Effective risk management relies heavily on the availability 
of sound technical information. Operations commanders need 
practical models to project potential impacts in a planning mode, 
and to respond to actual emergencies on a real-time basis. The Air 
Force has developed a two-tier emergency response procedure for 
selected bases, which is used to manage potential environmental 
emergencies. Current methods are available to estimate air quality 
impacts, but existing models do not consider the effect of 
structures on dispersion, nor indoor-outdoor differences in 
concentration (1,2,3,4,5,6). These are limitations that 
substantially reduce the effectiveness of existing models to meet 
the need for data to implement the Air Force emergency response 
procedures. Commanders need more realistic data to make informed 
decisions to evacuate or shelter-in-place affected on-base 
personnel, and the general population in the vicinity of a base. 

C. SCOPE 

The scope of the Phase I review included the following major 
tasks: 

o Summarized recent accident history and potential accident 
scenarios at airbases, and the existing capability to respond 
to air quality emergencies. 

o Evaluated the need to add building effects to an existing 
dispersion model. 

o Presented a conceptual approach to include building influences 
on the ambient concentration field. 

o Described how an existing dispersion model, SLAB, was selected 
as the basic model to be adapted for this study. 
Recommendations are shown for strengthening SLAB to meet the 
"failsafe" objective of this project. 

o Recommended techniques to estimate indoor concentrations as a 
function of building type / service openings, meteorological 
conditions, and duration of release. 

o Evaluated the feasibility of a visible interactive override 
option. 

o A flowchart of major model features was developed as a guide 
to Phase II development. 

VI 



o A full-scale field program option was summarized, which could 
be used in the future to test key "failsafe" features of the 
ambient and indoor model components. 

D. METHODOLOGY 

The following summarizes the methods used for the Phase I 
feasibility assessment: 

Selection of Dispersion Model - We needed to select a preferred 
dispersion model that could be adapted to meet the needs of this 
project. The review was limited to models in the public domain. 
The SLAB, DEGADIS, ADAM and AFTOX models were considered, with the 
review focused on the following considerations: 

1. Optimal model would be suitable for dense and non-dense gas 
releases. 

2. Sought model with good documentation. 

3. Smooth transitions from dense to non-dense gas characteristics 
was sought.. 

4. Readily adaptable to model modifications needed for project. 

Failsafe Dispersion Model Review - For this project, the term 
"failsafe" is defined as follows . . "minimizing the potential to 
underestimate predicted concentration because of uncertainties in 
the model, while maintaining reasonable size hazard corridors. The 
intent is to balance the need to safely manage risk while avoiding 
impractical conservatism that unnecessarily disrupts mission- 
related activities, such as refueling operations, space launches, 
weapon testing, and so forth. Each component of the selected 
dispersion model, SLAB, was evaluated to identify limitations that 
would need to be adapted to meet the objective of meeting airbase 
modeling needs. The failsafe analysis focused on treatments that 
could underestimate concentrations because of site-specific factors 
and treatments that could systematically overestimate risks because 
of excessive conservatism. 

Tndoor Air Quality Modelina - Two additional models are needed to 
estimate indoor air quality as a function of ambient concentrations 
and building characteristics: (1) an infiltration model, and (2) a 
model to estimate indoor air quality. We reviewed infiltration 
models ranging from data intensive models to empirical models that 
can be used based on limited infiltration measurements. As part of 
this review, we also summarized available measured infiltration 
data, including non-residential (office buildings), residential, 
and aircraft hangars. Three indoor air quality models were 
reviewed to determine which model could be best adapted for this 
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project: CONTAM, INDOOR, and MCCEM. These models are all in the 
public domain. The review focused on identifying the model that 
best represents the higher end of the state-of-the-art, and is best 
structured to serve as a submodule of this modeling system. 

npypinnment nf Software for Modeling System - The approach was to 
design a system that would advance the state-of-the-art of 
emergency response management by having the following features. 

o Failsafe model development, 
o Ambient and indoor concentration estimates, 
o Building effects, 
o Egress analysis, 
o Expert system features. 
o means of tracking implementation of response actions, e.g. status 

of evacuation/sheltering, power status, etc. 

E.  TEST DESCRIPTION 

The evaluation of alternative dispersion models, infiltration 
models, and indoor air quality models was based on reviewr of 
available documents and some sensitivity testing. The failsafe 
review of SLAB was done by evaluating references of the model and 
extensive testing of the model aimed at isolating individual model 
compSnen?s ThS included executing SLAB for wide ranges of input 
condi?iSns, and inserting WRITE statements into the code to display 
intermediate computations. 

F. RESULTS 

Figure 21 of the report (see Page 82) summarizes the modeling 
system. SLAB was selected as the preferred dispersion model, and 
CONTAM was selected as the most appropriate indoor air qujl^y 
model for this study. Our findings also showed that limited field 
Zetsurements, in conjunction with empirical modeling approaches 
would best support the infiltration component of the study. The 
most significant findings can be listed as follows: 

The entrainment term in SLAB, which specifies that rate of 
cloud qrowth, was found to be overly sensitive to surface 
?oughnegss°, which would be an important issue for iJirbase we 
identified a refinement to minimize the limitations to 
overcome this limitation. The emission term was identified as 
a potential area where the potential to unnecessarily extend 
?he size of hazard corridors could be reduced by incorporating 
an emission modeling term into the model. A range of other, 
more minor issues, were identified that in a -^TorcieS? 
could adversely affect the failsafe goals of this project. 
Recommendations were provided to refine each term. 

o   The Air Force approach of using Short-Term Public Exposure 
Guidance Levels (SPEGLs), adjusted to 30-minute exposures, for 
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all durations of emergency exposure may result in excessive 
hazard corridors for pollutants that have time dependent 
exposures. In some cases, with exposure greater than 30- 
minutes, the current approach may not afford adequate 
protection to health. 

o A modeling system could be developed that would meet the needs 
for data at all bases, including bases that are covered by the 
two-tiered hazard corridor approach. A centralized management 
tool is needed, of which air quality modeling would serve as 
a supportive component, but not the end product. The goal of 
the system should be to provide expert system features to 
guide decisions, rather than to simply display concentration 
data. While there is no substitute for intelligent decisions 
made by an onscene commander, there is a benefit in terms of 
efficiency of actions and adherence to pre-established, 
preferred response procedures to recommend optimal response 
procedures based on model output. 

CONCLUSIONS 

The results of Phase I indicate that it would be feasible to 
develop an emergency modeling system that would effectively 
implement emergency response procedures, which currently are not 
met through existing modeling procedures. The development of the 
system proposed through the Phase I research would represent a 
major improvement in the state-of-the-art of emergency response 
modeling, which would produce benefits to other military 
applications (e.g. defense against chemical warfare against 
civilian or military targets), and improving industrial emergency 
response preparedness. 

RECOMMENDATIONS 

The next logical step in model development would be to 
develop a prototype model, and install the model at a base that 
handles a hiqh volume of hazardous materials, such as Cape 
Sanavlral* This would demonstrate the practicality of the system 
to Air Force and other interested agencies / indus+

trie
a

s
c
t^i.

m^ 
participate in future funding of model development. As part or 
?hls outreach, a training workshop should be conductedat a 
Canaveral to train Air Force personnel, and °ther interested 
participants, and to obtain feedback on improving the system. 
After the prototype is tailored to best meet Air Force needs, the 
modeling s?s?em Jould then be installed at other bases selected by 
the Air Force. Detailed installation procedures could be used for 
high priority bases, such as Vandenburg and Edwards with a more 
Streamlined Yprocedure for more routine ^"Vnr^non^ioriti 
centralized response system could be considered f°r non-priority 
bases and as a back-up for priority base capabilities. AS a 
subsequent* effort, the PAir Force could consider addltlona 1 co- 
funded research to further enhance model development, such as a 
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full-scale field test at a base undergoing decommissioning to 
demonstrate ambient concentrations, infiltration and indoor air 
quality. 
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GLOSSARY OF TERMS 

ACH - Air changes per hour. 

ADAM (Air Force Dispersion Assessment Model) - Dense gas dispersion 
model developed by the U.S. Environmental Protection Agency. 

AFTOX (Air Force Toxic Chemical Dispersion Model)- Passive gas puff 
dispersion model developed by the U.S. Air Force. 

Centerline Concentration - The maximum concentration in the center 
of a plume or cloud. 

Code - Computer Program. 

CONTAM - Indoor air quality model developed by the National 
Institute for Standards and Technology. 

Dense Gas - A chemical cloud that is denser than ambient air 
because of high molecular weight, aerosol loading, and/or cold 
temperatures relative to the ambient air. 

Dispersion Modal - A computer program that uses meteorological data 
and source characteristics to estimate air pollutant 
concentrations. 

Displacement Length - A term used in turbulence theory to account 
for the modification to the logarithmic wind profile by densely 
packed obstacles, such as a forest canopy or crops. 

Fntrainment - Vertical or horizontal entrainment refers to the 
mixing of ambient air into a pollutant cloud or plume. 

Fxfiltration - Outflow of air from a building interior to the 
ambient air. 

F - Fraction of pollutant filtered by a building envelope and air 
cleaning equipment associated with an HVAC system. 

Failsafe - The goal of minimizing the potential of a modeling 
system to underestimate concentrations. 

Gravity Spreading - Increase in horizontal dimension of a cloud 
caused by slumping of a dense gas. 

Far-Field - Distances relatively far from the point of release 
(e.g. > 1,000 m). 

Hypergolic Fuels - Liquid fuels that ignite spontaneously upon 
mixing together. 
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IDLH - Concentration that is immediately dangerous (level) for 
health, based on 30-minute exposures. 

INDOOR -  Indoor air quality model developed by the U.S. 
Environmental Protection Agency. 

infiltration - Influx of ambient air into a building. 

i/L (Scaling Length) - This term is approximately the inverse of 
the height where buoyant energy production equals wind shear energy 
production. Scaling length is used to indicate the stability of 
the atmosphere. If 1/L is zero, stability is neutral. For 
unstable conditions, 1/L is negative, and for stable conditions it 
is positive. In the ambient air, 1/L is independent of height in 
the surface layer. 

MCCEM - Indoor air quality model developed by the U.S. 
Environmental Protection Agency. 

MflanHCr fPinme Meander) - The increase in cloud width caused by the 
wider range ofturbulence scales that affect cloud horizontal 
spread as averaging time increases. 

Mid-Field - For the purposes of this study, mid-field refers to 
distances in the range of 100 to 1000 m. 

Mivina Height - The distance from the surface to the height where 
vertical growth is restricted. 

Mnnin-Obukhnv Scaling Theory - A technique to parametize the 
effects of surface roughness and atmospheric stability on profiles 
of wind speed, ambient temperature, and other parameters. 

Near-Field - Distances relatively close to the source, e.g. 
distances < 100 m. 

Obstacle - In this report, obstacle refers to buildings or other 
structures that are present at airbases. 

One-Dimensi^nalMoäeJL - A model where concentration is a function 
Crdownwind? distance or time. Concentrations are not directly 
computed as a function of three-dimensional location relative to 
the center of the cloud. 

PCBs - Polychlorinated biphenyls. 

sprvice Opening Status - Status of windows, doors, and hangar doors 
in the open or closed position. 

g^n-.r-Tn-Place - A decision made by an op«atio„s comander to 
order individuals to remain in structures within Tier I or Tier II 
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hazard corridors because evacuation would be expected to produce 
higher exposures and risks. 

SLAB - A dense gas dispersion model developed by Lawrence Livermore 
National Laboratory. 

SPEGL (Short-Term Public Exposure Guidance Level) - A concentration 
threshold set to avoid irreversible health impairment if escape 
occurs within a 30 minute period. 

stability - Stability indicates the type and degree of turbulent 
mixing in the atmosphere. Neutral stability (moderate mixing) is 
dominated by mechanical turbulence. Stable conditions (suppressed 
mixing) results in mechanical turbulence being damped by the stable 
stratification. Unstable conditions (vigorous mixing) are mainly 
produced by buoyancy-induced turbulence, i.e. convective 
turbulence. 

surface Roughness - A term used to help characterize the influence 
of a surface on mechanical turbulence. Values range from 
approximately 0.01 cm for a calm water surface to 200-300 cm for 
the central business district of a major metropolitan area. 
Technically, surface roughness is the height at which the 
logarithmic wind profile goes to zero. 

Tier I / High Hazard Corridor - In certain Air Force emergency 
response procedures, Tier I corridors are defined as one-half the 
concentration that is the immediately dangerous level for health 
(IDLH),  plus a 50 percent safety margin. 

Tier II / Low Hazard Corridor - Tier II corridors are defined 
similar to Tier I, but based on Short-Term Public Exposure Guidance 
Levels (SPEGLs). 

v - Air exchange rate for a building. 
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Section I 

INTRODUCTION 

The U.S. Air Force routinely handles hazardous materials at 
space and missile bases, and to a lesser extent at typical 
airbases. These activities cannot be avoided because they are a 
necessary part of the Air Force mission, but there is a need to 
effectively manage environmental risks, risks that may arise from 
equipment failurl, human error, or sabotage. ™« P^I^'VMSK 
of toxic vapors from these chemicals creates a health and safety 
threat to onbase personnel, and the general population m adjacent 
areas? The hazards can be associated with toxicity flammability 
or explosivity. The Air Force has a good record of »naging thwi 
risks. There is an incentive, however, to determine if the 
limitations of existing air quality models could be enhanced to 
improve emergency response capability for future operations. The 
vapo? clouds can be released as dense or non-dense gas clouds. The 
focus of this report is on dense gas releases because of: (1) the 
potential for greater risks, and (2) the more limited research in 
this area. 

Effective risk management relies heavily on the availability 
of sound technical information. Operations commanders need 
practical models to project potential impacts in a g™^^***^ 
and to respond to actual emergencies on a real-time basis. The Air 
Krce has developed a two-tier emergency response procedure for 
selected bases, which is used to manage potential environmental 
emergencies. Current methods are available to.sti»at«-air quality 
impacts, but existing models do not consider the.effect of 
structures on dispersion, nor indoor-outdoor ^"«•n°e\h£ 
concentration (1,2,3,4,5,6). . These are 1™**£™ J££ 
substantially reduce the effectiveness of existing models to meet 
?he need for data to implement the Air Force emergency response 
procures Commanders need more realistic data to make informed 
decisions to evacuate or shelter-in-place affected on-base 
personnel, and the general population in the vicinity of a base. 

There are three major objectives that guided this project: 

To assess the relative significance of building effects versus 
overall modeling uncertainty. 

To assess the feasibility of producing a P"^^1 "lodel ^° 
account for building effects for non-dense and dense gas 
releases. 

1. 

2. 



3. To ensure that model estimates developed through this project 
"failsafe", i.e. to minimize the potential to underestimate 
concentrations. 

The U.S Air Force has supported previous research directed 
towards improving modeling tools for dense gas release scenarios. 
The following are the most relevant recent Air Force funded 
research in this area. 

o    SLAB (1,2) 

o    ADAM (5) 

o   Field studies (7) 

Refer to Section II.C for descriptions of the models. 

Model development for dense gas releases has focused on 
improving the general state-of-the-art. These efforts have set a 
foundation on which to develop modeling techniques needed to 
implement the Air Force emergency response procedures, procedures 
that need to be applicable to realistic airbase settings. Several 
important questions need to be resolved, however, before a model 
could be developed to directly meet Air Force emergency response 
data needs: 

o How do typical airbase structures alter the basic assumptions 
of turbulence theory used in existing models? 

o How do typical airbase structures modify the ambient 
concentration field? 

o How do indoor concentrations differ from ambient 
concentrations as a function of structure type / service 
opening status, meteorological conditions, and duration of 
release. 

This report explores these issues, and provides recommendations 
that could lead to prototype model development in Phase II, and 
subsequent full-scale confirmation. 

The remainder of the report is organized as follows: 

o Section II - Summarizes recent accident history and potential 
accident scenarios at airbases, and the existing capability to 
respond to air quality emergencies. 

o Section III - Evaluates the need to add building effects to an 
existing dispersion model. 

o   Section IV - Presents a conceptual approach to include 



o 

o 

building influences on the ambient concentration field. 

SectionV - Describes how an existing dispersion model, SLAB, 
was selected as the basic model to be adapted for this study. 
Recommendations are shown for strengthening SLAB to meet the 
"failsafe" objective of this project. 

section VI - Presents recommended techniques to estimate 
indoor concentrations as a function of building type / service 
openings, meteorological conditions, and duration of release. 

section VII - The feasibility of a visible interactive 
override option is described. 

section VIII - A flowchart of major model features is 
presented as a guide to Phase II development. 

section IX - A full-scale field program option is presented, 
which could be used to test key "failsafe» features of the 
ambient and indoor model components. 

If the objectives of this project are met, several major 
benefits could be realized. The focus of model development would 
be to meet the' specific needs of Air Force emergency response 
procedures, not simply to develop a general purpose air quality 
model. An effective modeling system would need to meet a wide 
ranqe of Air Force needs, including those of space and missile 
bases and typical airbases. The design would need to consider, 
however? the different levels of available data, and allow for 
suTtlble default data for bases that have less serious potential 

s But the model features would have general application 
S" other military services, agencies and industry because the 
influence of structures on dense and passive gas ambient 
concentrations will be considered in realistic settings m£L*°' 
outdoor/indoor concentration estimates could be provided to suPPjrt 
practical decisions to shelter-in-place or evacuate affected 
individuals, decisions that now need to be made by commanders and 
emergency response coordinators, without adequate guidance. 

Model design will need to strike the proper balance between 
the need for confidence, i.e. to minimize the P«*0'*"1 *° 
underestimate risk (not best fit) , and the need for reasonable size 
hazard zones. A best fit model would likely underestimate risks 
half the time, but what is needed is the oute^en\el

w
0feh°t

f
hf^^^ 

concentrations. This approach is more conslsten* "^^J^*^ 
objectives of managing an air quality emergency. It was developed 
from the philosophy that an emergency response coordinator is more 
concerned with safety, and avoiding unnecessary delays in launch, 
tuSlinganl weapon test operations, than the elegance of minimizing 
model bias. 



Section II 

CURRENT STATUS 

The first Jtep of model development is to clearly identify the 
specific needs for information. No model is optimal for all 
scenarios, therefore it is important to identify a primary focus. 
Three steps were taken to ensure that model development would be 
consistent with the Air Force need for data. First, air quality 
incidents that occurred at airbases during the past three years 
were reviewed and summarized, and potential worst-case Air Force 
accident scenarios were developed. Second, the current emergency 
response procedures were reviewed to determine the critical needs 
for data. Third, the availability and quality of input data to 
serve the emergency response models were evaluated. Each of these 
issues is addressed in this section. 

A. AIR POLLUTION INCIDENTS 

including hypergolic fuels, jet fuel, solvents, and inorganic 
gases (e.g. chlorine). Hypergolic fuels likely pose the most 
severe accident scenarios. The most recent three years of Air 
Force Pollution Incident Reports, the period of January 1988 
through July 1990, were reviewed to determine the most common 
problems. Table 1 summarizes the results of this review. It is 
not clear that all incidents are reported as Pollution Incident 
Reports, but it would seem likely that all major incidents would be 
documented. Fifty-eight air quality related incidents were 
reported during this period. Of the 58 incidents, 26 were jet fuel 
spills, which is not surprising considering the large volume of jet 
fuels handled by the Air Force. Ten of the incidents involved PCB 
spills, which likely had a minor impact on air quality. The 12 
releases of chlorine/solvents likely represent the most toxic 
materials released during this period. Releases internal to 
building are out of the scope of the present effort, but are a 
source term that could be added to the indoor component. Of the 58 
releases reviewed, at least 8 were released indoors, where confined 
volumes could produce substantially elevated concentrations. 

What can be concluded from the recent Air Force history? 
Perhaps the most important observation is that there were no 
reports of serious injuries or deaths attributed to air quality 
impacts at any airbase during this period.  Storage tank failures 



TABLE 1.  SPILL DATA. 

Median 
Gallons 

Maximum 
Gallons 

# Release s 

Jet Fuel 750 86,000 26 

Hydrazine NA 25 2 

PCBs 5 27 10 

Solvents 55 500 8 

Chlorine 4 5 lbs 75 lbs 4 

Misc. NA 16,800 8   

and operator errors during fuel transfers were thf »°f^°™™ 
cause of emissions. Air Force experience « n°* ""^ "läenSi 
where EPA has shown that a large majority of air quality accidental 
releases are from the storage of chemicals (8). 

The recent history of actual incidents obviously.i» "°* »J 
indication of the potential for -^«.•«^■iatlA

on"?SiiSS 

Illicit ^nTiaVe0 size^f VtorageTanKs^h/t contain hazardous 

clearly are not the only potential serious hazard at airbases. 

other chemicals, there are P0J^"VhV offsite public. Section conseouences for base personnel, and the ottsire puDii«-. - , at 
III presents an accident scenario involving hypergolic fuels at 



Cape Canaveral.  High ambient impacts were shown relative to Tier 
I and II guideline levels. 

The review of the actual and potential air quality incidents at 
airbases points to the need for comprehensive modeling capability, 
tailored to airbase conditions that can effectively address both 
hypergolic fuel scenarios and the more routine accident scenarios 
for airbases. 

B. EMERGENCY RESPONSE PROCEDURES AT AIRBASES 

The degree of planning for potential emergency responses 
appears to have been developed to best meet the specific mission of 
an airbase. Typical bases have less need for sophisticated 
response capabilities, and therefore, appear to have less detailed 
emergency response plans in place. On the other hand, bases that 
handle large quantities of acutely hazardous chemicals require, 
and appear to have, more involved emergency response procedures. 
The most critical data needs for emergency response planning are at 
bases that use hypergolic fuels. This will be the focus of this 
section. 

Certain £ir Force emergency response procedures for hypergolic 
fuels define two-tier toxic corridors: 

1. Tier I / High Hazard Corridor 

A Tier I (high hazard corridor) is defined as one-half the 
concentration that is "immediately dangerous to life or health" 
(IDLH), which is adjusted to a 30-minute exposure, plus a 50 
percent safety margin. Health effects experienced_ at 
concentrations below these thresholds should be reversible. 
Access within Tier I corridors is limited to mission-essential 
personnel. Personnel present in this zone have: (1) pre-assigned 
escape routes, (2) escape air or, access to self-contained 
buildings, and (3) direct contact with the operations commander. 

2. Tier II / Low Hazard Corridor 

Tier II (low hazard corridors) are defined based on Short Term 
Public Exposure Guidance Levels (SPEGL), which are adjusted to 30 
minute exposures. SPEGL's are established by the National Academy 
of Sciences to specify concentrations that are acceptable for 
unpredicted, single, short-term emergency exposures of the general 
public. SPEGL1 s are set to take into account a wide range of 
sensitivity of the general public, including children, individuals 
with dehabilitating diseases, and pregnant women. 

There is some risk in the Tier II corridor, but it is less 
than Tier I. Procedures call for initially assigning Tier II areas 



based on worst case spill scenarios, such as complete loss of fuel 
during refueling operations, and then to recompute the low hazard 
corridor by identifying areas above the SPEGL for lesserspills. 
This approach is consistent with the need for quick guidance to 
initialize priority response actions, followed by refinement as the 
event unfolds. Response actions would be similar to Tier I 
(shelter-in-place or evacuate). In Tier II, the decision to 
evacuate or shelter-in-place would be more difficult because 
individuals would be more exposed to ambient influences because 
they would be unlikely to have self-contained air or be able to 
seek shelter in a self-contained structure. 

The Tier I and II emergency response procedures appear to 
represent an effective risk management plan. The weakest link in 
the system, however, appears to be the lack of firm, scientific 
data to guide the critical decision to shelter-in-place or 
evacuate. What is the basis to decide whether affected personnel 
and the general public should be sheltered-in-place or evacuated? 
And if sheltered, when should personnel be evacuated after cloud 
passage? 

The overall responsibility to implement the two-tier approach 
is delegated to the operations commander. This individual needs to 
make critical decisions within minutes of release, but the shelter 
or evacuate decision is difficult because indoor air quality is a 
function of building type, service opening status, meteor°l°9i^£ 
conditions, and duration of release. Such decisions cannot be made 
effectively without adequate technical support. But, currently 
there is no systematic way to guide operations commander to make 
these critical decisions. While there is considerable uncertainty 
in such assessments, the operations commander should have the 
benefit of practical guidance that considers the state-of-the-art 
in ambient and indoor air quality modeling. More ■P«ci^c»"y;n* 
modeling capability is needed that is conservative for the ancient 
concentration field, but minimizes bias between the a™*1^*^ 
indoor microenvironments. Such an approach is essenti,al *> Provid« 
the basis for a balanced decision to evacuate or shelter-in-place. 
This appears to be a significant limitation of the current Air 
Force emergency response procedures. 

Estimating ambient and indoor concentrations, though, is only 
part of the information needed to support evacuation or shelter-in- 
place decisions. There also is an obvious need to consider 
intearated doses during egress from affected structures. If a 
modeling system could summarize the best available information on 
SSient and indoor concentrations, and could compare doses between 
earess evacuation routes and the shelter-m-place option, there 
coutdbrin adequate basis to implement the Air Force emergency 
respond procedures. Ingress-egress dose methodologies.have long 
been used for nuclear energy contingency plans and similar 
exposure techniques are needed to effectively implement theAir 
Force emergency response procedures. .There is a need to consider 



assumed egress paths, speed of travel through indoor and ambient 
microenvironments, and estimate an integrated dose to show total 
exposures for shelter-in-place versus evacuation alternatives. 

There appears to be one other weakness in the emergency 
response procedures that should be addressed. The Tier I and II 
hazard corridors are defined, and decisions to evacuate or shelter- 
in-place appear to be based on toxicity. In some cases, however, 
buildings in the near-field could be subject to explosivity or 
flammability hazards, which could affect the decision to evacuate 
or shelter-in-place. Guidance is needed to systematically support 
operations commanders need for information by considering maximum 
instantaneous core cloud concentrations relative to the lower limit 
for flammability or explosion. This feature is especially 
important considering the historical nature of air quality 
emergencies, i.e. injuries are usually related to toxicity, while 
deaths are generally caused by fire or explosions (8). 

C. CURRENTLY AVAILABLE DISPERSION MODELS 

A fundamental decision was made at the beginning of this 
project to ac^apt an existing model to meet the needs of this 
project, rather than to develop a new model "from scratch". This 
approach is cost-effective, and best builds on past Air Force 
funded work. The goal was to first identify a dispersion model 
that could best represent the ambient concentration field, without 
structures. Then the existing components were reviewed to assess 
the need to strengthen specific components, as necessary, to meet 
the "failsafe" objectives of this project. After these steps are 
completed, a conservative treatment of building alterations to the 
ambient concentration field, and an indoor component could be 
added to the strengthened model. 

The scope of this study was limited to the review of public 
domain dispersion models. Only one-dimensional models were 
considered because the extended time required to execute three- 
dimensional models is inconsistent with the need for real-time 
data. While three-dimensional models likely are impractical for 
real-time emergency response, there could be a place for three- 
dimensional modeling and wind tunnel analysis to help parametize 
building influences on the ambient concentration field. Section 
IV(B) provides greater detail on the potential use of three- 
dimensional models for this project. The remainder of this section 
is devoted to one-dimensional models, which could serve as the 
operational model. 

The following alternative models were reviewed: 

SLAB -  SLAB is a one-dimensional model that was developed by 
Lawrence Livermore National Laboratory.  The program solves a set 
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of coupled differential equations to estimate cloud height and 
widths as a function of downwind distance (continuous release mode) 
or travel time (puff mode).  Volume average concentrations are, 
therefore, computed as a function of distance or time.  SLAB is 
quasi three-dimensional because after the solution of the coupled 
differential equations, horizontal and vertical distributions of 
concentration are assumed.  On this basis, concentrations can be 
estimated as a function of position relative to the centerlme of 
the cloud.  SLAB was designed to avoid separate solutions for the 
dense and non-dense gas phases, which promotes smooth transitions. 
The model can be run for four release types: (1) evaporating pool, 
(2) horizontal jet, (3) vertical jet or stack, or (4) instantaneous 
or short duration evaporating pool.  SLAB can account for phase 
changes of pollutants between liquid and vapor states, and water 
liquid and vapor states.  It cannot, however, consider pollutant 
reactions that can affect species and the buoyancy term in the 
model.  SLAB considers the enhanced wind direction meander along 
the horizontal axis as a function of. averaging time.  Emission 
rates are input by the user, and cannot be computed within the code 
as a function of chemical properties,  ambient and surface 
temperature, surface roughness, and meteorological parameters. 

DEGADIS - Similar to SLAB, DEGADIS is a one-dimensional dense gas 
model with quasi three-dimensional features. This model can be run 
in a spill or vertical jet mode, considering instantaneous or 
continuous release. One of the most significant differences 
between DEGADIS and SLAB is that DEGADIS uses different equations 
for the dense and passive gas stages. This introduces the 
potential for model artifacts at the transition points. Similar to 
SLAB, DEGADIS can address phase changes for the pollutant and 
water, but also does not model reactions. Wind direction meander 
is modeled as a function of averaging time and Pasquill Jifford 
stability class. The emission term in DEGADIS also is simplified, 
and is not computed as a function of pollutant, surface and 
meteorological conditions. A review of the documentation for 
DEGADIS indicated that the modification of the existing code would 
be more difficult than for SLAB. 

ADAM - At the time of this writing ADAM is still under development. 
This model also is a one-dimensional dense gas model with quasi 
three-dimensional features. The transitions between the dense gas 
and passive gas stages appear to be similar to DEGADIS. There are 
two enhanced features in ADAM, however, that are not available in 
other models. ADAM can model the effect of reactions on species 
changes and cloud buoyancy, and also can compute emission rates as 
a function of chemical, surface and meteorological conditions. As 
described in Section V(F) , the reactivity feature is not considered 
essential for this study. The source term feature of ADAM, 
however, could strengthen the proposed modeling system, andJ*ou" 
be reassessed in Phase II. Refer to Section V(E) for farther 
details. The overall conclusion based on this review was that ADAM 
appeared to have more refined chemistry and source terms than SLAB, 



while SLAB appeared to have more desirable physical treatments. In 
balance, the structure of SLAB appears to be better suited for 
adaptation to this study. 

AFTOX - AFTOX is an emergency response, puff model developed by the 
Air Force. AFTOX considers surface roughness influences on 
dispersion, and calculates dispersion coefficients based on 
continuous, rather than discrete stability classes.  It was not 
reviewed in detail for this study because it lacked the essential 
feature of being able to model both dense and passive gas 
dispersion. 

Table 2 summarizes the key features of these models. 

TABLE 2.  KEY FEATURES OF REVIEWED MODELS 

••*» = contains feature 

FEATURE SLAB DEGADIS ADAM AFTOX 

Dense Gas Treatment * * * 

Passive Gas Treatment * * * * 

Quasi-Three Dimensional * * * NA 

Reactions * 

Phase Changes * * * 

Smooth Transitions * NA 

Readily Adaptable Code • 

Emission Algorithm * 

Building Downwash 

Indoor Concentrations 
"NA" - not appl icable 

SLAB was selected as the preferred model to adapt to this 
study because it best meets the desired model features for this 
study. The key features that resulted in the selection of SLAB are 
as follows: 

o Most suitable for dense gas and non-dense gas scenarios, 

o Relatively smooth transitions from, dense to passive cloud, 

o Code structure adaptable to modifications to be needed. 
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There were three desired features that are not met by SLAB. 
(1) building downwash influences, (2) indoor component, and (3) 
reactivity term. The remaining sections of this report indicate 
how the first two features would be added to SLAB. How important 
is the reactivity term? The initial conclusion is that it is not 
essential to add reactivity at this time. Refer to Section V.F for 
further information on reactivity. 

D.  AVAILABLE INPUT DATA TO SUPPORT  RESPONSE ACTIONS 

There are two major categories of data that are needed as 
input to a modeling system: (1) source characteristics, and (2) 
meteorological conditions.   The focus of this section is on 
mlteorological data.   The storage and transfer of fuels and 
Solvents is likely to be well documented. The maximum release will 
SelvSilable based on storage vessel capacities.  When-installing 
the modeling system at an airbase, the locations of potential 
release points7 would be identified and updated as necessary. 
Furthermore, the presence of nearby structures, which would be 
needed^o account for building effects and any visual checkpoints 
Sould be coded by wind direction when installing the modeling 
s?stem for a specific airbase. These inputs are readily available, 
tit  simply would need to be accurately entered into the modeling 
syttfm  Meteorological input data, on the other hand, appear to be 
the weaker link. 

Meteorological data is critical to the successful application 
of any dispersion model, but especially for an emergency response 
model because it: 

o   Defines the direction of flow,' and therefore, the hazard 
zones, 

o   Defines the speed of travel, and critical times for response 
actions. 

o   Characterizes spreading rates, which are critical to estimates 
of concentration. 

Temperature and relative humidity help define the buoyancy 
terms in the model. 

There are some important questions to consider, «hat is the 
oresent coverage of meteorological parameters at airbases. MOW 
SdeqSate arfthe specifications for the ^eorological monitoring 
hardware? How suitable is the quality control of the 
meteorological monitoring systems?   How adequate is the data 
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recording system that will provide input to the real-time emergency 
response modeling system? These questions are critical to model 
development. Modeling is a combination of good quality input data 
and sound physical model treatments. A "failsafe" modeling system 
is highly dependent on the adequacy of input data. Data inputs 
cannot be 'ignored when designing the modeling strategy, if the 
objectives of the study are to be met. A sophisticated model with 
poor quality meteorological data is misleading, and worse yet, can 
lead to a false sense of security. 

In this section, three key issues are presented, which involve 
the interface between the meteorological monitoring system and the 
emergency response modeling system: (1) parameter coverage / 
accuracy, (2) quality control, and (3) data recording medium. 

1.  Parameter Coverage / Accuracy 

A typical airbase measures wind speed, wind direction, ambient 
temperature, and dew point temperature generally at a monitoring 
height of approximately 4-5 m. The phase-in of hot-wire 
anemometers at airbases (GMQ-20 upgrade), should provide suitable 
wind speed data to support an emergency response modeling system. 
The temperature and dewpoint temperature monitoring instrumentation 
are also in the process of upgrade to the FMQ-8 system, and appear 
to be adequate hardware relative to the sensitivity of the 
dispersion models to these parameters. Performance standards are 
shown in Table 3 for the upgraded systems: 

TABLE 3.  SPECIFICATIONS FOR METEOROLOGICAL PARAMETERS 

Parameter Instrument Accuracy 

Wind Speed +/- 1 knot 

Wind Direction +/- 3 degrees 

Temperature +/- IF 

Dewpoint Temperature +/- 2F 

A potential "failsafe" problem arises from the range in 
dispersion characteristics that can occur within a Pasquill Gifford 
stability class (9,10). For airbases that handle large quantities 
of acutely hazardous chemicals, there would be a clear benefit to 
augmenting the planned coverage to include matched delta 
temperature sensors (such as a 20-2 m separation). The delta 
temperature data, which are relatively easy to measure, would 
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support the computation of bulk Richardson number. Jhe theoretical 
relationship between gradient Richardson number and b«llc.Rl°h*^?°" 
number is well established (11). The gradient Richardson number 
could then be related to the Momn-Obukhov scaling length, which is 
used in SLAB to estimate entrainment rates. This upgrade is highly 
recommended for airbases that handle relatively large volumes of 
hazardous chemicals. Cape Canaveral, Edwards, and Jf^denberg 
airbases already have delta temperature sensors (16-2 m) in place 
that could be used for this purpose. Similar systems also could be 
installed to enhance the confidence in the modeling system aJ 
selected bases that handle relatively large volumes of hazardous 
chemicals. Refer to Section V(G) for a recommended modification 
for relative humidity monitoring at high priority airbases. 

2. Quality Control 

There likely would be a benefit in terms of model performance 
that would result from an improvement in the quality control / 
quality assurance of the meteorological monitoring systems at Air 
Force bases1. Consistent calibration procedures, improved 
oversight and improved preventive maintenance all are ^POjtant 
factors tc support the effective use of the proposed emergency 
modeling system. Maintaining an effective ^eorological 
monitoring system is an ongoing process that needs t+.

he^°^°^? 
steps to adequately support the Air Force need for data to support 
emSgency reSonsemodfling, and likely routine airbase operations: 

o Sound and well documented siting criteria. 

o Weekly data review by meteorologists. 

o Timely repair of equipment malfunctions, with a goal of 90 
percent or higher data recovery. 

o Quarterly system calibration. 

o Independent annual audit. 

Ongoing and effective oversight of the meteorological 
monitoring system could minimize modeling errors that could result 
from unrepresentative meteorological data, such as: 

o   Errors in direction of hazard corridor. 

1 Based on memoranda: from Captain Davenport to Captain Moss 
July 1990, and Captain Davenport to Captain Key, 27 October 1987. 
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o   Inaccurate plume growth rates. 

o   Inaccurate speed of travel for pollutant cloud. 

Some model uncertainty is inherent, and can best be addressed 
by conservatively representing terms through the "failsafe" 
modeling approach. Meteorological uncertainty, however, is an area 
where model uncertainty can, and should be, reduced, as feasible. 

3. Data Recording System 

The Air Force is phasing-in digitized meteorological 
systems2, which constitutes a significant development for emergency 
response management. Digitized data will be updated every 5 
seconds, with running 10-minute average aQ also updated every 5 
seconds. For an emergency response system, the voltage readouts 
from the data logger channels should be directly input to the 
emergency response modeling system. 

Automated meteorological data entry has important benefits to 
an emergency response modeling system, including the minimization 
of human error in data input, and enhanced response speed. The 
advantages of automation, however, include the potential problem of 
"blind" entry of inaccurate meteorological data into an emergency 
response modeling system, without suitable review. The responsible 
use of automated meteorological data reguires: (1) a high level of 
quality control for the meteorological monitoring program, and (2) 
a user override option to allow preview of current meteorological 
data prior to model computations. These steps would help ensure 
that unreasonable meteorological data are not used as the basis for 
inappropriate response actions. 

One of the most attractive features of automatic 
meteorological data entry is that a dedicated personal computer(s) 
could be used to continuously update Tier I and Tier II hazard 
corridors for all priority accident scenarios at a base. The 
update frequency would be a function of the number of priority 
scenarios and model run time. It would not be unreasonable to 
maintain 15-minute update frequencies on a continuous basis. If an 
accident occurs, the operator would only need to highlight the 
accident scenario on the opening menu and the system could be 
dedicated to continuous display of the applicable worst case 
scenario. This would allow for immediate response actions 
initially, while in the background more accurate release data could 
be used to scale-back the Tier I and Tier II hazard corridors to 
match less then worst case releases. 

2 Personal  correspondence between Captain Davenport and 
Captain Moss, July 1990. 
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Section III 

EVALUATION OF THE NEED FOR ENHANCED TREATMENT OF BUILDING 
AFFECTS 

There are two major reasons why the treatment of building 
effects could be important for the implementation of the Air Force 
emergency response procedures: (1) alteration of the ambient 
concentration field by building influences, and (2) differences 
between ambient and indoor environments. If consideration or tne 
either, or both, of these factors affects the decision to evacuate 
or shelter-in-place affected individuals, there would be a need to 
incorporate building treatments into an operational emergency 
response model. 

The influence of structures on the ambient concentration fieId 
is addressed in Section IV, which shows based on limited wind 
tunnel testing that buildings can significantly modify the 
concentration field for near-field receptors. InSection III, the 
second factor, i.e. the differences between ambient and indoor 
concentrations, is emphasized, however, because it appears that of 
the two factors, that the indoor issue is more significant for tne 
decision to evacuate or shelter-in-place. 

A. ACCIDENT SCENARIOS 

Hypothetical accident scenarios were developed for Cape 
Canaveral, Patrick and Tyndall airbases. These scenarios were used 
to help describe the need to consider building effects in the 
emergency response modeling system: 

1. r^pe Canaveral 

The assumed accident was a 280 gallon spill of N20A at the 
hvoergolic fuels storage area. It was assumed that the emissions 
wert released within a five-minute period. ^There,,ar%nu

0
Iler^ 

buildings approximately 3 300 to 5000 m north-northeast of the 
hypergolic fuel storage area. The closest distance of 3300 m was 
assumed for this example. 

2. Patrick 

There is a major storage area for chlorine at Building 323. 
Forty-two cylinders, each with 150 pounds of chlorine, are stored 
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at this location.3 In this example, it was assumed that one 
cylinder released its' contents within five minutes. There are 
five dormitories to the east of Building 323, with downwind 
distances ranging from approximately 15 to 135 m. The closest 
dormitory (15 m downwind distance) was used for this example. 

3. Tvndall 

There are six, one-ton chlorine cylinders stored at the 
sewage/water treatment plant at this airbase. The one-ton 
cylinders are delivered by trucks carrying multiple cylinders. 
This scenario involves a hypothetical truck accident where_ a 
single, one-ton cylinder empties near Building 546 during a five 
minute period. Buildings would be affected in the range of 15 - 
300 m downwind. For this example, a downwind distance of 200 m was 
assumed. 

B. MODELING APPROACH 

Two models were needed to assess ambient and indoor 
concentrations. The current version of SLAB (2 October 1990) was 
used to estimate ambient concentrations for the distances where the 
buildings were located. These model runs were for five-minute 
releases. The indoor model consisted of a spreadsheet application 
of Equation 25 (Section IV) , where indoor removal and indoor 
emission rates were set to zero for simplicity. Specific data were 
not available in Phase I to estimate specific infiltration rates 
for the affected buildings. For these examples, therefore, four 
categories of air exchange rates per hour (ACH) were modeled, i.e. 
low, medium, high, and windows open. The following air exchange 
rates were extracted from Table 7 (non-residential buildings): 

Low = 0.03 ACH 
Medium =1.12 ACH 
High = 4.20 ACH 
Open =  10.0 ACH 

C. RESULTS 

Figures 1 through 3 present the comparisons of ambient and 
indoor concentrations for ACH values ranging from low to open 
window status. These figures highlight the importance of 
considering  the  differences  between  ambient  and  indoor 

3  Personal  communication with Captain  Davoney,  Patrick 
airbase, 28 December 1990. 
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Figure 1. Comparison of Ambient and Indoor Concentrations for Cape 
Canaveral Accident Scenario. 
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Figure 2.  Comparison of Ambient and Indoor Concentrations for 
Patrick Accident Scenario. 
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Scenario - Tyndall Chlorine Release 
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Figure 3.  Comparison of Ambient and Indoor Concentrations for 
Tyndall Accident Scenario. 
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concentrations. The results show that buildings with high ACH or 
open windows can provide marginal improvement compared with 
exposure to the ambient air. Buildings with low ACH, on the other 
hand, can show orders of magnitude lower concentrations than the 
ambient air. These figures also highlight the benefit of 
evacuation after cloud passage. Particularly for tight buildings 
with low ACH, indoor contamination levels can persist for hours 
after cloud passage. These examples were based on five-minute 
releases. As release times and the duration of cloud passage 
increase, buildings offer less protection. 

D.  CONCLUSIONS REGARDING THE NEED TO CONSIDER BUILDING EFFECTS 

These examples indicate that consideration of indoor 
concentrations is essential to implement the Air Force emergency 
response procedures, where an operations commander needs to choose 
between evacuation or shelter-in-place of affected onbase and 
offbase individuals. It appears that quantitative guidance is 
needed that considers ambient concentrations, infiltration rates as 
a function of building and service opening status, and release 
time. Additionally, to effectively guide evacuation decisions 
relative to the shelter-in-place option, an effective emergency 
response modeling system would also need to consider egress routes 
in order to compute expected doses for evacuation relative to the 
shelter-in-place alternative. 
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Section IV 

CONCEPTUAL APPROACH TO MODIFY AMBIENT CONCENTRATION FIELD TO 
ACCOUNT FOR BUILDING INFLUENCES 

There are two complications introduced by structures at an 
airbase: (1) greater limitations of the turbulence theory used in 
SLAB for rough surfaces , and (2) structural-induced modifications 
to the ambient concentrations field. Each complication needs to be 
considered during model design. 

A.  SURFACE ROUGHNESS COMPLICATION 

The dense gas model SLAB, which was selected for adaptation 
for this study, estimates concentration as a function of surface 
roughness (1,2). Surface roughness affects entrainment (rate of 
cloud growth) , and affects the wind speed term in the model. 
Overall, surface roughness is a sensitive term in SLAB. Figure 4 
demonstrates this sensitivity based on setting SLAB sample problem 
#1 (methane release) to surface roughness of 0.0002 and 0.5 m. 

The influence of turbulence on cloud growth rates can be 
parameterized by turbulence scaling theory. Knowledge of surface 
roughness and a scaling length term (1/L), which can be estimated 
from readily measured bulk Richardson numbers, allows for detailed 
estimates of profiles of wind speed, stability, and turbulence 
parameters needed for SLAB, and other models. While this is a 
useful method to parametize atmospheric turbulence, it has 
limitations. 

Ideally, turbulence theory could estimate profiles down to the 
height where wind speed drops to zero, i.e. the surface roughness 
height. Surface roughness varies from 0.01 cm for a calm water 
surface to approximately 25-50 cm at an airbase and many industrial 
complexes. Most research that was used to support the development 
of dense gas models was conducted at flat desert or overwater field 
test sites, where surface roughness has been reported to be as low 
as 0.02 cm (7,12). 

The difference between the surface, and the surface plus 0.02 
cm, can be easily neglected, and turbulence theory should perform 
well throughout the surface layer. For roughness heights of 25-50 
cm, however, the issue cannot be as easily dismissed, especially 
since dense gas plumes are generally characterized by lo*' Rights 
in the near-field. This factor, however, is not likely to 
adversely affect the use of SLAB to estimate hazard zones because 
by the outer limits of Tier I, and especially the Tier II zones 
the top of the cloud would be well above the surface roughness 
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Figure 4.  Sensitivity of SLAB to Surface Roughness. 

height. 

A potentially more troublesome complication involves the 
displacement height. If the ground is covered by tall roughness 
elements such as a forest canopy, crops, or even densely packed 
houses, the turbulence reacts as though the surface is near the 
height of the obstructions. Turbulence theory still applies, but 
heights need to be measured relative to the typical obstruction 
height times a factor on the order of 0.70 to 0.80, the product of 
which is defined as the displacement height (11). 

Even though airbases have  substantially  larger surface 
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roughness values than open settings, the displacement term does not 
strictly apply because there is much open space. If a displacement 
term were needed for an airbase, it likely would be much less than 
70-80 percent of the typical obstruction height. Furthermore, the 
application of turbulence theory down to the surface, should result 
in a conservative treatment of low-level entrainment within the 
model because wake effects of obstacles would enhance entrainment 
in this region relative to the model treatment. Conservative 
treatment of entrainment within the model would lead to 
overestimates in the near-field concentrations, which is consistent 
with the failsafe approach. 

In summary, the surface roughness complication to turbulence 
scaling theory is not expected to introduce major difficulties for 
the modeling approach. No modifications to the modeling approach 
appear to be needed to respond to these complications. The more 
difficult problem appears to be the alteration of the ambient 
concentration field caused by wake effects at downwind 
obstructions, which is described in the next subsection. 

B. BUILDING-INDUCED ALTERATION TO AMBIENT CONCENTRATION FIELD 

Build4ng wake effects have been studied in greater detail for 
passive gas releases (13,14,15)) relative to the very limited study 
of building wake effects for dense gas clouds. Emphasis in this 
section has, therefore, been directed toward the dense gas 
releases. A similar approach would be used to adjust passive gas 
clouds. 

A recent wind tunnel study conducted by Rowan, Williams, 
Davies & Irwin (RWDI) has shown that at least for low wind speeds, 
the presence of obstacles significantly influences dense cloud 
behavior (16). Through a series of test scenarios, the following 
was observed: 

single Downwind Obstacle (50 m downwind) - In the lee of the 
obstacle, concentrations were approximately four times lower than 
the no obstacle case. 

single Upwind obstacle (29 m upwind) - Extremely high 
concentrations were reported in the lee of the obstacle (55 percent 
of release concentration). A low pressure zone apparently caused 
rapid transport toward the downwind face of the obstacle (16). 
RWDI reported concentrations 50 m downwind of the release to be a 
factor of two higher than the no-obstacle case. This scenario is 
an example where a model that did not consider building wake 
influences could show zero concentrations, while actual 
concentrations could be worst case. 

uniform Array of Downwind Obstacles - These tests showed preferred 
transport parallel to the obstacle array. Within the first 50 m of 
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travel, the uniform array of obstacles showed concentrations more 
than two times higher than the no-obstacle case. By 100 m 
downwind, there was little difference between the obstacle and no- 
obstacle cases. By 200 m, however, the presence of the obstacles 
resulted in significant reductions in peak concentrations. These 
findings were attributed to decreased entrainment in the near- 
field, with increased entrainment in the mid-field and far-field, 
which was attributed to the obstacles (16). 

What can be inferred from the limited available data? The 
near-field potential to increase concentration is a failsafe issue 
that could potentially affect the decision to evacuate or shelter- 
in-place. Tht aid-field reduction in concentration may allow for 
reducing concentrations in this zone, which could result in less 
restrictive Tier I corridors, without sacrificing the safety 
features of the model. The RWDI research, however, showed that 
such reductions are a function of wind speed. Care would need to 
be taken to ensure that concentrations were not scaled back too 
much in this zone to account for enhanced dispersion from obstacles 
during high wind speed conditions. Far-field wake influences 
should be minor, i.e. Tier II boundaries are unlikely to be 
substantially affected. 

There appear to be two major alternatives to include building 
wake modification to the ambient concentration field: (1) modifying 
the entrainment terms in the model, or (2) using a simplified 
scaling procedure to adjust near field and mid-field concentrations 
to conservatively represent the differences between the obstacle 
and no obstacle cases. 

An approach has been proposed to empirically account for the 
modification of entrainment by obstacle influence (16). An 
exponential term could be used to show the modification to dense 
gas entrainment as a function of the areal coverage of obstacles 
(16). Entrainment is complicated by wide plumes with less 
potential for modification of horizontal relative to vertical 
entrainment, which may not be effectively addressed with a one- 
dimensional model. This approach (16) also may be too site 
specific for a general-purpose emergency response modeling system. 
The simplicity and conservatism of the scaling technique appears to 
be the more practical approach, considering the major limitations 
in the state-of-the-art. Final judgement will be reserved until 
Phase II, after ongoing research by RWDI is completed. 

RWDI. is currently engaged in a study for the Canadian Air 
Force that involves wind tunnel testing of dense gas releases at an 
airfield, which is likely to have structures that are similar to 
those at typical U.S. airbases. These results should be reviewed 
in Phase II, including an evaluation of how these results best 
could be extrapolated to non-neutral stability conditions. 
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Section V 

STRENGTHENING THE SLAB MODEL 

Dispersion models often are biased to overestimate or 
underestimate concentration. There is inherent uncertainty that 
limits the accuracy in model application. Often, the bias is not 
systematically. high or low, but variable from application to 
application. " For most models, there are so many components 
interacting that the direction and magnitude of model bias can be 
a function of meteorological conditions, surface features, 
pollutant, and mode of release. For example, the EPA Industrial 
Source Complex (ISC) model, the most widely used passive gas 
dispersion model in the U.S., appears to be biased as a function of 
urban or rural conditions, and also as a function of height of 
release above groundlevel (17). For such reasons, models are never 
fully validated, and limited testing is unlikely to adequately 
match an application at hand to allow model users to confidently 
indicate the direction of model bias. 

The preceding uncertainties may be acceptable for regulatory 
programs, but pose major problems for emergency response. Ibfi 
^naaement «f an air quality emergency, or any safety related 
issue, recmires confidence. If an analyst cannot be confident of 
accuracy it i« essenti* 1 to strive tn he confident that riskTare 
not underestimated. This fundamental approach is not unlike the 
treatment of other safety issues, such as bridge construction, 
aircraft design or managing the risks from nuclear power. Bridges 
are not designed to just barely withstand the heaviest allowed load 
without collapsing, but a reasonable safety margin is used to 
safely manage uncertainty. The same concept should apply to 
emergency response modeling, where emergency response coordinators 
can be personally responsible for the health and safety of many 
individuals. Operations commanders need confidence that there are 
not major errors in applied modeling systems that underestimate 
concentrations for undefined circumstances. In this sense, the 
objectives of operational models are much different than those of 
research. Confidence is more important than accuracy when managing 
emergency response actions. 

An effective way to evaluate a model for potential bias is to 
review the major components separately, rather than evaluation of 
the final model output. This concept was applied previously (18), 
which identified a major error in the-plume rise algorithm in the 
Oak Ridge National Laboratory Atmospheric Transport Model (ATM), 
and a subtle error in the smoothing term of the widely used EPA 
ISCLT and LONGZ dispersion models. The plume rise error was only 
a major problem for sources with high buoyancy releases; if tested 
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for other scenarios, the ATM model could perform well, even though 
the model could grossly underestimate concentrations for high 
buoyancy releases. Similarly, the smoothing errors in the ISCLT 
and LONG models resulted in bias as a function of compass heading 
from source to receptor, which would unlikely have been detected 
without a component analysis. Such limitations in an emergency 
response model could produce good model performance sometimes, 
perhaps when tested, but contain serious flaws for other 
applications. 

For this study, the following major components of SLAB were 
reviewed to ensure that any bias to underestimate concentration 
could be minimized: 

o Entrainment 
o Assumed Distributions 
o Plume Meander 
o Wind Speed Profile 

o Source Term 
o Reactivity 
o Relative Humidity Term 

The results of these reviews are presented in the following 
subsections. 

A. ENTRAINMEN'i' 

A pollutant cloud grows by entraining ambient air. SLAB 
computes entrainment along the vertical and horizontal axes. The 
rate of entrainment is a function of cloud density relative to the 
ambient air, surface roughness, and turbulent scaling length (1/L) 
(1,2). An evaluation of SLAB revealed a high sensitivity to 
surface roughness. While it would be expected that a rougher 
surface would produce greater entrainment, SLAB appears to have the 
potential to overestimate the rate of entrainment for flow over a 
moderately rough surface, such as a typical airfield. 

From low surface roughness scenarios, e.g. 0.02 cm, which 
apply to surface conditions when SLAB was evaluated (7) , to typical 
airbase roughness lengths of 25-50 cm, differences in entrainment 
were found to be more than expected. Figure 5 demonstrates this 
sensitivity based on SLAB example problem #1, surface roughness 
values of 0.02 and 50 cm, and WRITE statements added to SLAB'S 
entrainment subroutine. The sensitivity of SLAB to surface 
roughness was much greater than that observed with some preliminary 
model runs made with ADAM. ADAM generally showed only 10-40 
percent lower concentrations when surface roughness was increased 
from 0.01 cm to 30 cm, which is more consistent with the expected 
sensitivity to surface roughness. 

In fact, for a heavy gas such as chlorine and a surface 
roughness greater than 10 cm, SLAB produces an error message - - an 
error that is resolved by using a lower surface roughness value. 
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Figure 5.  Sensitivity of the SLAB Entrainment Term to Surface 
Roughness. 

Based on these observations, it appears that the roughness term 
needs to be revised before SLAB could be adapted for typical 
airbase applications. 

Figures 6 and 7 compare sigma y and sigma z for a dense gas 
release using surface roughness values of 1 and 50 cm. These 
fiqures are based on a hydrogen sulfide release and 1/L set to 
0 02 Figures 6 and 7 show the effects of entrainment on cloud 
growth. Pasquill Gifford dispersion coefficients are also provided 
as a point of reference. 

Sigma values in SLAB are computed as follows (1): 
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Figure 6, Horizontal and Vertical Dispersion Coefficients: 
Comparing SLAB Estimates With Pasquill Gifford 
Coefficients: 50 cm Surface Roughness. 
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a = b/73    (l) 
a\  = h/73    (2) 

where: 

b= cloud half width 
h = cloud height 

The observed sensitivity of cloud growth rates to surface 
roughness cannot be explained by the enhanced mechanical mixing 
(19). The difference of 1-50 m in surface roughness would only 
produce a minor change in 1/L (19). Furthermore, comparison with 
Pasquill Gifford dispersion coefficients shows cloud growth rates 
in SLAB that appear to be inconsistent with those of standard 
passive cloud treatments. Additional testing of the model for a 
dense chlorine cloud also showed vertical dispersion rates that 
were too high relative to the Pasquill Gifford treatment. The 
shape of the SLAB cloud needs to be reevaluated in Phase II. The 
characterization of both horizontal and vertical dimensions of a 
cloud are important for this study because if the vertical extent 
of the cloud is incorrect, the potential would exist to make an 
incorrect choice between the shelter-in-place or evacuate 
alternatives for buildings with rooftop HVAC systems, i.e. is the 
HVAC system drawing clean or contaminated air? 

Other researchers have used low surface roughness values to 
better match measured concentrations (20,21), possibly responding 
to the same observation of oversensitivity to surface roughness. 
An initial review of the entrainment subroutine in SLAB was done to 
help identify the cause of the apparent overestimate of cloud 
growth rates.  The following steps were taken during this review: 

o   Reviewed Fortran code. 

Reviewed  literature  used  as  basis  for  entrainment 
calculations. 

o Inserted write statements in entrainment subroutine in SLAB to 
fully display all intermediate terms. 

The following presents the observations of this review, with a 
focus on vertical entrainment. 

Vertical entrainment is estimated in SLAB as follows (1,2): 

TI     (1.5) (k) (u.) 
W0=     (3) 
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Where: 

We = entrainment velocity in the vertical axis (m/sec) 
k*= 0.41 (von Karman's constant) 
u. = friction velocity of the cloud (m/sec) 
* = Monin-Obukhov profile function (dimensionless) 
m 

The *m function is defined as follows for stable and unstable 
conditions"1 in SLAB (1,2): 

Stable conditions: 

*m = 1 + 5z/L    (4) 

Unstable conditions: 

*m = (l-16z/L)-°-50    (5) 

The scaling length 1/L used in Equations 4 and 5 is estimated 
from the Richardson number (Ri) . Ri is computed in SLAB as a 
function of contributions from the ambient air and the cloud 
properties, based on research shown in References 22 and 23, as 
follows: 

(u. )2(i?ia)+(<7) (0.025) 
(p"Pa (h) 

Ri = = 5 
e         <6> 

Where: 

p = cloud density 
pa = air density 
ha = cloud height 
g = gravitational acceleration 

The current version of SLAB divides Ri by h to estimate 1/L. 

SLAB promotes smooth transitions because the approach to 
estimate cloud growth does not require arbitrary switching from one 
set of equations to another as the cloud transitions from a dense 
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to passive cloud. This approach is appealing, especially since the 
modeling system could be used for passive or dense clouds. There 
are questions, however, that need to be addressed in Phase II. 
There are potential refinements needed, which appear to be most 
evident as downwind distance increases and the cloud becomes more 
passive. For research purposes, this may not be a major problem, 
but for implementing the Tier I and Tier II Air Force emergency 
response procedures, both the dense and passive stages of dense gas 
releases could be important. In fact, for all but transportation 
scenarios, hypergolic fuel accidents would need to emphasize far- 
field distances because of the isolation of these activities. The 
modeling system, therefore, will need to be effective at all 
distance scales.  The issues of concern are summarized as follows: 

1. Conversion From Ri to z/L 

SLAB inherently assumes that Ri equals the z/L term for all 
stability conditions. The code divides Ri by cloud height (h) to 
estimate l/L. This approach is consistent with turbulence 
research, but only for 'unstable conditions (11). The current 
approach, however, appears to be inconsistent with more standard 
practice for the more critical, stable conditions (11). 

The following relationship between Ri and l/L is generally 
used (11) : 

Ri = -Z-       if Ri *  0    (7) 
JLi 

Ri  =   (z/L>       if Ri>Q (8) 
[1+5 (z/L)] 

The relationship between Ri and z/L for stable conditions 
applies to Ri less than or equal to approximately 0.20. In the 
near-field region of dense gas cloud transport, entrainment could 
be overestimated since the critical Richardson number could be 
exceeded or approached. Minimum vertical growth would be expected 
until surface heating reduced the degree of stability. Early cloud 
growth for dense clouds should be reassessed to confirm that the 
SLAB treatment does not overestimate near-field entrainment on this 
basis. 

The l/L value for ambient air is defined as a constant within 
the surface layer (11). Within SLAB, the l/L term is variable 
because it includes cloud effects, but as downwind distance 
increases and cloud effects become negligible, l/L should approach 

32 



the ambient value. Figure 8 presents an example where 1/L in SLAB 
is compared with ambient 1/L. In the near-field, 1/L in SLAB is 
higher than 1/L ambient, as expected, because the dense cloud is 
stable relative to the ambient air. As shown, however, SLAB 
computes 1/L that is substantially lower (less stable) than the 
ambient air in the mid-field and far-field, which, in part, appears 
an artifact of the Ri to 1/L conversion. 
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Figure 8. Comparison of SLAB Scaling Lengths With Ambient Scaling 
Length. 

If the hypothesis were correct that the Ri to 1/L conversion 
introduces bias to the entrainment treatment in SLAB, SLAB would 
have been expected to substantially underestimate 1/L in the near 
field but should have converged with the ambient 1/L as the cloud 

33 



contribution to 1/L becomes negligible because the ambient 
contribution to 1/L is directly entered into SLAB, while the cloud 
contribution is converted from Ri. The SLAB estimates of 1/L, 
however, do not converge with the expected ambient values, as is 
shown in Figure 8. 

The explanation may be that a scaling factor, which is used in 
SLAB to adjust the ambient contribution to 1/L, may compensate, in 
part, for the bias in SLAB to underestimate stability (1/L) in the 
near-field, but substantial underestimates of 1/L appear to be 
introduced in the far-field. The scaling factor in the code is 
computed as follows: 

) final    ~    \ ) 
■'amb ■'aab 

zl 
computed u 

(i+-V zl 

(9) 

Where: 

hr = 
h    = 
zl = 

the higher of the wind speed monitoring height or 3 m 
cloud height 
stability parameter that is computed as follows (by 
assuming hr=3 in this example): 

Stability Class zl 

11.0 

5.0 

2.2 

1.0 

1.8 

2.6 

As h qrows relative to hr, the ambient contribution to 1/L is, 
therefore, further reduced. Note that the stability class term 
shown above is computed within SLAB as a function of user input 1/L 
and surface roughness, based on Reference 19. 
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It appears that for close-in distances, where the cloud 
characteristics significantly contribute to 1/L, the Ri to z/L 
conversion used in SLAB would act to underestimate cloud stability. 
This would lead to overestimating entrainment, especially in the 
near-field, where the zl adjustment term does not substantially 
compensate for the apparent bias in the Ri to z/L conversion. In 
the far-field, the SLAB Ri to z/L conversion problem would not be 
significant because the current code appears to only need 
refinement for the cloud contribution to 1/L. Without the zl 
adjustment, the 1/L term would have converged with the ambient 
value in the far-field. The zl adjustment factor, however, 
increases in importance with downwind distance, and the adjusted 
1/L values appear to act to overestimate entrainment in the far 
field, based on Figure 8 and Equations 3 and 4. 

There appear to be two other scaling factors, in addition to the 
zl adjustment, that act to reduce entrainment in the far field, 
which also should be reassessed: 

wind Speed Scaling Factor - The vertical entrainment rate is 
multiplied times the ratio of the wind speed at 4m over the wind 
speed at the mid-point of the cloud. As the cloud height 
increases, the wind speed adjustment factor progressively reduces 
the entrainment rate. This factor appears to have been added to 
provide a better match with passive sigmas, because wind speea 
varies with height in SLAB, while Gaussian modeling holds wind 
speed constant as plume height increases. Wind speed could affect 
dispersion modeling through the transport term (pollutant injection 
speed into the atmosphere) and, conceivably, through ^'s^ luePce 
on dispersion coefficients. The wind speed change with height, 
however, should not affect the injection rate. Furthermore, the 
Pasquill Gifford dispersion coefficients should empirically show 
the effect on sigmas of increase in wind speed on vertical growth. 
Based on these considerations, it is not clear that the wind speed 
scaling factor would be needed after the Ri to z/L conversion is 
refined. 

MWina Height skiing Factor - Entrainment is multiplied times^ne 
minus the ratio of cloud height divided by mixing height. This 
?erm prevents vertical mixing through an elevated surface inversion 
layer, which is a necessary model condition. It appears however, 
that this term could be refined for times when the top of the cloud 
is below the top of the mixed layer, and possibly during stable 
conditions.  Further review would be recommended for Phase 11. 

In summary, it is not clear that these scaling factors 
should be retained after the conversion from Ri to z/L is refined. 
More research is needed in Phase II. Then it would be possible to 
reassess the need to adjust entrainment rates to account for wind 
speed scaling and mixing height restrictions. What^ can^ be 
concluded now? There appears to be the potential ^underestimate 
entrainment in the far-field on the basis of the scaling factors, 
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and thereby, adversely affect the delineation of Tier I and II 
hazard corridors. In the near-field, on the other hand, there 
appears to be a potential to overestimate entrainment, and thereby 
underestimate maximum risks. It appears that the overestimate of 
entrainment could be mitigated in part by setting the surface 
roughness term to a value lower than that representative of site 
conditions, which decreases the friction velocity and increases *m 
during stable conditions, both of which act to decreases 
entrainment. This appears to have been done in References 20 and 
21. The goal for Phase II, however, would be to resolve all 
fundamental limitations for airbase applications, such as those 
shown for entrainment, before developing additional code to address 
modifications to the ambient field and indoor concentrations. 

2. * Term for Unstable Conditions 
m 

The Monin-Obukhov profile functions are defined in the 
literature as follows (11): 

<t>» = 1-16/- 
-.25 

(10) 

4>, 1-16 ar (ID 

Where: 

$ = momentum profile function 
$? = heat (or other scalar) profile function 

It is not apparent that the *h function, which was used in 
SLAB to represent *m, best represents the entrainment term. 
Figure 9 shows the difference between these two functions. As 
shown, the two functions diverge as downwind distance increases, 
which would appear to overestimate entrainment in SLAB, and 
thereby, act to underestimate concentrations during unstable 
conditions. The profile function for unstable conditions should be 
reevaluated, including the effects any scaling factors used during 
unstable conditions, to ensure that this component of the model 
adequately meets the failsafe objectives of model development. 

Aside from scaling factors used in SLAB, the Ri to z/L 
conversion and unstable profile function would be most significant 
when atmospheric stability deviated significantly from neutral 
conditions. During neutral conditions, model performance would not 
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Figure 9.  Monin-Obukhov Profile Function For Unstable Conditions 
Based on Exponents of -0.50 and -0.25. 

be affected because z/L would equal zero and • would be unity. 
Most of the Burro and Coyote Series testing of the SLAB model were 
reported as neutral, slightly unstable or slightly stable (7 of11 
tests), only Burro 8 was a stable test (7).It is possible that 
roodel performance could have been significantly different if SLAB 
were to be tested during non-neutral conditions, and over a rough 
surface. 
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3.  Upper Limit of Monin-Obukhov Scaling Theory 

The entrainment features of SLAB are based on the _ Monin- 
Obukhov scaling theory. Scaling theory is applicable within a 
lower and upper limit, relative to the ground surface. The lower 
limit was addressed in Section IV.A, but the upper limit could be 
a potential problem for entrainment. Scaling theory applies within 
the surface layer (e.g. 10 percent of the mixed layer), where u, 
can be treated as constant. During the daytime, the surface layer 
can be 100 m or more, however during nighttime, stable conditions, 
the surface layer can be tens of meters (11). 

SLAB reduces entrainment as the cloud grows relative to the 
depth of the mixed layer, but does it adequately consider the 
applicability of Monin-Obukhov theory in the surface layer? During 
the strengthening of SLAB in Phase II, the mixing height adjustment 
factor should be reassessed to ensure that u. is not overestimated 
by extrapolating scaling theory above the surface layer. 

B. ASSUMED DISTRIBUTIONS 

SLAB is a one-dimensional model that simplifies computations 
by assuming uniform concentrations horizontally and vertically 
throughout a "slab", or crosswind cross-section of the cloud. The 
solution of the coupled set of differential equations used in SLAB 
only varies concentration as a function of downwind distance. 
Model users, however, are generally concerned with maximum 
(centerline) concentrations, and the variability in concentration 
as a function of distance horizontally and vertically from the 
centerline. SLAB assumes distributions along the horizontal and 
vertical axes to meet this need. Are these assumptions 
sufficiently conservative considering the degree of uncertainty? 

SLAB assumes the following to characterize the distributions 
of concentration: 

o A Gaussian shape 

o  ay =  BB/73 (12) 

o az = h//3 (13) 

Where BB = half width (m) 
h = cloud height (m) 
a    = horizontal dispersion coefficient (m) 
ay = vertical dispersion coefficient (m) 

How well do the SLAB distributions compare with standard 
Gaussian treatments of initial sigma values, such as the virtual 
point source technique, where there also is a need to match known 
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plume dimensions? The most commonly applied passive dispersion 
model is the EPA Industrial Source Complex Model (ISC). This model 
uses the following assumed distributions to match a known volume 
source, based on the use of the virtual point source technique 
(15): 

O <7„ « BB/2.15     (14) 
y 

o az - h/2.15    (15) 

The SLAB treatment, which divides cloud dimensions by 73 (or 1.73), 
therefore, assumes a more uniform distribution along the horizontal 
and vertical axes. 

The assumed distributions in SLAB could potentially result in 
underestimating concentrations based on the preceding review. 
Centerline concentrations may be conservative in the near-field, at 
least for cold, dense clouds, which have been found to be 
relatively well mixed because of the convective effects produced by 
surface heating (12,13). There are two concerns, however, for the 
development of a failsafe model: 

1 If the concentrations within the cloud were more uniform 
than the assumed distribution, there would be a potential 
in the near-field to underestimate concentrations 
towards the horizontal extremes of the cloud, and 
overestimate centerline concentrations. 

2 There  is  a  potential  to  underestimate  centerline 
'   concentrations in the far field.   While relatively 

uniform concentrations could occur in the near-field, 
distributions likely would develop in the far-field after 
convective influences diminish. At that point, the 
assumed distributions in SLAB would be more uniformly 
mixed than typical Gaussian treatments, and would, 
therefore, not converge with passive treatments. Tfte 
difference in assumed distributions results in 
approximately 25 percent larger sigmas for both axes, 
which could combine to underestimate centerline 
concentration by a factor of approximately 50 percent, 
relative to a standard Gaussian treatment. 

The preceding concerns should be addressed in Phase II. 
Modifications to SLAB could be made through the entrainment and/or 
distribution terms, if deemed necessary, to increase the 
conservatism in the treatment of cloud dimensions. 

C. PLUME MEANDER 

Plume meander along the horizontal axis has been shown to 
increase as averaging time increases (24). Longer averaging times 
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subject the plume to a wider distribution of eddies, which act to 
widen the horizontal extent of the plume. SLAB uses a modification 
of the Slade approach (24) to account for enhanced horizontal 
meander. How well does SLAB represent plume meander for passive 
and dense gas dispersion over a wide variety of terrain conditions? 
There are two issues, which were reviewed in Phase I: 

1. Is the Slade function universal for passive plumes? 

2. How well does the SLAB approach represent a dense gas? 

1. Slade Function As a Universal Function. 

The Slade function was developed from measured standard 
deviation of horizontal wind direction data (ae) collected at the 
smooth clipped grass surface of O'Neill Nebraska (surface roughness 
was roughly 1 cm (25)). Structural or terrain influences at an 
airbase introduce the potential to channel flow. Under these 
conditions, it is possible that the Slade meander function could 
reduce concentrations too much as averaging time increases. Note 
that the influence of structures to increase the entrainment rate, 
a separate issue, will be treated empirically based on wind tunnel 
data (refer to Section IV.B. 

Wide-angle, dense clouds that are created by gravity spreading 
are not sensitive to the SLAB meander term. This point is shown in 
Figure 10. The potential exists to increase cloud width by too 
large a factor for dense or passive gas releases, however the model 
was shown in Figure 10 to be relatively insensitive to this term. 
In this figure, and Figure 11 that follows, the 30-minute average 
concentrations were factored to account for duration, as follows: 
(30-minute concentrations times 1800 seconds / duration (sec)). 

It would be difficult to find a definitive basis to increase 
"he conservatism of this term in the far-field. Since a 30 minute 
averaging period is a critical averaging time for Air Force 
emergency response procedures, meander should be reevaluated in 
Phase II to assess the potential need to arbitrarily reduce the 
SLAB meander term, e.g. by 50 percent to conservatively treat far- 
field meander in a failsafe model. 

2. Slade Function to Represent Dense Gas Releases 

A dense gas is likely to react more slowly to horizontal 
meander because of the greater inertia relative to a passive gas. 
Theoretically, the Slade treatment (24) could overestimate meander 
on this basis. While the Slade function is not directly applicable 
to a dense gas, this issue does not appear to be major. While a 
cloud is significantly denser than the ambient air, gravity 
spreading produces a wide-angle cloud, which results in the 
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Figure 10. Sens 
itivity of the Wind Direction Meander Term in SLAB. 

Gaussian weighting function in SLAB to be relatively "8«n8;£i™ *° 
averaging time. As density difference and gravity spreading 
diminishes, the cloud would behave more like a passive cloud. It 
appears, based on Figure 10, that potentially up to a 15 percent 
overestimate could occur in the meander term in the first 100 mof 
travel. There appears to be a need to follow-up further on this 
point in Phase II. 

Sensitivity testing was done.to determine if high wind speeds 
could pose a potential problem because research showed yarrow dense 
gas plumes during high wind speed periods. Figure 11 shows the 
Significance of the meander term for a rather extreme, 20 m/sec 
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wind speed.   It was found that differences still were within 
approximately 10-15 percent of the 10 second averages. 
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Prob. #1 SLAB Example / 20 m/ito 
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Figure 11. Sensitivity of the Wind Direction Meander Term in SLAB 
During High Wind Speed Conditions. 

In summary, follow-up is recommended for Phase II. Since 30- 
minute averages are needed for the Air Force emergency response 
procedures, more confidence is needed that this term does not 
result in underestimating concentrations for some applications. It 
appears, however, that only minor differences in model output will 
result from refinements'to the meander term. 

A related question, which also needs further consideration, is 
the definition of acceptable concentrations as a function of 
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averaging time. The Air Force emergency response procedures 
currently are based on 30-minute exposures. How well does this 
approach represent longer or shorter duration episodes. Ideally, 
it would be preferable to relax the threshold for short exposures 
and tighten the threshold for longer duration exposures. Perhaps 
consideration of acceptable ceiling concentrations and integrated 
dose would be a preferable approach for pollutants that are time 
dependent. 

The Committee on Toxicology of the National Research Council 
takes the approach for time dependent pollutants of establishing an 
acceptable exposure for the shortest exposure of interest (26). In 
its simplest form, the product of concentration times time is 
treated as a constant in order to estimate acceptable 
concentrations for longer duration exposures (26). If applicable 
for the pollutant of interest, this approach could relax acceptable 
exposures for durations less than the current 3 0-minute SPEGL's and 
tighten acceptable exposures for longer duration episodes. In this 
manner, the acceptable health criteria could be made more 
consistent with the exposure modeling conducted within the 
emergency modeling system. In short, the uniform 30-minute SPEGL 
may be an unnecessary simplification for the emergency modeling 
system that could be developed in Phase II. This is a difficult 
problem, but an 'issue that should at least be reevaluated in Phase 
II to ensure that overly restrictive hazard corridors are not 
established for short-duration incidents, and unprotective 
corridors are not set for longer duration incidents. 

D. WIND SPEED PROFILE 

A review of the SLAB code indicated that Monin-Obukhov 
turbulent scaling theory was used to extrapolate wind speeds from 
instrument exposure height to cloud midpoint height. The procedure 
used in SLAB was reviewed, and SLAB output was compared with 
manual calculations based on Reference 11. Figure 12 shows the 
results. The two approaches compare reasonably well, however, 10- 
15 percent differences are shown. These treatments should be 
reevaluated in Phase II to refine the procedure, as necessary. 

E. SOURCE TERM 

The source release rate can be a complex term. For example, 
for a spill the evaporation rate can be a complicated function of 
ground surface temperature, ambient temperature, vapor pressure, 
wind speed and surface roughness. Applications of SLAB can 
simplify the source term for a spill by effectively assuming that 
the evaporation rate equals the spill rate. There is no function 
to compute an emission rate in SLAB. As the surface cools, 
however, the evaporation rate likely diminishes significantly (5). 
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Figure 12.  Calculated Wind Speed Profiles Versus SLAB Output, 
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The current version of SLAB can conservatively represent the 
emission rate, but the source term may be unnecessarily 
conservative for Air Force applications, especially since 30-minute 
averaging periods are critical. If average emission rates during 
a 30-minute period, for example, were substantially overestimated 
by SLAB, it is possible that Tier I and Tier II corridors would be 
too large, which could unnecessarily restrict Air Force operations. 
The decrease in the source term as a function of time may not be as 
significant for the field testing of SLAB (e.g. the Coyote and 
Burro series) (7). For these tests (7), overwater releases were 
used, where surface cooling likely would not be as significant as 
for a ground surface. 

The goal of the failsafe approach is to minimize the potential 
to underestimate concentration without unnecessarily increasing the 
size of hazard corridors. It is necessary to minimize the 
potential to underestimate concentrations and risks tor- 
applications that may be particularly sensitive to some model 
components. It is equally important, however, to avoid overly 
conservative assumptions. This is an important point for further 
review in Phase II.  Two actions are recommended: 

1 Provide guidance to estimate the spill rate as a function of 
tank/pipe rupture size, and other relevant parameters. 

2 Evaluate the feasibility of providing a model option to refine 
the source term, relative to the present conservative 
treatment. Consider the feasibility of incorporating a source 
term similar to that used in the ADAM model (5), or a fast- 
response parameterization that adequately accounts for the 
most sensitive factors in the source term. Phase II should 
consider all ongoing work by the Air Force on emission rate 
modeling. 

F. REACTIVITY 

SLAB considers phase changes of pollutants and water vapor, 
but the current code does not consider reactions. For Air Force 
applications, reactivity is potentially important for a pollutant 
such as NA, which dissociates rapidly in the atmosphere to form 
NO,. in Vhe case of N204, the differences in toxicity between 
parent and daughter compounds may not be important because it could 
be assumed that all of the N,04 reacts to form two moles of N02. Of 
potentially greater concern would be the endothermic reaction of 
the N,0. to NO, conversion, which could affect the buoyancy term in 
the model. By testing the sensitivity of relative humidity, a term 
that affects buoyancy, it was found for heavy molecular weight 
compounds, such as N20,, that SLAB was relatively insensitive to 
buoyancy effects. ThVeffect of reactivity on the buoyancy term 
therefore, does not appear to be a manor issue for model 
applications involving heavy molecular weight pollutants. Another 
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issue that should at least be considered in Phase II is the 
scenario of liquid fluorine transportation accidents. This 
pollutant reacts with water to form hydrogen fluoride, which is 
somewhat less toxic than the primary release. 

In Phase II, it would be recommended that the modeling system 
be adapted to at least correct the stoichiometry (e.g. 2 moles of 
NO, per mole of N20,) but not to specifically consider reactivity at 
this time. Reactivity may warrant further review in Phase II if 
the final pollutant list for model development includes pollutants 
where buoyancy changes during reaction would significantly alter 
model output, e.g. for pollutants with molecular weights less than 
ambient air (molecular weight 28). Another reason to specifically 
include reactivity would be if parent and daughter compounds had 
substantially different toxicity. If necessary, the treatment in 
ADAM, or alternative treatments under current development, would be 
considered for adaptation to the modeling system. 

G. RELATIVE HUMIDITY 

Relative humidity is input to SLAB because the latent heat 
released during the phase changes of water vapor to liquid droplets 
within the -cloud can be an important contribution to cloud 
buoyancy. The extremely cold temperatures of some dense clouds can 
cause condensation of the water vapor within the cloud, with the 
latent heat associated with the phase change then warming the 
cloud. As the cloud is transported downwind, it entrains air, and 
is warmed by surface heating. The cloud temperature eventually 
approaches ambient temperature, and condensed water can then revert 
to the vapor state, which in turn cools the cloud. 

The sensitivity of SLAB to relative humidity was evaluated. 
For pollutants that are lighter than air when warmed to ambient 
temperature, it was found that the added buoyancy of high humidity 
creatly affected concentrations in the far-field. The cloud would 
"lift off" the ground within the modeling domain after it warmed to 
ambient temperature. Heavy molecular weight pollutants that are 
denser than air when warmed to ambient temperature, on the other 
hand, were not sensitive to relative humidity. Figure 13 shows 
examples of the sensitivity to relative humidity of methane (light 
molecular weight pollutant) and N204 (heavy molecular weight 
pollutant). 

These comparisons show that the accuracy of relative humidity 
data input to SLAB can be important for light molecular weight 
pollutants. Methane and ammonia are examples of potentially 
affected pollutants. Light molecular weight pollutants may not be 
top priority pollutants for Air Force applications, but it is 
important to ensure that the emergency response modeling system 
has failsafe features for all pollutants that could be addressed. 
If joint agency / industry efforts could occur in Phase II, or 
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Methane: Example of Light Molecular Weight Pollutant, 
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N204: Example of Heavy Molecular Weight Pollutant. 
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Figure 13.  Sensitivity of SLAB to Relative Humidity, 
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beyond, this issue may deserve further review, even if Air Force 
priority pollutant lists do not include light molecular weight 
compounds. 

For light molecular weight compounds there are two major 
concerns: (1) instrument accuracy, and (2) profiles of relative 
humidity: 

1. Instrument Accuracy 

Typically, humidity is one of the more difficult 
meteorological parameters to measure on an automated basis. Wet 
and dry bulb temperature measurements are generally reliable, but 
are not readily adaptable to automated monitoring. Dew point 
temperature is often measured in an automated meteorological 
monitoring system, but can be prone to sensor malfunction because 
of the complexity of the cooling cycles of the instrument and other 
factors. For bases that handle light weight pollutants, including 
concerns involving spills of jet fuels, quality assurance of 
parameters used to estimate relative humidity should be carefully 
reviewed if SLAB would be used to support emergency response 
actions. 

2. Profiles of Relative Humidity 

Vertical gradients in relative humidity can be pronounced 
during stable conditions, i.e. when worst-case dispersion 
conditions occur (27) . Vertical gradients in ambient relative 
humidity can be a significant function of cloud height, but SLAB 
treats this term as a constant in the thermodynamics subroutine. 

There does not appear to be an overall benefit to increase the 
complexity of the model to treat relative humidity as variable with 
height because: (1) there generally would be insufficient data to 
characterize the vertical gradient in relative humidity, and (2) 
-hare is an incentive to keep the model fast-response, and 
therefore, not to add unnecessary complexity. Especially since the 
relative humidity term is held constant as a simplification in the 
thermodynamics, it would require substantial model modification to 
treat relative humidity as a variable. The objective would be to 
seek a simple solution to ensure that the vertical profile of 
relative humidity does not produce a failsafe problem. 

The most obvious solution to this potential problem would be 
to avoid monitoring relative humidity at low-level exposure 
heights. The current monitoring height for most Air Force 
monitoring stations is 2-4 m, which may be too low to 
conservatively represent relative humidity during stable 
conditions. The cloud could be treated as more humid than actual 
ambient conditions. For airbases where light molecular weight 
scenarios are of importance, it would be recommended that a 
monitoring height of 10 m be used, which would conservatively 
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represent  relative  humidity  during  these  sensitive  stable 
conditions. 

In summary, there are numerous features of SLAB that need to 
be reevaluated in Phase II to ensure that the failsafe objectives 
of this project are met. This step must be satisfactorily 
completed before proceeding to modify the code to include building 
wake effects and to include an indoor air quality component. 
Actual changes to the code would be made in coordination with staff 
of Lawrence Livermore National Laboratory (LLNL), the developers of 
SLAB, to ensure that the efficiency of the model structure is 
retained. Also, any refinements to SLAB that are proposed to 
better meet the objectives of this project will be submitted to the 
Phase II review committee to seek consensus prior to making any 
code changes. 
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Section VI 

INDOOR AIR QUALITY MODELING 

This section presents a review of modeling issues that need to 
be considered in developing the indoor air components of the 
emergency response modeling system. Section VI(A) introduces the 
mass-balance principles that form the basic framework for indoor 
air quality models. Underlying principles of air exchange and 
building leakage are further summarized in Section VI(B). Basic 
features of leading public-domain models for indoor air quality are 
summarized in Section VI(C), and considerations to be addressed for 
incorporating indoor air quality into the overall dispersion model 
are discussed in Section VI(D). 

A. GENERAL MASS-BALANCE FRAMEWORK 

The most widely accepted indoor air quality models are based 
on principles of mass conservation. That is, a mass balance is 
struck to keep track of material that enters and leaves the 
airspace in question. Within this conceptual framework, 
contaminant concentrations are increased by source release from 
within the defined volume and by transport from other airspaces 
including outdoors. Similarly, contaminant concentrations are 
decreased by transport exiting the airspace and, for reactive 
species, by removal to chemical/physical sinks within the airspace 
or conversion to other species or forms. The main elements of the 
mass balance are illustrated in Figure 14. 

Relationships are most often specified through a differential 
equation where contaminant gain (transported input plus sources) 
and contaminant loss (transported output plus sinks) interact as 
follows: 

dM/dt = Vdc/dt = G - LM, or    (16) 

dC/dt = G/V - LC    (17) 

where: 

V = volume of the airspace 
t = time 
M = total contaminant mass in the airspace 
C = air concentration of the contaminant 

(mass per unit volume) 
G = rate of contaminant gain (mass per unit time) 
L = fractional loss per unit time. 
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Figure 14.     Basic Mass- -Balance Relationships. 

Under the assumption that mechanisms for loss and gain remain 
constant for a time interval t0 to t, the preceding equation may be 
integrated analytically to give: 

Ct=CQe -Ut, 
(VxD 

(l-e-ut) (18) 

where C  and Ct are,  respectively,  the initial  and  final 
concentrations, and At is the elapsed time from t0 to t. 

Algorithms drawn from this basic mass-balance description form 
the principal framework for simulating contaminant behavior in 
indoor settings. A National Academy of Sciences report (28) cites 
Reference 29 as among the first to apply the mass-balance approach. 
Several years later, Turk (30) applied the mass balance to several 
different cases and presented a detailed analysis of transient and 
steady-state behavior. A range of example applications of the 
mass-balance description is presented in Reference 31. 
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Single equation mass-balance models have been tailored to 
examine contaminants in chamber experiments (32,33) as well as in 
full-scale buildings (34,35). In applying the mass balance to real 
situations, the generalized mechanisms of contaminant gain and loss 
must be expanded to acknowledge specific sources, transport, and 
sinks. 

The rate of contaminant gain, G,  is related to source 
emissions and contaminant transport.   In the simplest case, 
involving only an indoor and an outdoor airspace, 

G = S + Q c,    (19) out 

where: 
S = emission rate of the source (mass per unit time) 
Q = volume flow rate from outdoors (volume per unit 

time) 
C  = ambient concentration (mass per unit volume). 
out 

The mass rate of contaminant loss from the airspace of 
interest is proportional to the concentration as well as the 
intensity of the loss mechanisms. The fractional loss rate, L, 
includes transport as well as chemical/physical sinks: 

L=£+K        (20) 

where: 
Q = volume flow rate exiting the airspace (volume per unit 

time) 
K = removal rate for chemical and physical sinks (per unit 

time). 

The removal rate, K, accounts for contaminant removal other 
than transport, and is sometimes called simply the decay term. 
Depending on the contaminant of interest, mechanisms may include 
radioactive decay, various chemical reaction pathways, reversible 
/ irreversible sinks, or removal by filtration. K is usually 
treated as a contaminant- and situation-specific first-order rate 
constant with units of inverse time (i.e., h' ) . 

As a corollary to the contaminant mass balance, a transport 
balance must be maintained. The amount of air entering the 
airspace must be compensated by an equal amount exiting. The air 
exchange rate, v, has intrinsic units of inverse time (e.g., h ). 
Air exchange is generally stated in air changes per hour (ACH) ana 
is a useful concept for tracking the transport balance and 
simplifying notation: 
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4-v    (21) 

Thus, 

i = -^+vCwt    (22) 

L=v+JT 

The general mass balance can be stated more fully as: 

.     -5f=^+vCouC-(v+iOC        (24) 

or, 

r   r   -dfjtiAfc,      * (i-e'(v+J0At) (25) ce_c°e (v+20 

As outdoor air enters the building, a certain fraction of the 
contaminant (FB) may be intercepted by the building envelope and 
air cleaning equipment, resulting in a filtration or scrubbing 
effect. When this concept is incorporated into models, the outdoor 
infiltration term becomes vtl-Fg)^. 

Equation 25 operates through the assumption of perfect mixing. 
That is, emissions are assumed to be rapidly dispersed throughout 
the geometric volume defined by walls, floors, and ceilings, and 
the air exchange process is assumed to be equally effective 
everywhere in the airspace. Where air circulation patterns limit 
dispersal and mixing, the concepts of effective volume and mixing 
factor can be applied separately or together to treat these 
conditions (31). 

The effective volume cV defines the volume that is actually 
involved with pollutant dispersal. The value of c is unity when 
the entire volume is involved (as. when a fan encourages complete 
mixing). 
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Similarly, to relate imperfect mixing to the air exchange 
process, the mixing factor can be introduced. As with effective 
volume, the mixing factor (generally denoted by m) modifies the air 
exchange rate to give the effective air exchange rate, mv. In 
classical terms, the mixing factor is the ratio of actual residence 
time (corrected for decay processes) to that derived from the air 
exchange rate (36). It can also be expressed as the ratio of the 
concentration in the exit stream to the indoor concentration when 
mechanical ventilation systems are at work. The value of the 
mixing factor is a function of position with respect to air 
movement patterns, and can exceed unity under strongly stratified 
conditions. 

The mass balance model is frequently called the single-chamber 
model. In this description, pollutant transport is dominated by 
air exchange with the outdoors and is useful for modeling single 
rooms and buildings that are well mixed. When a building must be 
treated as a network of interconnected volumes, separate mass 
balances are struck for each indoor volume and a system of 
simultaneous equations results (37,38). 

In a single-chamber system, only the infiltration / 
exfiltration airflow requires specification. For multiple-chamber 
systems, however, each chamber requires specification of 
interchamber airflows as well as infiltration/exfiltration. As 
shown in Figure 15, a two-chamber system is characterized by six 
airflows, and a three-chamber system is characterized by twelve 
airflows. Generalizing, a system composed of N interconnected 
chambers requires (N + 1) • N airflows to be specified. 

With the added complexity, notation is augmented to clearly 
identify features (Figure 16). For the "ith" compartment of the 
system, Equation 25 becomes: 

de    v, +£?«c°uc ft   vj       v,  ftUl'   i   * 

where: 

Q . = volume flow rate from outdoors 
Q°! = volume flow rate from the "jth" chamber to the "ith" 

chamber 
0 . = volume flow rate from the "ith" chamber to the "3th" 

chamber. 
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Figure 15.     Airflows for Multiple-Chamber Modeling. 

B.   AIR EXCHANGE 

1.  Theoretical Framework 

The major factors responsible for the infiltration of air into 
a structure are well understood from a theoretical perspective. 
The relationships underlying mathematical models of air 
infiltration have been reviewed by the Air Infiltration and 
Ventilation Centre (AIVC) (39), established by the International 
Energy Agency. The summary that follows is based in large part on 
the AIVC review. 
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Figure  16.     Basic Mass-Balance Relationships  for Multi-chamber 
Approach. 

The    flow   of    air   through    openings    in    a    building    can   be 
expressed by the eguation: 

Q=k(AP)n (27) 

where: 
k =  a flow coefficient (m3/sec at 1 pascal) 
n = a flow exponent 
AP =  is the pressure difference across the opening 

(pascals) 
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Q = the flow rate through the opening (m3/sec) . 

The flow coefficient is related to the size and geometry of 
the opening/along with the flow rate. The flow parameters for a 
building can be determined from leakage tests on individual 
components, from published values such as those provided by 
Reference 40, or from leakage characteristics determined by 
pressurization tests for the entire building. 

The pressure differences that drive the air infiltration 
process are caused by the action of wind and stack effects. The 
wind effect is given by: 

^=<-|)CpV2   (28) 

where: 
P = pressure on the exterior of the building 

(pascals) 
p = air density (kg/m3) 

C = pressure coefficient 
v = wind speed (m/s). 

The pressure coefficient is a function of location on the 
building exterior, building shape, and the surrounding terrain. 
Most information on such coefficients is from wind tunnel tests on 
scale models of isolated buildings or simple arrangements of 
buildings. AIVC recently announced the availability of CPBANK, a 
data base of wind pressure coefficients for prevalent building 
shapes accumulated through years of wind tunnel testing (41). 

The stack effect arises as a result of differences in 
temperature between a building's interior and exterior. These 
differences produce an imbalance in the pressures exerted by the 
internal and external air masses, thereby creating a vertical 
pressure gradient. When delta T (indoor-outdoor temperature) is 
positive (i.e., warmer indoors), air tends to enter through 
openings in the lower part of the building and escape through 
openings at higher levels. The flow direction is reversed when 
delta T is negative. The level at which the transition from inflow 
to outflow occurs is called the neutral height. The pressure 
difference resulting from stack action between two vertically 
displaced openings is given by: 
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where' 
p = the air density at 1/2 (T0 + Tf) and ambient pressure 
h° = the vertical distance between openings (m) 
T and T- = outdoor and indoor temperatures, respectively 

(K). 

2.  Air Infiltration Models 

Mathematical models of air infiltration based on the above 
relationships range from single-cell or single-chamber approaches 
to multi-cell methods. Where appropriate, the actions of 
mechanical ventilation systems are readily incorporated. _ The 
single-cell approach assumes the building to be at a single 
internal pressure, whereas the multi-cell methods partition the 
interior into individual rooms or sections. Single-cell models can 
be used to predict whole-building air exchange rates and are 
therefore useful for energy calculations. However, they do not 
consider air movement within a building. Although multi-cell 
approaches provide much useful information, they require 
substantial data to describe the internal flow network and can 
involve complex computations. Only in limited situations, such as 
multiple story buildings that are relatively close to potential 
release areas, would multi-cell analysis be necessary for this 
emergency modeling system. 

A variety of mathematical models for air infiltration exist; 
a number of these models have been reviewed and compared, for 
example, in reference 42. The latest model, COMIS (Conjunction of 
Multizone Infiltration Specialists), is a modular model produced 
through a multinational team approach (43). Available models share 
a similar theoretical basis in that they all address the 
indoor-outdoor pressure difference during the infiltration process, 
which is maintained by the action of wind and stack effects. In 
general, these models take the form of a flow network whereby nodes 
-epresenting regions of different pressure are interconnected by 
leakage paths. Models generally differ in the level of detail such 
as the number of nodes they treat or the specifics of leakage_paths 
(e.g., individual components such as cracks around doors or windows 
versus a combination of components such as entire sections of a 
building). Such models, however, may not be readily adapted to the 
emergency modeling system because the inputs required (e.g., 
leakage areas, crack lengths) cannot be easily gathered by the 
typical user. 

A more practical approach for the emergency modeling system 
would be to estimate air infiltration rates through the use of 
empirical models. Such models typically rely on collection of 
infiltration measurements under a variety of weather conditions; 
the relationship between infiltration, windspeed, and temperature 
difference is estimated through techniques such as regression 
analysis and is typically stated in the following form: 
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ACH=a+b\TrT0\+cUa       (30) 

where: 

ACH = infiltration rate, h'1 
|T. - T I = absolute value of the indoor-outdoor 

temperature difference (C) 
U = windspeed, m/s 
n = exponent with a value typically between 1 and 2 
a, b and c = parameters to be estimated. 

Relatively good predictive accuracy can usually be obtained 
for individual buildings through this type of empirical approach, 
and seasonal or annual average infiltration rates can be calculated 
using average temperature and windspeed compiled from local 
meteorological data. The preferred approach to estimate 
infiltration rates for this project would be to select on the order 
of 10 "model" structures, which would form a data base to estimate 
infiltration for other similar buildings at the base. At least 2-3 
field programs would be done for a range of meteorological 
conditions to establish appropriate coefficients. This approach 
would be effective, and not expensive. If 3-4 priority airbases 
were evaluated on this basis, the data base could be generalized 
for the structures at lower priority airbases. 

In the future, further review may be warranted to evaluate the 
potential differences in infiltration and exfiltration rates for 
dense and non-dense gas clouds. This potentially is a Tier I 
(near-field) issue. The infiltration of dense gas clouds could be 
faster that passive infiltration, and the lower floor and basements 
could "fill" until the pollutants are warmed to ambient temperature 
and are transported in the manner of a passive gas. T^e 

differences between passive and dense gas air exchange rates likely 
are a function of service opening status. This issue could be 
evaluated by GEOMET, based on theoretical grounds, and possibly 
comparative infiltration experiments. Differences between the 
movement of dense and passive gases into structures could be 
important for the decision to shelter-in-place or evacuate affected 
buildings. 

3.  Air Exchange Data 

Air leakage in buildings has been a subject of active research 
for over 40 years. Extensive field measurements, however, were not 
contemplated until the energy crises of the 1970s strengthened the 
economic incentives to reduce air leakage. Since then, research 
issues have also embraced indoor air quality and maintenance of 
human comfort, broadening the objectives for measurements in all 
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types of buildings.  This section briefly summarizes the range of 
observed air exchange rates. 

Residential buildings have received the most attention. In 
the early 1980s, researchers at the Brookhaven National Laboratory 
(BNL) disclosed a convenient technique for measuring air exchange 
and internal airflows using diffusion-based release and sampling of 
perfluorocarbon tracers (PFTs) (44). Since then, the_ PFT 
technology has been used in over 100 separate research projects 
with BNL serving as the analytical laboratory. Resulting data from 
over 4,000 residences was recently assembled into a data base by 
BNL, Versar, and GEOMET (45). Summary analysis of the data 
indicates that air exchange rates in residential buildings range 
over a full order of magnitude, from 0.14 ACH for fairly tight 
homes to 1.9 ACH for fairly leaky homes. The median air 
infiltration rate is at 0.43 ACH. These observations are 
consistent with the range suggested in standard references (40). 

Although interest is growing, relatively few air exchange 
measurements have been conducted in non-residential buildings. 
Grot and Persily (46) studied eight newly constructed office 
buildings, observing a range similar to those found in residences 
(Table 4). More recently, Turk et al. (47) studied 38 
non-residential'buildings in the Pacific Northwest, reporting a 
range of 0.3 to 4.2 ACH with an average of 1.5 ACH (Figure 17). 

Very few measurements of air exchange have been taken in large 
open buildings such as aircraft hangars. Ashley and Lagus (48) 
carried out tracer gas measurements, however, at Air Force and 
Naval facilities located in California, Maine, North Dakota and 
Virginia. Measured air exchange rates (Table 5) are comparable to 
those shown in Reference 47 for large offices and other 
non-residential buildings. The data in Table 5 were collected with 
hangar doors closed. The high ACH for Mmot, North Dakota is 
attributed to an open hangar door during testing, and should be 
considered an outlier. As shown through this example, service 
opening status at the time of cloud approach is important tor 
implementing Air Force.emergency response procedures, as it greatly 
affects decisions to evacuate or shelter-in-place. 

Air exchange rate data are normally collected with operable 
doors and windows closed so that measurements reflect air leakage 
(or, in the case of larger buildings, air leakage plus mechanical 
ventilation). Relatively few experiments have been reported 
concerning natural ventilation. Reference 49 reports the effects 
of various patterns of window openings in a British home. Tney 
found that under moderate winds (9 mph), air exchange rates would 
triple when either windward or leeward windows were opened; opening 
all windows provided an eightfold increase. Tn the study of 
aircraft hangars cited above. Ashley and Lagus (48) found that 
opening a single panel of the main doors on the downwind end of one 
hangar offprpd only marginal effect (0.75 ACH VPrsus a previous 
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TABLE 4. MONTHLY AVERAGE VENTILATION RATES (Source: Reference 46) 

'All the ventilation rates are in units of exchanges per hour. 
"Based on outside temperatures from Homer, AK. 
rBased on an average of outside temperatures from Flint and Detroit, MI. 
•'Based on outside temperatures from Ft. Smith, AR. 
'Based on outside temperatures from Hartford, CT. 

Month Anchorage* Ann Arbor* Columbia Fayetteville' 

January 0.46 0.47 0.64 0.32 

February 0.46 0.47 1.09 0.32 

March 0.46 0.47 1.09 0.35 

April 0.75 1.96 1.10 0.35 

May 1.10 1.94 0.69 0.65 

June 1.22 0.94 0.68 0.36 

July 
August 

1.22 0.50 0.68 0.36 
1.22 0.50 0.68 0.36 

September 
October 

1.22 
0.75 

1.94 
1.96 

0.68 
1.10 

0.36 
0.35 

November 0.46 0.86 1.09 0.35 

December 0.46 0.47 0.64 0.32 

Month Huron Norfolk Pittsfield' Springfield' 

January 0.26 0.70 0.40 1.00 

February 
March 

0.26 
0.32 

0.70 
1.05 

0.40 
0.38 

1.00 
0.95 

April 
May 
June 

0.14 1.00 0.67 0.76 
0.52 0.75 1.25 0.62 

0.53 0.58 0.50 0.59 

July 
August 
September 
October 

0.16 0.58 0.50 0.59 
0.53 
0.52 
0.13 

0.58 
0.75 
1.00 

1.19 
1.25 
0.67 

0.59 
0.62 
0.76 

November 0.32 1.05 0.84 0.96 

December 0.26 0.70 0.40 1.00 
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closed-hanaer observation of 0.6 ACH) . Opening one section at each 
end of the hangar, however, increased the air exchange rate tenfold 
(6.3 ACm . 

C.  INDOOR AIR QUALITY SOFTWARE MODELS 

Indoor air quality models usually are developed to meet 
specific purposes, and therefore, reflect the technical objectives, 
user sophistication, and reporting requirements related to the 
originating needs. Converting such models to alternative purposes 
often requires either a reworking of the original implementation or 
a compromise of the new use. 

Given the relative simplicity of the mass-balance framework, 
it is not surprising that indoor air quality models have 
proliferated in the desktop or personal computing environment. 
Although software code has been developed for implementation in the 
minicomputer environment (see, for example, Reference 35) , the 
availability of standard programming languages and compilers 
readily supports upwardly and downwardly compatible translations. 

For this project, we are interested in public domain models 
that could be adapted to the needs of the emergency response 
modeling system without invading proprietary rights. From previous 
work (50), it is apparent that there are.at least three models that 
meet this requirement, while representing the higher end of the 
state-of-the-art: 

CONTAM—developed by researchers at the National 
Institute of Standards and Technology (formerly the 
National Bureau of Standards) with support from the 
U.S. Environmental Protection Agency and the U.S. 
Department of Energy (51,52,53). 

INDOOR—developed by researchers at the Indoor Air 
Branch of the U.S. Environmental Protection Agency's 
Office of Research and Development (54). 

MCCEM—developed by GEOMET researchers for the 
U.S. Environmental Protection Agency's Office of 
Toxic Substances (55,56). 

Table 6 summarizes the key features of these models. 

1.  CONTAM 

The CONTAM indoor air quality model was developed by 
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TABLE  5.       MEASURED  AIR  EXCHANGE  RATES   IN  AIRCRAFT  HANGARS   (Adapted 
From Reference  48) 

Volume        Air Exchange 
Facility (m3) (ACH) 

Norfolk, VA 96,220 1.3 
66,222 0.7 

Mlnot, ND 28,158 2.3 

McClellan AFB, CA       24,621 0.6 

Brunswick, ME 2,410 0.8 

»Adapted from Ashley and Lagus (1986). 

researchers at the Building Environment Division of the National 
Institute of Standards and Technology (NIST) to simulate pollutant 
movement and concentration variation in buildings. The 
developmental effort has been supported under interagency agreement 
with the U.S. Environmental Protection Agency, with additional 
support from the U.S. Department of Energy. Model formulations and 
testing are described in two major reports (52,53). Ongoing 
refinements were recently summarized (57). 

This model is capable of treating multiple contaminants, 
sources, and zones. Relevant features of CONTAM 87 include the 
following. 

Airflows - In the terminology of the model, directional airflow 
from one chamber to another is called a flow element. Flow 
elements may be specified as either simple flow (consistent with 
instantaneous and complete mixing) or convection-diffusion flow (to 
treat imperfect mixing) . The magnitude of the flow elements may be 
varied over time. Time histories composed of discrete time 
intervals are defined by specifying an initial and final time ana 
a system of flow elements for each interval. This option provides 
the capability of modeling time-variant airflows such as would 
occur with heating, ventilation, and air conditioning (HVAC) 
systems. Each flow element may be assigned a filter efficiency_for 
each chemical being modeled. This feature is useful if_a chemical 
is likely to be partially removed by filters in the air handling 
system, which could be a precautionary measure for structures that 
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TABLE  6.     SUMMARY OF  FEATURES  OF  INDOOR AIR QUALITY MODELS. 

Features CONTAM 

User Interface 

Zones/spaces 

Contaminants 

Sources 
Multiple 
Initialized Indoor levels 
Outdoor levels 

Release mechanisms 
Simple emission factors 
Pre-formatted emission 
function 

User-specified emission 
function 

Sink effects 
First order decomposition 
Deposition velocity 
Re-em1ss1on 

Infiltration 

Interzonal transport 

Exposurt 

Command 
processor 

Multiple 

Multiple 

Multiple 
Yes 
Yes 

Yes 

No 

Yes 

Yes 
Indirect 
Indirect 

Time 
schedule 

Time 
schedule 

No 

INDOOR 

Menu 

Multiple 

Single 

Multiple 
Yes 
Yes 

Yes 

Yes 

NO 

NO 
Yes 
Yes 

Constant 

Constant 

No 

MCCEM 

Menu 

Multiple 

Single 

Multiple 
Yes 
Yes 

Yes 

No 

Yes 

Yes 
No 
No 

Constant 

Constant 

Yes 

are not self-contained and could be in relatively high impact areas 
in the event of an accident at a base. 

Emissions  - Species-specific contaminant generation rates can be 
assiqned  to  each chamber,   however,   indoor  sources  are  not within 
the scope of this project.    More importantly,    the user can specify 
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outdoor concentrations to any desired level of detail through the 
time-scheduling framework. 

Sink Effects - Chemical and physical transformations and sinks 
are handled by defining one or more sets of contaminant-specific 
rate terms, and then assigning specific sets of rate terms to 
specific chambers. This approach allows straightforward treatment 
of special circumstances (e.g., a catalytic process unique to one 
chamber) as well as generalized processes (e.g., first-order 
decay). The sinks for nitrogen tetroxide, which disassociates to 
form NO, should be studied in greater detail in Phase II. Indoor 
sinks for NO, could have a major effect on decisions to evacuate or 
shelter-in-place. There is a considerable data base on N02 sinks, 
however, the rates of loss likely are quite variable among building 
types. Residential structures, for example, could have a 
substantially different sink for N02 than aircraft hangars. An 
effective modeling system, would need to consider available data on 
NO, sinks to best guide evacuation or shelter-in-place decisions. 
As for many complex issues that will need to be considered, the 
goal is to use the best■available data to guide response actions. 
In many cases, data is sparse and uncertain, but could provide 
better guidance than the default case of totally neglecting complex 
and important terms. For N02, first order decay rates likely can 
be estimated for the modeling system. Other pollutants of primary 
interests will also need to be reviewed in comparison with 
available data on indoor sinks. 

Numerical Solutions - Finite difference methods are employed to 
solve the mass-balance equations.  Binary files are created for 
storage of flow element data, kinetics element data, and time 
history-related data to ease the memory burden. 

2.  INDOOR 

INDOOR was developed by researchers at the U.S. Environmental 
Protection Agency to allow rapid analysis of pollutant migration in 
a building under specified airflow conditions. Model formulations, 
results of early testing, and the user's manual are contained in a 
recent report (54). The model is written in Microsoft QuickBASIC 
for the IBM-PC, XT, AT and compatibles. 

The program features a menu-driven user interface to transfer 
control among menus, data entry, and executable functions. Design 
principles follow a user-friendly pattern, prompting data entry 
through a series of menus and formatted screens that represent data 
entry forms.  Relevant features of INDOOR include the following: 

Airflows - The model accommodates a nominal maximum of 10 rooms, 
and allows detailed specification of HVAC air circulation rate, 
makeup air fraction, and fraction of time on.  Specification of 
room-specific airflows is aided by a set of interlocking data entry 
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forms that update the flow balance as each entry is made. The 
model allows the HVAC and rooms to contain a filter with 
user-specified removal efficiency. Airflows may be specified as 
two cases for a given run to convey an alternating pattern that is 
repeated each hour to mimic operation of air handling systems. The 
model randomly switches between these two states so that the 
simulated HVAC system is on for the fraction of time specified by 
the user. 

Emissions - Generalized source terms for the model can be 
incorporated as emission factors, however, this option is not 
likely to be used in the emergency response modeling system. 

Sink Effects - The model accepts user-defined sink terms for each 
pollutant. Input values correspond to a deposition velocity (m/h) 
and are combined with the interior flat surface areas of each room 
(walls, ceiling, floor) automatically read in from the room 
definition panel to define first-order removal rates (h*1) . 
Re-emission from the sink is also user-defined in terms of a rate 
constant and a critical concentration threshold. 

Numerical Solutions - Finite difference methods are employed to 
solve the mass-balance equations. The time step to increment the 
difference solutions is user-definable (5 seconds is the default 
value); the program automatically monitors for numerical 
instability, adjusting the time step downwards in response to 
instability or upwards (increasing speed of execution) if results 
meet tolerance. Individual simulations are limited to treating one 
pollutant at a time, which is consistent with the emergency 
response modeling system. 

3.  MCCEM 

The Multi-Chamber Consumer Exposure Model (MCCEM) was 
developed by GEOMET for the U.S. Environmental Protection Agency, 
Office of Toxic Substances, Exposure Evaluation Division. Model 
formulations and the user's manual are contained in recent reports 
(55,56). The model is written in Microsoft* QuickBASIC for the 
IBM-PC, XT, AT and strictly compatible microcomputers. Because of 
the structure and complexity of the program, it is likely that 
MCCEM would require extensive modifications to execute on other 
hardware systems. 

MCCEM is of modular construction. The main program provides 
user-interactive features, and uses control logic to execute the 
different modules at appropriate times. The user input module 
contains a sequence of input screens to facilitate user-entered 
values and selection of default settings for model execution. 
Relevant features of MCCEM include the following. 
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The indoor air quality code that could be used in the 
emergency modeling system would not assume complete mixing between 
floors unless floors were interconnected through a common HVAC 
system. If there were no HVAC connection, the ground-level 
infiltration would be assumed limited to the affected floor. If 
HVAC controls were to be added help protect potential high impact 
areas, the model could consider these benefits. Careful 
consideration would be needed, however, of the degree of control 
as a function of natural infiltration. This factor could be 
especially important if the building was not overpressurized. 

D.  MODEL DEVELOPMENT ISSUES 

Currently, air infiltration modeling and indoor air quality 
modeling are separate, but linkable, processes. That is, models 
exist to define air exchange rates as a function of meteorological 
conditions, building leakage configuration, and mechanical systems 
operation, and models exist to define indoor contaminant levels as 
a function of outdoor concentrations, air exchange, indoor sources, 
and contaminant properties. No single model currently exists, 
however, to fully integrate all processes into one grand indoor air 
quality simulation routine. The proposed emergency response 
modeling system could fulfill this need. 

By examining the range of observed air exchange data, 
characteristic values could be established to best meet the needs 
of the emergency modeling system. Figure 18, for example, 
illustrates the time series of modeled indoor concentrations 
associated with a 30-minute cloud-passage episode for a building 
whose air exchange rate is 1 ACH. The indoor concentration profile 
is characterized by two trends: (1) ingrowth during the period 
when the cloud is present, followed by (2) dilution as indoor 
levels recede after the cloud passage. During the ingrowth period, 
the rate of increase indoors is controlled by the air exchange 
rate, and the maximum level is determined by the duration of the 
cloud passage. Mathematically, the maximum indoor level (C ) can 
be expressed as a function of the cloud concentration (C^) , air 
exchange (v), and cloud duration (Tp) : 

CUx-C^tl-e-"')   (31)  . 

As shown in Figure 19, CTOX reaches approximately 50 percent of 
the cloud concentration when vT reaches a value of 0.7; if vT 
reaches a value of approximately 2.3, we can expect C to reach 
about 90 percent of the cloud concentration. If air exchange rates 
are relatively small and cloud durations are brief, the indoor 
environment affords some protection.   The protection level, 
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INFILTRATION OF OUTDOOR CLOUD 
30 MINUTE CLOUD and 1 ACH 

Figure 18.  Example Time Series From Single-Chamber Mass-Balance 
Model. 
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INFILTRATION OF OUTDOOR CLOUD 
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Figure 19.  Indoor Maximu* Concentration Versus Air Exchange (Nu) 
and Cloud Passage Times (Tp) . 
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however, is limited to reducing peak indoor concentrations. Even 
though indoor concentrations are lower, they prevail for a longer 
time, such that the integral under the indoor concentration proflie 
approaches the integral under the outdoor profile, if individuals 
were to remain indoors after cloud passage. The importance of peak 
relative to average exposures varies with the chemical of interest. 
Dose is important for some pollutants, while peak concentration is 
more critical for others. On this basis, the protection afforded 
by sheltering-in-place is a function of the characteristics of the 
pollutant. 

The dilution effects of air exchange follow an exponential 
trend. Diluting peak indoor concentrations by 90 percent requires 
approximately 2.3 air changes. As shown in Figure 20, this could 
require nearly half a day in extremely tight structures but can be 
accomplished fairly rapidly at higher air exchange rates. From 
this graph, it is clear that recognizing occurrences of relatively 
low air exchange (e.g., v < 1 ACH) is especially important 
following cloud passage. 

Table 7 summarizes the range of measured air exchange rates 
described in this section along with the calculated_90-percent 
response time (i.e., the time necessary to achieve ingrowth or 
dilution by 90 percent). This response-time parameter is important 
because it defines the critical time width for both the ingrowth 
and dilution periods. Thus, for the lowest air exchange rate in 
the table, 0.14 ACH, the cloud needs to remain at the building for 
about 16 hours for indoor levels to approach the cloud 
concentration, and another 16 hours must elapse after the cloud 
moves on before indoor levels recede to 10 percent of the peak 
indoor value. The composite values listed at the bottom of the 
table were synthesized by averaging across the building categories. 
These provide generalized values for buildings of unknown air 
exchange. 

During the ingrowth period, if the building air exchange rate 
greatly exceeds the 3 ACH assigned to the worst-case scenario (as 
could occur in a hangar with all doors opened), negative 
consequences are minimized because indoor levels cannot exceed the 
cloud concentrations. Cloud passage would need to be fairly brief 
(less than 20 minutes) to underestimate indoor levels by more than 
a factor of two. On the other hand, if the actual air exchange 
rate during the ingrowth period is very small compared to the 
worst-case scenario, then indoor concentrations would be 
overpredicted during this period. In the case of an energy 
efficient office building (approximately 0.3 ACH), the indo°r 
maximum from a one-hour cloud passage would be overestimated by 
approximately a factor of four. 

For buildings that are not specifically tested for 
infiltration during model installation, or for non-priority bases, 
it could be possible to assign buildings to one of three tightness 
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Figure 20. Time Required to Dilute Indoor Concentrations By 90 
Percent. 
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TABLE 7.  SUMMARY OF AIR EXCHANGE RATES FOR VARIOUS TYPES OF 
BUILDINGS. 

Building Category 

Time to 
Air       Achieve 

Exchange    90 Percent 
Rate       Change 

Residential         Low 0.14 16.4 
Median 0.52 4.6 
High 1.90 1.2 

Non-Res1dent1a1       Low 0.03 7.7 
Median 1.12 2.1 
High 4.20        0.6 

Aircraft Hangars      Low        0.60        3.8 
U*rH»n 1.17 *•* Median       1.17 
High 2.30 1.0 

Composite Low 0.3 7.7 
Median      1.0 z.3 
High        3.0 0.8 

categories (e.g., low, medium, and high) and to assign the 
composite rates in Table 8 (0.3, l.O, and 3.0 ACH) to these 
categories for modeling purposes. Such an approach could provide 
reasonable accuracy in some situations, but could potentially 
produce errors of unknown direction and magnitude in otner 
situations (e.g., building assigned to tightest class assuming 
windows closed, whereas windows are actually open when an emergency 
occurs). At a high priority base that is conducting a fuel 
transfer operation on stand-by basis, service opening in sensitive 
areas can be controlled, but in uncontrolled, offbase areas, there 
would be greater uncertainty in this term. It is important to make 
the best estimates of service opening status to choose between the 
evacuation or shelter-in-place options for Tiers I and II. Default 
window and door status could be established as a function of 
ambient temperature, time of day, and day of week (refer to Section 
VIII) . 

The above discussion provides an initial basis for adding an 
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indoor air quality component to the emergency modeling system, but 
subsequent steps could consider refinements to enhance the realism 
in the model output. For example, the validity of the 
single-chamber model is dependent on the adequacy of the assumption 
of a well-mixed interior volume. However, many high-rise buildings 
and multiple-use buildings are purposefully designed to segregate 
the interior into largely independent zones. Hospitals, for 
example, generally segregate special-care wards, operating 
theaters, and laboratories. For buildings tall enough to extend 
above the cloud, vertical separation of air handling systems would 
also warrant more detailed attention in the model to avoid 
introducing bias between ambient and indoor environments. 

The CONTAM software represents probably the best means to 
incorporate multiple-chamber modeling into the overall dispersion 
model. The command processor is ideally suited to receiving 
dispersion predictions and delivering indoor air predictions. The 
specificity and breadth of input data, however, grows with model 
complexity, requiring varying degrees of attention on a 
building-by-building basis. 

Much of the information necessary for more complex indoor air 
quality modeling can be acquired from the architectural / 
engineering plans for buildings (e.g., HVAC flow capacity, and 
definition of indoor zones). Some critical information, however, 
can only be acquired by field measurements. For example, 
inadvertent air movement between indoor zones through stairwells, 
elevator shafts, or service chases is best quantified through 
tracer-gas studies. Indeed, a full-scale field trial to simulate 
cloud passage impacts would provide invaluable data. During 
installation of the emergency modeling system at high priority 
bases, these data could be acquired and interpreted. 
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Section VII 

VISIBLE INTERACTIVE CHECKPOINTS 

Dense gas dispersion and transport is more complex than 
passive gas treatment. The modeling analysis needs to consider 
thermodynamics, gravity spread, transportation and dispersion as a 
function of mass of emission, and phase changes for pollutant and 
water vapor in the cloud. Considering the additional complexity 
relative to passive gas modeling, there is greater potential for 
error. But, there also is a potential benefit to dense cloud 
modeling - - a benefit that often is not available for passive 
cloud analysis, i.e. dense clouds are often visible. 

A visible plume provides the potential opportunity for a real- 
time, mid-course correction. It is important for a failsafe 
philosophy to consider all available information that could shed 
light on whether or not the modeling system is conservative. 
Follow-up in Phase II would be recommended to further assess the 
feasibility of a conservative override option. Clearly, the 
relationship between a visible plume and other cloud 
characteristics is complex, and needs careful review before 
developing a conservative override option. There is a substantial 
possibility that this option may not be feasible. There would be 
a substantial benefit, however, to ensure that model output is not 
grossly underestimating risk, which appears to warrant further, 
limited review. 

An intensely cold, dense cloud often is clearly visible 
because of the condensation of water vapor within the cloud. The 
'-loud will remain visible until entrainment and surface heating 
warm the cloud above the dewpoint of the cloud. While visible, 
there is the potential to assess the conservatism and general 
adequacy of several key terms of the model, including cloud growth 
rates, speed of travel, and direction of travel. 

A. CLOUD GROWTH RATES 

A pollutant cloud grows by entraining ambient air and by 
gravity spreading. Often, pollutants will be well mixed within a 
cloud because of the convection produced by surface heating. 
Ongoing entrainment as a function of downwind distance will develop 
distributions of concentration and other cloud-influenced 
parameters (such as humidity), which would show cloud influences 
weighted toward the center of a cloud, and the approach of ambient 
conditions at the fringes. In terms of entrainment, the primary 
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goal of the override option would be to avoid the scenario where 
the plume is more concentrated than model estimates because of 
inaccuracies in the entrainment or gravity spreading terms. 

Visual checkpoints offer the potential to compare observed to 
predicted cloud growth rates.   Comparisons are complicated, 
however, because cloud width and height is likely to be greater 
than the visible plume (12,59).  This effect appears to be caused 
by the greater influence,of ambient conditions at the edges of the 
cloud, which could increase temperature above the dew point even 
though  concentrations  at  that  point  within  the  cloud_ are 
significantly elevated in comparison with ambient concentrations. 
This issue need«- careful review, especially since researchers (60) 
have shown that with rough  surface elements that the gravity 
spreading was less than expected based on the HEGADAS model; in 
Phase II, the implications of these findings would need to be 
reviewed in terms of SLAB (strengthened version). This could be an 
important failsafe issue, especially if the modeling system 
overestimates gravity spread for rough surfaces.   The Shell 
research (60)  should be considered in any follow-up on the 
conservative visible override option. While it can be acknowledged 
that the visible plume should be smaller than the modeled plume, 
how much smaller should it be?  When is additional conservatism 
needed to ensure the model output is failsafe in a real-time mode? 
Considering the potential benefits of a visual override feature, 
and the complexity of this issue, comments will be sought from 
British researchers, who have studied visual effects of dense 
clouds (12,59,60), during Phase II. 

The following needs to be done to assess the feasibility of 
incorporating a conservative visual interactive override option 
into the modeling system: 

1. Review raw data of past full-scale field tests that have 
documented visual records. 

2. Run strengthened SLAB for each test. 

3 Compare observed visual cloud growth data with model estimates 
of cloud heights, cloud widths, and model estimates of visible 
cloud dimensions. 

4 Assess typical relationships between estimated and observed 
visual cloud dimensions, and estimated and observed 
concentrations, in the near-field, mid-field, and far-field. 
Emphasize Maplin Sands experiments (12,59) where visual 
estimates were based on computer enhanced techmgues. 

5. Evaluate wind tunnel testing data in a similar manner to the 
above. 

6. Consider special case effects, such as agueous aerosols formed 
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by water soluble clouds (such as ammonia), which also may need 
to be evaluated in terms of a conservative visual override 
option. 

While implementing an override option would be challenging, 
there are encouraging developments from existing research. The 
Maplin Sands study (12,59) showed that visual dimensions were 
reasonably consistent with modeled data based on HEGADAS at 
approximately 100 m downwind. After distributions apparently were 
established, however, and the edges of the clouds apparently had 
much lower concentrations than the centerline, the visual 
dimensions were significantly less than the modeled cloud 
dimensions. It also is encouraging that the Maplin Sands tests 
could estimate visual lengths, which were only 25 percent longer 
than the modeled estimates (12,59). These tests, however, were not 
affected by large roughness lengths, which may further complicate 
the issue at airbases. After the entrainment term in SLAB_is 
refined, it would be useful to determine if the excessive gravity 
spread noted in HEGADAS for rough surfaces (60) also occurs with 
SLAB. 

If a conservative visual override option is found to be 
feasible, a procedure could be developed to scale back cloud 
dimensions to conservatively represent observed cloud behavior. 
In no case would concentrations or hazard corridors be reduced 
based on the visual override option: this option would only be 
used as a "safety net" to further enhance the failsafe features of 
the modeling system. For example, if horizontal dimensions were to 
be scaled back to ensure conservative centerline concentrations, 
the original hazard corridor widths would be retained to enhance 
the safety features of the modeling system. 

It is likely that a different procedure would be needed to 
scale back cloud dimensions in the near-field, compared to mid- 
field and far-field locations. In the near-field it may be 
feasible to assume uniform concentrations within SLAB. Then, if 
cloud dimensions were observed to be significantly less than 
predicted dimensions in the near-field, a scale-back procedure 
could be applied to better match observed dimensions. In the mid- 
field and far-field, this approach may not be appropriate because 
the distribution of concentrations within the cloud may develop to 
the point that the preceding approach would be overly conservative. 
The feasibility will be assessed of using the pollutant 
concentrations (volume fraction) as the basis to infer the 
weighting of cloud versus ambient properties as a function of 
horizontal and vertical position relative to the cloud centerline. 
Estimates could then be made of the visible extent of the cloud by 
considering the likely distributions of water vapor mixing ratios 
and temperatures within the cloud. Estimating temperature as a 
function of position will need to consider the differences in heat 
capacity of air and the pollutant, when weighting temperature based 
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on volume fraction pollutant concentrations. 

B. SPEED OF TRAVEL 

The speed of pollutant travel can be an important factor for 
evacuation decisions. Visual tracking of a cloud, as a 
confirmation of travel speed, would only be viable for an 
initially advancing cloud front. In the steady state, it would be 
difficult to find a point of reference within the cloud to track 
travel speed. The transfer operations of extremely hazardous 
chemicals are carefully planned at airbases, with emergency 
response capability generally on a stand-by basis. The advancing 
cloud could be observed if an accident occurred while personnel 
were on stand-by. 

If observed travel times were found to differ significantly 
from model estimates, visual tracking could provide a basis to 
adjust critical response times, as necessary. As a conservative 
measure, response times would only be shortened by this procedure 
in order to enhance the safety of evacuation measures. 

C. DIRECTION OF TRAVEL 

If the direction of travel of the cloud is different than that 
estimated by the available meteorological data, or if the 
centerline meander range is wider than expected, it may be 
necessary to increase the width of a hazard corridor. This 
consideration could be especially important for an airbase, such as 
Cape Canaveral or Patrick, which are located near a land/water 
interface that could be subject to variable, localized wind flows. 
The visual override procedure would not remove areas from the 
modeled hazard corridors. Again, the goal of all elements of the 
visual tracking procedure, would only be to increase the 
conservatism of the modeling system based on observable effects. 
For wind direction, this could mean expanding the width of tne 
hazard corridors to include the observed path (in addition to the 
original hazard corridors). 

D. TRACKING PROCEDURE FOR VISUAL CHECKPOINT 

All visual interactive checks would require user estimates_of 
the size and travel speed of a cloud as a function of downwind 
distance or time. It would not be appropriate to rely on crude 
estimates of observed cloud dimensions. The recommended approach 
would be to set up an onscreen graphical display, showing 
horizontal and vertical planes for each potential trajectory, 
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including major buildings and surface features. If a user selected 
the visual override option, they would be prompted to mark an 
onscreen graph to show the horizontal and vertical extent of the 
cloud at selected downwind distances. It would require additional 
installation time to set up the onscreen visual references, but 
could be worth the expense for bases that have the greatest 
potential for emergency release of acutely toxic pollutants. 

Once the screen was marked at the checkpoints, all comparisons 
with modeled parameters could be automated by the software. An 
automated procedure would be less prone to error and faster than 
alternative approaches. Where the cloud growth (horizontally or 
vertically), path width, or travel speed significantly differed 
from the model output, the model estimate could be conservatively 
adjusted, as necessary, after the one-dimensional computations are 
completed. 

Visual interactive software, such as proposed here, may have 
application for model uses for other military applications and 
civilian uses. This technique could be readily adapted for 
industrial applications. It may also be possible to develop a 
streamlined package that could be applied in battlefield 
applications for defense of a position against chemical_ or 
biological warfare agents. Such software could be integrated into 
more comprehensive computerized battlefield guidance systems that 
are currently under development. Computer mapping of hazard 
corridors could promote relocating troops to safer positions. 
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Section VIII 

FLOWCHART OF MODEL DEVELOPMENT 

This section summarizes how the analyses that were conducted 
in Phase I could be developed into an emergency response modeling 
system. The need for a system was established in Section III, and 
the feasibility of model development was shown in Sections IV 
through VI. In Phase I, we can show a conceptual approach in 
flowchart form. The flowchart could be refined in Phase II based 
on the additional analyses described in this report. 

Figure 21 shows the major features of the modeling system, 
including the input module, the adjustment to the ambient 
concentrations to account for building influences, indoor air 
quality model code, total dose exposure module, evaluation of 
toxicity and flammability / explosivity hazards, the visual 
override feature, and the output displays. Model output features 
would heavily rely on state-of-the-art graphics to improve the 
clarity of the model displays, and to reduce the time to interpret 
and react to the results. 

The emergency modeling system would have three major 
functions: (1) technical analysis, (2) decision support, and (3) 
graphical guidance displays / hardcopy documentation. 

A. TECHNICAL ANALYSIS 

Software design would include model development, and 
development of an input data module. 

1. Model Development 

Figure 22 summarizes the model features of SLAB that were 
identified in Phase I as requiring follow-up review in Phase II to 
strengthen SLAB. After these changes, SLAB could serve as an 
effective foundation to add the building features required to meet 
the objectives of this project. Other FORTRAN subroutines would 
join SLAB to form the modeling system to do the following: 

o Conservatively adjusting the ambient concentration field 
to account for building affects. 

o Infiltration model, 

o Indoor air quality model. 
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Figure 22. Summary of Follow-Up Review Required to Strengthen SLAB 

o Dose estimates (ceiling and 30-minute) for shelter versus 
evacuation (egress analysis) option for each building 

Once data entry is completed for either the manual or standby 
options, the system would create model input files by loading 
appropriate data to match the pollutant and buildings(s) 
characteristics for the application at hand. The model output 
would then be used to conduct the egress analysis. The egress 
calculations that would be used to guide the decision to select 
between the shelter-in-place or the evacuation options. 
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Egress calculations require knowledge of the indoor and 
outdoor environments through which individuals would pass when 
proceeding from their present location to the established 
evacuation area outside the influence of the pollutant cloud. 
These paths would be pre-set during installation of the model at a 
base, as follows: 

o   Function of wind direction flow quadrant. 

o Would need to estimate: path of travel, mode of travel 
(by foot or vehicle), speed of travel for each segment to 
be analyzed. 

o Execution will compute 3 0-minute doses and maximum 
ceiling concentrations for the shelter-in-place and 
evacuation options. Guidance from the Air Force Project 
Officer and review committee will be needed to establish 
a protocol to select between the shelter or evacuation 
options based on the 3 0 minute and ceiling comparisons. 

2. Data Input Module 

Success' in real-time emergency response modeling is highly 
dependent on streamlined data entry. The key inputs would quickly 
be entered by interactive, menu-driven prompts, e.g. a grid map to 
locate the scenario, a pollutant menu, and a spill/release menu. 
Three types of data are needed: 

Mandatory Inputs - Mandatory inputs would only be needed for 
essential parameters needed to define location, pollutant and 
mode of release. 

2. Pre-set - but option to override. These data would be 
hardwired into the model, but there would be an option for 
user override, as appropriate. Examples would include 
meteorological data (hardwired into system) and service 
opening status for affected buildings. Override would simply 
require overwriting on-screen parameters. 

3. No  decision  required  -    input  data are—pre-set at 
installation. Inputs would be hardwired, as appropriate, 
(e.g. surface roughness by release location and trajectory, 
chemical properties, building properties, e.g. HVAC data. 
There is no benefit to burdening a user with any input that 
could be effectively pre-set at installation. 

Table 8 summarizes model inputs, and shows which inputs are 
preset, which are present as defaults with user override, and which 
require specific inputs for the refined model runs. (Mixing height 
would be estimated as a function of 1/L, but could be overridenat 
bases such as Cape Canaveral or Vandenberg, which have real-time 
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mixing height data. 

Table 8.  INPUT DATA ENTRY 

Input Data Preset 
at 
Instal- 
lation 

Auto 
Load-in 
Met 
Data 

User 
In- 
put for 
Initial 
Run 

User 
In- 
put for 
Refined 
Run 

Preset 
/ 
Over- 
ride 
Option 

Wind Speed * 

Wind Direction * 

Amb. Temperature * • 

Pressure * 

Delta Temperature * 

Relative Humidity * 

Mixing Height 
* 

Pollutant * • 

Scenario Location * * 

Total Emissions 
* 

Duration Emissions * 

Chemical Specs. • 

Spill Data * • 

Surface Roughness * • 

Status / Serv. Op. * * 

Infiltration Coef. ' 

Building Specs. * 

Indoor Temperature 
* 

Air Exchange Data *   

B. DECISION SUPPORT 

A tool is needed that provides not only a basis for decisions, 
but also tracks the implementation of decisions and dePlc** °™£ 
relevant factors, such as power status at all structures, location 
of emergency response personnel, etc. 
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There is no substitute for intelligent decisions made_by an 
onsite operations commander that is responsible for managing an 
emergency. There is a benefit, however, in terms of efficiency of 
actions and adherence to pre-established, preferred response 
procedures, to guide operation commanders by incorporating into the 
emergency response modeling system the judgement and experience of 
emergency response experts within the Air Force and elsewhere._ The 
goal is to provide consistency in approach, while retaining 
flexibility to respond to problem-specific factors. 

Expert judgement could be coded into rule-based decision logic 
that could guide all model applications. In this sense, the 
emergency modeling system would have features of an expert system 
that uses both the technical data and the Air Force emergency 
response procedures (and rule-based decision logic) as inputs to 
define the preferred actions based on the type of emergency and the 
modeled concentrations. GEOMET staff experienced in rule based 
reasoning, could help guide this portion of the software 
development. A wide range of decision support could be provided 
within the framework of the emergency response modeling system, 
e.g: 

- Preferred control procedures, e.g. how to select optimal 
measures to control spills or gaseous releases based on 
release characteristics and the severity of the predicted 
impacts. 

- Should the decision to evacuate or shelter be more 
heavily weighted to 30-minute average concentrations or 
ceiling concentrations? 

- How should the critical nature of some operations be 
factored into the decision to choose between the 
evacuation or shelter options? For example, personnel 
that are deemed essential to mission or emergency 
response actions might be sheltered at their work 
stations, even though less essential personnel that were 
subject to the same exposures would be evacuated. 

- Preferred steps to alert media, and the chain of command? 

Such procedural judgements are best made during installation 
and not on an "ad hoc" basis during the midst of a response action. 
Our goal would be to focus the thought process of the operations 
commander to decisions that need onsite judgments, and provide them 
with the benefit of procedural guidance that represents the Air 
Force management's preferred course of action for specific 
situations. 
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Priority is given in this project to allowing an active 
emergency response coordinator (preferably from Cape Canaveral, 
where the prototype would be installed) and other knowledgeable Air 
Force personnel to help develop the rule-based guidelines for 
emergency response management, which would be coded into the 
emergency response modeling system. This would greatly strengthen 
Air Force management of air quality-related emergencies. Decision- 
oriented output is an important factor to our approach. The review 
committee to be established for this project will provide the 
necessary multidisciplinary talents needed to develop a practical 
emergency modeling system that is designed to be a comprehensive 
and practical emergency response tool. It would be helpful to 
coordinate a meeting with Air Force emergency response experts 
during the first meeting of the review committee. 

During model development, we would look to input from the 
emergency coordinator on the review committee to add other data 
that would help guide decisions and track progress during an 
emergency response action. For example, a file is needed that 
contains one record for each onbase building and offsite gridded 
areas that shows the following codes that would be used in the 
graphics displays to show current status: 

Building # or Area Grid # Evac/Shelter Code Power Code 

0 = evacuate 0 = Shutdown 
power 

1 = Shelter 

2 = Evacuation 
completed 

1 = Power on 

2 = Power 
shutdown 
completed 

In this manner, the modeling system could guide a response and 
summarize current status of evacuation versus shelter-in-place 
actions. The system would be updated as conditions change, based 
on changes in meteorological conditions or release characteristics, 
but the status of each building would need to be consistently 
tracked throughout the response. For example, if a building were 
evacuated early in the response, this would be tracked throughout 
the response as an evacuated structure. Similarly, if a decision 
were made early in the response to shelter-in-place individuals 
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within specific building(s) , but wind conditions then ."«^^„^ 
a change of this decision, the color coding for this building could 
be updated and tracked through the completion of evacuation. 

In the real-time mode, there is an immediate need for 
information to guide response action. A P^inary goal of this 
project would be to provide immediate guidance, with no wait time 
for computer execution. To achieve this objective the approach 
would be to continuously maintain a ready state at high priority 
bases through two major alternatives to provide real-time data. 

a Continuous updating of meteorological data at a dedicated 
computer, which would continuously store current worst case 
impacts for all priority potential accident scenarios (e.g. 
tank rupture, transfer operation spill, etc.). In this way, 
all priority scenarios would have available displaysf on a 
continuous basis, which would be instantly available in the 
event of release. The user would just need to indicate which 
scenario to display on the computer screen. Updates could be 
provided on a real-time basis, limited only by the update 
frequency of the real-time connection with the meteorological 
monitoring system, and model execution time to simulate all 
priority scenarios. Such a system could be used at individual 
bases, and at a centralized, national response center. 

b For bases without access to real-time updating of 
meteorological data, the approach would be similar to tne 
above, except that model output would be pre-run for a range 
of spill and meteorological conditions. Prompts would be used 
to identify the correct pre-run data set to conservatively 
represent current release conditions, and this output would be 
used for immediate guidance, while more refined runs would be 
made in the background. 

With either approach for data entry, there would be an 
incentive to pre-set as many inputs (with operator override) as 
possible for the refined model runs that could be made in the 
background. Examples of inputs that could have preset defaults 
include the following: 

o Surface roughness could be coded as a function of wind 
direction and scenario location. These inputs could be 
established during the installation of the code, based on 
the Lettau technique that considers typical obstacle 
height, silhouette area, and average lot area (61). 

o Service openings (windows, hangar doors, etc.) could be 
defaulted as a function of ambient temperature, hour of 
the day, and day of the week. Such information would be 
base-specific and possibly building-specific offbaee 
service opening status would need to be defaulted in a 
similar manner to produce unbiased estimates of indoor 

88 



versus ambient air quality. 

C. GRAPHICAL GUIDANCE DISPLAYS / HARDCOPY DOCUMENTATION 

There is a primary and secondary goal for the output displays: 
(1) on-screen graphical displays are needed to support the 
management of an emergency response action, and (2) hardcopy data 
are needed to document the basis for the actions taken and to 
support post-response reviews aimed at improving Air Force 
emergency response actions. Both types of output are needed. 
Hardcopy documentation is straight-forward. Graphical displays are 
more critical and are emphasized in the following descriptions. 

Color coded on-screen graphical displays would support 
emergency response management at the command center of the affected 
airbase, with an option for a hard-copy printout. A modem 
connection to a centralized Air Force, or joint services emergency 
response command center, could also be used in the future as a 
backup to local capabilities for onbase or transportation-related 
emergencies. The modeling system output would be updated, e.g. 
every five minutes or whenever major changes in meteorological or 
emissions characteristics occur. 

The key features of the on-screen displays would include color 
codes for major features, which could be overlaid onto the base map 
shown on-screen, e.g.: 

Tier I / Tier II Status 
o Tier I boundary identified in black 
o Tier II boundary identified in yellow 

Building Status 
o Blinking green = to be evacuated 
o Solid green = evacuation was completed 
o Solid red = shelter-in-place 
o Blinking brown power box = power to be shut-down 
o Solid brown power box = power was shut-down 

Location of Emergency Response Personnel 
o Location of emergency response personnel could be shown by 

symbols, if entered by the operations commander. 

As feasible, the feature of providing Tier I and Tier II 
hazard zones on split screens would be used so that the scale not 
in current review could be displayed as an insert. If possible, an 
option would be provided where the insert boxes could be reversed, 
such that the Tier II map could be the primary map and Tier I shown 
in the insert. The power recommendations would be based on input 
from the modeling component (explosivity potential), consideration 
of the HVAC intake height versus cloud height, and consideration of 
essential electrical equipment, such as essential power generators, 
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elevators, and essential computer systems. 

D. UPDATING THE EMERGENCY RESPONSE MODELING SYSTEM 

It is likely that if this model were to be developed that 
there would be ongoing refinements to the program and user's guide, 
changes that would evolve over time. The most efficient means of 
maintaining a current code and user's guide would be to maintainan 
online version of the current program and guidance. EPA maintains 
the SCRAM system, which is an online repository for updating EPA 
dispersion models. It is recommended that access to SCRAM, or an 
equivalent system, be explored if model development will proceed 
into Phase II. 
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Section IX 

FULL-SCALE FIELD TEST OPTION 

As described in this report, the currently available models 
are not well suited for a rough surface, such as an airbase, and do 
not provide sufficient guidance to aid Air Force emergency response 
decisions, such as to shelter-in-place or evacuate. The planned 
model development would provide model-based guidance to support 
such decisions, but model development could benefit by full-scale 
testing designed to confirm that the modeling system is reasonably 
conservative for a range of meteorological conditions, release 
scenarios, and averaging times. 

One of the major challenges of full-scale field testing would 
be to find a suitable location. The goal would be to test the 
modeling system at an airbase with typical surface features. There 
would be two components that could be evaluated, both of which are 
virtually untested at this time: (1) transport and dispersion 
characteristics for dense gas flows past obstacles, and (2) the 
indoor component of ambient dense gas releases, including dense gas 
infiltration rates and indoor air quality. 

Such testing would benefit a broad user community, including 
the Air Force, the other military services, federal agencies, and 
industrial users. There would be a potential for shared funding in 
Phase III. 

The general test design can be sketched now. At the 
completion of model development in Phase II, the option for a full- 

■-cale field test could be refined. It is likely that the cost of 
full-scale field option would be several million dollars. The 
components of the test would include the following: facility 
selection, release gases, data collection procedures, and data 
interpretation. 

A.  FACILITY SELECTION 

The goals of selecting a site for full-scale model testing 
would include the following: 

o   Avoid significant disruption of base operations. 

o   Select a base that contains typical structures (hangars, 
office structures, warehouses, etc.) 
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o   Avoid locations with complex terrain issues. 

The most likely options would be an Air National Guard 
training facility (e.g.- Gulfport, Mississippi) , or an Air Force 
base that is being deactivated. A short list of potential bases 
would need to be prepared that meet the above conditions. For 
these locations, it would be necessary to consider the availability 
of at least a 30-day window for field testing, in relation to 
favorable climatological conditions for available periods. 

B. RELEASE GASEL 

The field program should focus on dense gas releases, since 
passive releases have been studied in much greater detail than 
dense gas releases. The characteristics of the release gases that 
could create the dense clouds for the field study would need to 
meet the following criteria: 

1. Not life threatening, except for oxygen deficiency. 

2. Nonflammable and nonexplosive (structure safety). 

3. Noncorrosive (protect electrical equipment). 

It appears that mixtures of liquid nitrogen and sulfur 
hexafloride, or liquid carbon dioxide and sulfur-hexafluridewould 
meet the above criteria, and could be readily distinguished from 
background concentrations. A major concern that would need to be 
addressed in the field testing protocol would be the procedure to 
mix the weighting gas (e.g. N2) and the tracer gas (sulfur 
hexafloride). The liquid nitrogen mixture would have the desirable 
feature of being dense only because of cold temperature of the 
release. As the cloud warms to ambient temperature, the cloud 
density would rapidly transition to a passive cloud because the 
molecular weight of nitrogen is approximately the same as the 
ambient air. 

C. DATA COLLECTION PROCEDURES 

The goal would be to release the dense gas upwind of desired 
trajectories, which would result in plume travel past selected 
»model» building structures. On the order of four downwind arcs 
would be selected as follows: 

50 m downwind, (before buildings encountered). 

100-150 m downwind (after buildings encountered,  if 
possible). 
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Approximately 500 m downwind (past model buildings(s)) 

Approximately 1000 m downwind (well past the range of 
buildings to be tested). 

Six to ten monitoring sites would be instrumented per arc 
(dependent on financial resources). Two to three monitoring 
heights would be instrumented per station (e.g. 1, 4, and 8 m above 
qroundlevel). Additionally, at least 2-3 sampling locations would 
be instrumented inside all "model" structures. Concurrent 
infiltration research would be conducted for all instrumented 
buildings. At least three preferred trajectories would be sought 
to characterize each set of structure types. A range of 
meteorological conditions (stable, unstable, and neutral) would be 
sought for the tests. 

D. DATA INTERPRETATION 

The objective of data interpretation would be to improve the 
physical treatments of the modeling system to ensure that model 
operations are failsafe, but not overly conservative. The 
following would be done during data interpretation: 

1   Use the Phase II modeling system to match conditions for each 
field test.  The model would be run for each test period. 

2.  Evaluate what the measured data reveal about the strengths and 
weaknesses of model performance. 

o   Look beyond just statistics, i.e. search for physical 
reasons for potential model modifications. 

o   Avoid optimizing model to match test data set. 

3 Ensure that the ambient concentration field adjustment 
procedure to account for obstacles is reasonably conservative. 

4. Ensure that the indoor code adequately represents infiltration 
rates, and concentrations are reasonably conservative as a 
function of time. 

Any changes to the modeling system that are proposed based on 
the interpretation of the full-scale field test would firit b« 
approved by the project review committee to ensure that changes 
will result in a general improvement in model performance, and not 
a model optimization for the field data set Another role of the 
committee would be to ensure that model changes are fully 
documented, and code development could easily be traced by 
independent analysts. After physical treatments in the model are 
refined, the modeling system would be rerun to compare with the 
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measured  data set.  Comparisons would include before and after 
model performance evaluations. 

94 



REFERENCES 

1 Ermak D.L. 1989. "A Description of the SLAB Model. JANUM 
safety & Environmental Protection, Brooks Air Force Base, San 
Antonio, TX. 

2 Ermak, D.L., and S.T. Chan. 1986. "Recent Developments on the 
FEM3 and SLAB Atmospheric Dispersion Models," TMA Conference 
on Stablv stratified Flows and Dense Gas Dispersion, Chester, 
England. 

3 Kunkel, B.A. 1985. Development of an Atmospheric Model for 
Tovic Chemical Releases. Air Force Geophysics Laboratory, 
Hanscom Air Force Base, MA. 

A Kunkel  B A.  1988. User's Guide for the Air Force TOXJC 
rhLical Dispor-^nn Model fAFTOX). AFGL-IR-88-000?, Air Force 
Geophysics Laboratory, Hanscom Air Force Base, MA. 

R   Ra-i   P K • 1987.  Source  Characterization of—Heavy—SäS 
5' nf^r.ion" MQH.1 « fo/Reactive Chemicals. AFGL-TR-88-0003- 

Vol-1, Air Force Geophysics Laboratory, Burlington, MA. 

6.  Spicer, T.O. 1989. DEGADIS (Dense Gas Dispersion Model, 
v^ion   2.1   User's   Guide.   EPA/SW/DK-90/034A,   U.S. 
Environmental Protection Agency, Cincinnati, OH. 

7 Ermak, D.L. et al. 1989. Heavy Gas Dispersion Test Summary 
RePort. ESL-TR-88-22, Air Force Engineering & Services Center, 
Tyndall Air Force Base, FL. 

8. Cummings-saxton, J. 1985. Acute Hazardous 1*™*».Data Baw, 
EPA/560/5-85/029. U.S. Environmental Protection Agency, 
Washington, DC. 

9. Pasquill, F. 1961. "The Estimation of the Dispersion of 
Windborne Material. Meteorology Magazine- Vol. 90, Pp 33 49. 

10. Luna, R.E. and H.W. Church. 1972. »A Comparison of Turbulence 
Intensity and Stability Ratio Measurements to Pasquill 
Stability Classes," Journal of Applied Meteorology, Volume 11, 
Pp. 663-669. 

11. Panofsky, H.A., and J.A. Dutton. 1984. Atmospheric Turbulence: 
Models and Methods for Engineering Applications. Wiley- 
Interscience Publication, NY. 

12. Puttock, J.S., G.W. Colenbrander, and D.R. Blackmore. 1983. 
"Maplin Sands Experiments 1980: Dispersion Results From 

95 



Continuous Releases of Refrigerated Liquid Propane." Heavy Gas 
and Risk Assessment (S. Hartwig ed.), Shell Research Ltd., 
London, England, Pp 147-161. 

13. Wilson, D.J. 1982. "Estimates of Building Surface 
Concentrations From Nearby Point Sources, Atmospheric 
Environment, Vol. 16, No. 11, Pp 2631-2646. 

14. Huber, A.H. and W.H. Snyder. 1976. "Wind Tunnel Investigation 
of the Effects of a Rectangular-Shaped Building on Dispersion 
of Effluents from Short Adjacent Stacks, Atmospheric 
Environment, 176, Pp 2837-2848. 

15. U.S. Environmental Protection Agency. 198 6. Industrial Source 
Complex (ISC) Dispersion Model User's Guide, Second Edition, 
Volumes 1 and 2, EPA-450/4-86-005a-005b, Research Triangle 
Park, NC. 

16. Murphy, M.C., K.C. Heidorn, J. Xie, P.A. Irwin, and A.E. 
Davies. 1990. "Heavy Gas Dispersion in Terrain with 
Obstacles." 83rd Annual Meeting of the Air & Waste Management 
Association, Pittsburgh, PA. 

17. Sullivan, D.A. 1988. "Dispersion Modeling of Toxic_ Air 
Pollutants: What Are the Limitations of Traditional 
Approaches?" 20th Mid-Atlantic Industrial Waste Conference, 
Washington, DC. 

18. Sullivan, D.A., and D.J. Hlinka. 1985. "Air Quality Exposure 
Assessments: Comparison and Evaluation of the Human Exposure 
Model, Atmospheric Transport Model, Industrial Source Complex 
Model, and LONGZ," U.S. Environmental Protection Agency, 
Office of Policy Analysis and Review, Washington, DC. 

19. Golder, D. 1972. "Relations Among Stability Parameters in the 
Surface Layer," Boundary-Layer Meteorology. Vol. 3, Pp 47-58. 

20. Blewitt, D.N., J.F. Yohn, R.P. Koopman, andT.C. Brown. 1987. 
"Conduct of Anhydrous Hydrofluorine Acid Spill Experiments.", 
AIChE International Conference on Vapor—Cloud—Modelinq, 
Cambridge, MA. 

21. Petersen, R.L. and K.W. Steinberg. 1990. "Wind Tunnel Modeling 
for Evaluating Accidental Spills of Toxic Chemicals." 83rd 
Annual Meeting of the Air & Waste Management Association, 
Pittsburgh, PA. 

22. Kantha, L.H, O.M. PHillips, and R.S. Azad. 1977. "On Turbulent 
Entrainment at a Stable Density Interface, J. Fluid Mech., 
Vol. 79, Part 4, Pp 753-768. 

23. Deardorff, J.W., and G.E. Willis. 1982. "Dependence of Mixed- 

96 



Layer Entrainment on Shear Stress and Velocity Jump," J. Fluid 
Mech.. Vol. 115, Pp 123-149. 

24. Slade, D. (Ed.) Meteorology «nrt Atomic Energy; 1968. 1968. 
U.S. Atomic Energy Commission, TID-24190. 

25 Haugen, D.A. 1959. Project Prairie Grass, A Field Program in 
Diffusion, Geophysical Research Paper #59, Air Force Cambridge 
Laboratory. 

26 National Research Council, "Criteria and Methods For Preparing 
Emergency Exposure Guidance Level (EEGL) Documents," Board on 
Toxicology and Environmental Health Hazards, May 1985. 

27. Lettau, H. and Davidson. 1957. Exploring the Atmosphere's 
First Mile, Pergamon Press. 

28. NAS. 1981. indoor Pollutants. National Academy of Sciences, 
Washington, DC. 

29. Lidwell, O.M., and J.E. Lovelock. 1946. "Some Methods of 
Monitoring Ventilation." Journal of Hygiene 44:326-32. 

30 Turk, A. 1963. »Measurements of Odorous Vapors in Test 
Chambers: Theoretical." ASHPAE Journal 5(101:55-58. 

31. Nagda, N.L., H.E. Rector, and M.D. Koontz. 1987. Guidelines 
for Monitorina indoor Air Quality. New York: Hemisphere 
Publishing Corporation. 

32. Girman, J.R., and A.T. Hodgson. 1985. Source 
r^^teri nation anH Personal Exposure to Methy ene Chloride 
from Consumer Product^Report No.LBL-20205, Lawrence 
Berkeley Laboratory, Berkeley, CA. 

33. Dunn, J.E., and B.A. Tichenor. 1987. "Compensating for Wall 
Effects in IAQ Chamber Tests by Mathematical Modeling." Paper 
No. 87-83.4, 80th Annual Meeting of APCA, New York. 

34. Nagda, N.L., M.D. Koontz, and H.E. Rector. 1985. Energy Use, 
?n?n;.r,»MQn. ?nH TnHnor Air Quality in Tight "PIT-Tnsulated 
Residences. Report Number EA/EM-4117, Electric Power Research 
Institute, Palo Alto, CA. 

35. Nazaroff, W.W., and G.R. Cass. 1986. "Mathematical Modelling 
of  Chemically  Reactive  Pollutants  in  Indoor  Air. 
Environmental Science & Technology 20:924-34. 

36 Esmen N.A. 1978. »Characterization of Contaminant 
eintrat ion in Enclosed Spaces." Environmental Science and 
Technology 12:337-339. 

97 



37. Sandberg, M. 1984. "The Multichamber Theory Reconsidered 
from the Viewpoint of Air Quality Studies." Building 
Environment 19:221-233. 

38. Sinden, F.W. 1978. "Multichamber Theory of Infiltration." 
Building Environment 13:21-28. 

39. Liddament, M. , and C. Thompson. 1982. Mathematical Models of 
Air Infiltration—A Review. Technical Note No. A1C9, Air 
Infiltration and Ventilation Centre, Berkshire, GB. 

40. ASHRAE. 1989. ASHRAE Handbook: Fundamentals. American 
Society of Heating, Refrigerating, and Air Conditioning 
Engineers, Atlanta, GA. 

41. Balazs, K. 1989. "A Wind Pressure Data Base From Hungary for 
Ventilation and Infiltration Calculations." Air Infiltration 
Review.  10(4) : 1-4. 

42. Liddament, M. , and C. Allen. 1983. The Validation and 
Comparison of Mathematical Models of Air Infiltration. 
Technical Note No. A1C11, Air Infiltration and Ventilation 
Centre, Berkshire, GB. 

43. Feustel, H.E. 1990. "The COMIS Air Flow Model: A Tool for 
Multizone Applications." Proceedings of the Fifth 
International Conference on Indoor Air Quality and Climate 
4:121-126. 

44. Dietz, R.N., and E.A. Cote. 1982. "Air Infiltration 
Measurements in A Home Using a Convenient Perfluorocarbon 
Tracer Technique." Environment International 8:419-433. 

45. BNL, Versar, and GEOMET. 1989. Data Base of PFT Ventilation 
Measurements: Description and User's Manual. Contract No. 
68-02-4254, Task No. 39, Office of Toxic Substances, U.S. 
Environmental Protection Agency, Washington, D.C. 

46. Grot, R.A., and A.K. Persily. 1986. "Measured Air 
Infiltration and Ventilation Rates in Eight Large Office 
Buildings." pp. 151-183, In: Measured Air Leakage of 
Buildings, ASTM STP 904, H.R. Trechsel, P.L. Lagus, eds., 
American Society of Testing and Materials, Philadelphia, PA. 

47. Turk, B.H., D.T. Grimsrund, J.T. Brown, K.L. Geisling-Sobotka, 
J. Harrison, and R.J. Prill. 1989. "Commercial Building 
Ventilation Rates and Particle Concentrations." ASHRAE 
Transactions 95(Part l):422-43. 

48. Ashley, J.L., and P.L. Lagus. 1986. "Air Infiltration 
Measurements In Large Military Aircraft Hangars." pp. 
120-134.  In:  Measured Air Leakage of Buildings, ASTM STP 

98 



904, H.R. Trechsel, P.L. Lagus, eds., American Society of 
Testing and Materials, Philadelphia, PA. 

49. Perera, M.D.A.E.S., and P.R. Warren. 1985. »Influence of 
Open windows on the Interzone Air Movement Within a 
Semi-Detached House." Paper No. 5.2, 6 AIC Conference, 
Ventilation Strategies and Measurement Techniques. 

50. Koontz, M.D., and H.E. Rector. 1989. Consumer Products 
Exposure Assessment Guidelines: Evaluation of Indoor Air 
Quality Models. Report No. IE-1980, GEOMET Technologies, 
Inc., Germantown, MD. 

51. McNall, P., G. Walton, S. Silberstein, J. Axley, K. Ishiguro, 
R. Grot, and T. Kusuda. 1985. Tndoor Air Quality Modeling 
Phase I Report: Framework For Development of General Models» 
Report No. NBSIR 85-3265, National Bureau of Standards, 
Gaithersburg, MD. 

52. Axley, J. 1987. Tndoor Air Quality Modeling: Phase II 
Report. Report No. NBSIR 87-3661. National Bureau of 
Standards, Gaithersburg, MD. 

53 Axley, J. 1988. Progress Toward A General Analytical Method 
for Predicting Indoor Air Pollution In Buildings: Phase HI 
Report. Report No. NBSIR 88-3814. National Bureau of 
Standards, Gaithersburg, MD. 

54. Sparks, L.E. 1988. Tndoor Air Model Version 1.0. Report No. 
EPA 600/8-88-097a. U.S. Environmental Protection Agency, 
Research Triangle Park, NC. 

55 GEOMET. 1989. MCCEM Multi-chamber Consumer Exposure Model: 
User's Guide. Version 1.1, GEOMET Technologies, Inc., 
Germantown, MD. 

56 GEOMET. 1989. MCCEM Multi-Chamber Consumer Exposure Model: 
Documentation Manual. Version 1.1 GEOMET Technologies, Inc., 
Germantown, MD. 

57 Axley, J. 1990. "Element Assembly Techniques and Indoor Air 
Quality Analysis." Proceedings of the Fifth International 
Conference on Indoor Air Quality and Climate 4:115-120. 

58. Yuill, G.K., and M.R. Jeanson. 1990. »An Analysis of Several 
Ventilation  Strategies  for  Four  Ventilation  Systems. 
Proceedings of the Fifth International Conference on Indoor 
Air Quality and Climate 4:341-346. 

59. Colenbrander, G.W. and J.S. Puttock. 1983. "Maplin Sands 
Experiment 1980: Interpretation of Modeling of Liquified Gas 
Spills Onto the Sea. IUTAM Symposium on Atmospheric Dispersion 

99 



Gof Heavy Gases and Small Particles, Delft, WG, Pp 277-295. 

60. Roberts, P.T., J.S. Puttock, and D.N. Blewitt. 1990. "Gravity 
Spreading and Surface Roughness Effects in the Dispersion of 
Dense Gas Plumes," AIChE 1990 Health and Safety Symposium; 
Modelling of Aerosol Clouds, Orlando, FL. 

61. Lettau, H. 1969. "Note on Aerodynamic Roughness - Parameter 
Estimation on the Basis of Roughness-Element Description," 
Journal of Applied Meteorology, Pp 828-831. 

100 


