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The Vulnerability Model (VK) is a computerized simulation system for assesRing 
damage that results from marine spills of hazardous materials; the final report, 
summarized here, describes the research backgrouna. computational techniques, and 
preliminary test results associated with the first stage of development of the VK. 
This first stage of model development consisted of the design and implementation 
of an operational computer stm~lation. thereby demonstrating the feasibility of 

f 

t 
the phllosophy, concepts, and approaches pertaining to the VM. Certain aspects of 
the modeling, as nov operational, are subject to enhancement by augmentation, 
increase in precision, or both. Ultimately. the model is intended to be a compre" 
hensive tool for assessing damage resulting from marine spills. 
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EXECUTIVE SUMMARY 

The Vulnerability Hodel (VH) is a computerized simulation system for 
assessing damage that results from marine spills of hazardous materials; 
the final r~port. summarized here, describes the research background. 
computational techr.iques. and preliminary test results associated with 
the first stage of development of the VH. This first stage of model 
development consisted of the design and implementation of an operational 
computer simulation. thereby demonstrating the feasibility of the philoso
phy. concepts. and approaches pertaining to the VM. Certain aspects of 
the modeling. as now operational. are subject to enhancement by augmenta
tion. increase in precision, or both. Ultimately. the model is intended 
to be a comprehensive tool for assessing damage resulting from marine 
spills. The research and development effort reported here was performed 
under Department of Transportation United States Coast Guard Contract 
number DOT-CG-33377-A. The entire documentation for the effort has five 
levels of reporting detail: (1) this executive summary presents a non
technical overview of the VH purpose, structure. and operation. brIefly 
describes methods of damage Assessment, indicates the research background 
supporting the VH. and summarizes prelImInary test results; (2) the main 
body of the final report provides the technical aspects of the VH structure, 
development. and use; (3) to allow a smooth flow to the presentation in 
the main report, more detailed information. such as involved mathematical 
derivations. complex flow charts, and case-history details. is relegated 
to the several appendixes; (~) a user's guide is provided as a separate 
document giving the details of th@ computer programming and the operation 
of the VH; (5) finally the Coast Guard has been issued the computer tapes 
and card decks required to set up and run the VM. 

In recent years, industrial expansion. new technologies. and a 
centralization of chemical production have led to increased bulk trans
port of hazardous chemicals on U. S. waters. Steadily increasing trans
port of fuels. both c'nventional and nuclear. is required to meet the 
demands of the current energy crisis. An increase in the quantity and 
variety of hazardous chemicals tran~ported 1n bulk is required to meet 
the demands of a U. S. chemical industry that is expanding at a rate many 
times that oi population growth (S:I. 

To address the problems posea by the increase in transport of hazardous 
materials. the ~. S. Congress has passed the Ports and Waterways Safety Act 
of 1972 that charges the U. S. Coast Guard with providing for the safety 
of "ports. harbors, waterfront areas. and navigable waterways of the Vnited 
States." To discharge these duti'es related to safety, the U. S. Coast 

[Sl) Luckritz, R.T. Hazardous mat·!rlals spill prevention 1n the bulk 
marine carriage of dangerous cargoes. pp. lR-24. In Control of 
Hazardous Material Spills, Proceedings of the 1974~alional Con
r~rence on Control of Hazardous Material Spills. Am. Inst. Chern. 
Eng., New York. 1974. 



Guard engages 1n such facets of spill control 38 prevention, containment 
operations, cleanup, and restoration. Although the r~sponse activities, 
auch 38 containment, receive such publicity, the most productive spill 
control measure appears to be prevention, aince spills of h~zardous 
.. teriala are difficult to detect. contain. control. or mitig.te t and 
the da .. ,e cau8ed by such spills is difficult to reverse. In order to 
a.aure the saCety of marine transport by apill prevention, the C~a8t 
Guard 1s authorized to re,ulate the movement of bulk cargoes and the design 
and operation of vessels carrying the~. The prev~ntion of all accidental 
apills, however, appears unrealistic. because the only known way to pre
clude accidents entirely is to abstain from the activity giving rise to 
them. 

Since cesaation of marine transportation is impractical, some risk is 
unavoidable duc to the threats posed by mechanical failure, by unusual 
environ~ntal conditions (severe storm, tidal wave). and by human falli
bility. Although the risk cannot be completely eliminated, appropriate 
regulations can reduce risk. However, substantial increases in safety 
rare'y come cheaply. The reduction in risk attributable to any regulation 
must be weighed against the increased operation costs or capital expendi
tures such regulation requires. The need to perform cost-benefit analyses 
of Coast Cuard actions has led to a research and development program to 
~stablish a Risk Management System. The VM 1s an important component of 
this sy8 tern. 

Background of Risk Management System [S2] 

Development of the Risk Management System began in th~ spring of 1971. 
It involves analytic dev~lopm~nt in three separate fields: 

• Spill-Risk Analysis (Spill Analysis) - assessment of risks that 
a vessel or facility spill will occur and a~sessment of 'he effec
tiveness of spill prevention regulations 

• Vulnerability AnalySis (Public Damage Assessment) - 8sseRsment of 
the threats to people. property, and the environment due to spi'ls 
from a vessel or marine facility 

• System Cost AnalysiS (Economic Impact) - assessment of the cost 
impacts on the government and consumers of implementing alterna
tive regulatory actions for spill prevention 

Figure 5.1 depicts a systems approach to risk management which 15 the 
goal of the Risk Management System. When fully developed. this methodology 
will be applicable, both to nationwide regulation and to special circum
stances within local port or waterway areas. for assessing the costs and 
henefits expected from regulatory changes within those areas. 

[S2) Dunn, W.A., and P.M. Tullier. Spill Risk Analysis Program. Phase II. 
Methodology Development and Demonstration. Operations Research, Inc •• 
~ilver Spring, Md .• August 19 74. lJSC:C Report No. Cr.-D-IS-7S (NTIS AU 
785026) • 
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eo.l of This Effort 

The u.e of d.teraini.tic .ad.l. for •••••• inS damese to vulnerable 
resources i. not a new idea. Such mod.lins effort. have been used exten
.ively for many years in the area. of civil defense (especially nuclear 
weapon .ttack •••••• ment.) and w.r s.mins. What i. new, however, is the 
u.e of these technique. to a •• e •• d.mases resulting from spills of cargoes 
carried in marine transport. Such modelins efforts can provide the Coast 
Guard with valuable inform.tion on which it can base it. regulatory deci
sions. Thus. this research represents an effort to develop and to demon
.trate the utility of techniques specifically designed to support regulatory 
dects ion-making. 

A secondary u8e of considerable import i8 to 3s.ist in the planning and 
selection of respon.e .ctions. A further benefit in obtaining a workable 
model at this stase of development is in identifying those areas of modeling 
must critical in obtaining Bccurate hazard assessments. 

Limitations on the Scope of Th1~ Effort 

A main consideration in developing a damage assessment tool has been 
to establish a workable model within a framework fleXible enough to allow 
for future model enhancements. The approach taken was to simulate the spill 
through a series of separate submodels, many of which had previously been 
developed for the Coast Cuard. tn modeling complex physical processes, it 
has been necessary to make simplifying assumptions. A conservative design 
philosophy guided the development of models used in the vt1; consequently, 
whenever alternate approximations were available, the approximations were 
chosen so that the VH does not underestimate damage. The approximations 
made in model development are recognized, but the modularized structure of 
the VH facUitat ~s the insertion of additional and improved models as they 
become available. 

tn order to obtain a complete working damage assessment mooel within 
the time and resources allocated and to make maximum possible use of previous 
model development work, the scope of this effort was limited. Some of the 
more important limitations are as follows. 

• 

• The portion of the popUlation indoors is considered to be sheltered; 
no damage is assessed to the indoor populace. Further, it was 
assumed that fifty percent of the subject population was indoors .• 

• Census data were used to determine the location of the vulnerable 
~opulation; since census data primarily deal with the location of 
the residence of people, no modeling was effected to deal with the 
movement of people from home to work, to school, to recreational 
areas, or to other nonresidential locations. 

• Most of the physicochemical models consider that only a single 
process occurs at one time. so that separate physical events 
occurring simultaneously are modeled as a sequence of separate 
events; for example. the VM models spilling. spreading, and burning 
aR 8p.parate events, each terminating before the next can begin, 
even though these events can and do occur s1multaneouoly . 

Actually, 80-85 ~ of the population is normally indoors, but damage 
to the indoor population is not modeled in this fir!>t sta~le of the VM. 
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• Explosion of an unconfined vapor cloud i8 parti4lly determined by 
a user input option and pa.tially determined by the simulated 
characteristic. of the vapor cloud: since the decision to simulate 
an explosion is not entirely baaed on physical principle., it may 
properly be arsued that the VK will simulate an explosion when, 1n 
fact, none could occur. 

• Damase to the env1ronment is not currently assessed; however the 
concentration of hazardous material in air and water ia computed, 
so that the user may estimate environmental consequences at his 
option. 

• Test rune were performed only for five cargoes. 

• Only inhalation toxicity was treated; injury by ingestion of toxic 
materials was not assessed. 

• Secondary damage mechanisms, such as ignition of expecially hazar
dous establish~nts (e.g., refineries), were not treated; only the 
direct conBequences of the spill were simulated. 

• Response actions (e.g., spill containment, population eVacuation, 
and fire fighting) were not considered. 

• Spills of solids and reacting chemicalo were not considered. 

• Underwater releases lIere not conslc.i,;:!'ed. 

• Explosion damage to structures is assessed on the assumption that 
the structures affected are framed with wood members. 

This listing of constraints on the development of the VH to its current 
state ie not intended to discredit the VM. Rather this information is 
provided to help define just What type of results might reasonably be 
expected from the VH at this time. Although the VH has several important 
limitations, it is believed that, as it now stands, the VH is a useful 
tool for r.he risk analysis of marine spills; with further development and 
ilDprovement, the VH should be able to provide even more utility and insight 
to the considerations of this important problem. 

Major Accomplishment 

The major accomplishment of this effort has been the demonstration that 
the concept of the VH is suitable for implementation as a functioning tool 
for use in risk analysiR. It has been demonstrated that all of the building 
blocks requ~red for a vulnerability analysis, viz., the data bases describing 
the vulnerable resources and physical setting of the spill, the predictive 
models describing spill development, and the predictive models describing 
damage to the vulnerable resources, are either currently available or cgn 
be obtained. Exercise of the VM for five hazardous cargo~s of particular 
interest, for a variety of spill sizes, and for various environmental 
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condition. hal yielded ~ .. aoe estiNates that are judoementally erodible 
within the input a&sullptiona and apparentl" consistent with observation. 
ot actual accidental spiUs. (Howwver I the Allount ot av.dlable 
quantitative intormation concernQd with d&JIag* rl)sul tiog flOIl accidental. 
spill. of hazardoull lIaterial. is ~'1al.l.) 

APplication of the ~ 

The VM is a damage •••••• l~nt tool. Given a spill .canario by the 
uaer. that ia. given the characteristics of the spill and the physical 
settinn in which the apill occurs. the VM simulates the physicochemical 
transformations of the spilled material and estimates the damages inflict.d 
on vulnerable resources by the .. e proc.asses. The VM addresses such question. 
a8: If X tons of sub.tance Y w~~e apilled at location Z with the wind 
blowing due nnrth. etc., how many people might be killed or injured? How 
many structures will be damaged? How much water and air pollution vill 
occur and where? The VH ia a deterministic model; that is. the probability 
of occurrence of the variou8 events comprising the spill scenario is not 
considered. Instead the scenarto specified by the user leads invariably 
to a particular spill development and damage estimate. Other ongoing 
elements of the USCG Risk Analysis Research Program are concerned with 
the definition of changes in the probabilities of events comprising the 
spill scenario as a function of changes in regulatory and operationsl con
trols. The probability changes. combined with VM damage estimates. will 
be used to determine the risk reduction benefit of certain types of Coast 
Guard safety actions. 

Limitations on Use of the Results Derived from the VM 

There is a danger that the preliminary results obtained from the VM 
might be misinterpreted. so care must be exercised in considerations of 
these results. One point that must always be borne in mind is that the 
VM 1s entirely deterministic. 

The damage assessed by the model is predicaCed on a set of circumstances 
(input conditions) chosen by the user. The probability that such a set of 
conditions exists is not considered by the VM. The likelihood of a spill is 
small; this small probability combined with the probabilities of all of the 
other conditions yields a small overall probability that any given scenario 
actually occurs. Thus. although the consequences of some simulations are 
quite dire, the risk (the mathematical expectation) is small; large losses 
from rare events do not necessarily indicate 8 high risk activity. 

Because the VM is completely deterministic and because no assessment 
is made of the likelihood of a user-chosen scenario. considerable judgment 
and experience are required to avoid unreasonable (even impossible) input 
conditions. For example. it is possible to simulate very large spills, even 
though no vessel in existence is large enough to carry that much cargo. 

Another illustration of possible misuse of the VM is that the user may 
specify a large spill at a given site. even though ships capable of carry~ng 
that large a cargo as a single load cannot navigate the waters required to 
reach that spill site. It must also be acknowledged, when interpreting 
results, that the VM is in its first stage of development. Spills have 
been simulated for only five liquids. Solids. reacting substan~es. secondary 
damage mel:hanisms. damage to indoor (sheltered) populations. etc .• have not 
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been modaled. Although such omissions do not automatically mean the 
reaulta are incorrect, evaluation of results in a general context is ~ot 
possible without further model development. Finally, interpretation of 
the results should be tempered with the knowledge that the VM alone cannot 
determine the risk of marine transport in comparison to other forms of 
bulk transport or even other human activity involving risk. 

Overview of the VH 

The VH i8 a computer simulation designed to provide quantitative 
measures of the consequences of marine spills of hazardous materials. The 
simulation starts with a description of the nature of the spill itself, 
continues through the dispersion of the hazardous material, and ultimately 
includes assessment of the immediate effects of the spill on surrounding 
vulnerable resources, namely, people, p~operty, and the environment. 

The model is designed so that it may ultimately treat any type of 
material carried in bulk quantities in marine transportation. These 
materials may exist in gas, liquid, or solid phase as cargoes and may 
change phase upon release into the air or water environment. The materials 
may react, dissolve, or otherwise be admixed with surrounding air and water. 
Where appropriate, the model treats the mass transfer from a material 
spilled in or on the water to the air. The logical sequencing in the VM 
has been designed so that the VM can treat virtually all of the large class 
of materials carried in bulk in marine transport; however, the computational 
submodels are not available now to describe the behavior of all of these 
materials when spilled. With the submodels that are operational, the VM 
is able to treat spills of many liquids and gases carried in bulk quanti
ties. Many cargoes of particular hazard are carried as bulk liquids which 
can currently be treated by the VM at this first stage of development. At 
present. the VM has been exercised for only five cargoes. 

2. Simulation Scenario 

The simulation requires three types of descriptive data that define: 
(1) the spill, (2) the physical setting in which the spill oecurs, and 
(3) the vulnerable resources that are subject to the effects of the spill. 
The spill is described in terms of its location and spill rate, the physical 
and chemical prorerties of the spilled material, and the quantity of the 
spill. The physical setting is described in terms of the geometric con
figuration of the shoreline(s), hydrologic/oceanographic properties, and 
meteorological data. Vulnerable resources are described in terms of 
demographic distribution, property distribution, and land/water use. 
The geographic area of concern may represent any user-defined location, 
a rectangular area measuring ten miles in length and five mile3 in width 
being typical of anticipated applications. The physical setting and the 
distribution of vulnerable resources are described in terms of mutually 
exclusive geographic cells that cover the entire area of concern. 

vii 

,uw .)tli_~~·~1 

.. -.-.~ 

" , 

...... 



r , 

, 

i 
f"· 

I 

, 

i 

~ ... 

3. Submodels 

The VM consists of submodels interconnected by an executive routine. 
with built-in logic dictatlng the sequence of submodel processing as a 
function of the spill development. Among these submodels are simulations 
of surface spreading, water mixing, air dispersion, conflagration and 
explosion, and submodels for assessing the effects from the dissemination 
of the hazardous material on vulnerable resources. Some of the submodels 
had been designed previously under U. S. Coast Guard sponsorship as part 
of the CHRIS (Chemical Hazard Response Information System) [S3] model 
development. Others were designed specifically for the VM. A generalized 
flow diagram of the model is presented in Figure S.2 and a more detailed 
description follows. 

4. Operational Phases 

The VM operates in two phases. Phase I simulates the spill itself, 
the physical and chemical transformations of the spilled substance and 
its dissemination in space. This phase covers the time period from the 
initiation of the spill until a user-specified time has elapsed. The 
time interval between simulation calculations is specified by the user 
but may be overridden by certain submodels (such as the explosion sub
model). A time-history file of the spill sequence simulated during the 
first phase is retained in some form of computer storage such as magnetic 
tape or disc. 

In Phase II, the computer first superimposes this time-history file 
upon the ',ulnerable resources map and then assesses the effects of toxicity. 
explosion. and/or fire on the vulnerable resources as a function of time. 
Estimates of deaths and nonlethal injuries to people and of damage to 
property are presen ted in tables. 

S. Current Status of Oevelopment 

At present the VM is in a first stage of de-"elopment. It has been 
demonstrated that an actual working model is capable of carrying on a 
simulation from the specification of cargo and spill conditions through to 
the assessment of damages to vulnerable resources. The quantitative results 
of the si~llation appear to correlate with the picture of events given both 
by expert judgment and by historical records of accidental spills. This 
correlation is obtained even though it is recognized that some of the 
modeling, by necessity. is not at the highest level of sophistication. 
Furthermore, the cost of a given simulation has been kept within reasonable 
bounds. Likewise the cost of data preparation required by the VM is not 
excessive. Interpretation of output requires a knowledge of the basis 
(not the technical details) of the modeling methods used and the ability 
to judge the suitability of arbitrary user inputs. Once the proper use 

[S3J Raj. P.P.K .• and A.S. Kalelkar. Assessment Models in Support of the 
Hazard Assessment Handbook. Arthur D. Little, Inc .• Cambridge. Mass., 
January 1974. USCG Report No. CG-O-65-74 (NTIS AD 776617). 
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of the VH is learned, there is virtually no cost involved in output inter
pretation. sincE the computer results are presented in an easy-to-understand. 
user-oriented way. 

Phase I 5ubmodels 

This section describes tho~e submodels that are presently included in 
Phase I of th~ VM. Because the air dispersion submodel which was originally 
part of HAC5* [54] has been extensively revised, and because the fire and 
explosion submod~ls were developed almost entirely in this program. these 
submodels are discussed in greater detail than other Phase I submodels. 
Some of these other Phase I submodels, which were developed previously 
under USCG sponsorship. were modified somewhat for inclusion in the VH. 

The submodels used in the VH treat the physicochemical processes 
affecting the spilled h3~ardous material; at the present time, the processes 
simulated by the VM may be classified as follows: 

1. Cargo venting 

2. Spill development 

3. Air dispersion 

4. Combustion (fire and explosion) 

For certain of these processes different submodels are used, depending upon 
the nature of the spilled substance. Other processes, such as fire and 
explosion, consist of a sequence of dissimilar events, so the computer 
simulation consists of 3 sequence of submodels. The operational sequence 
of these various submodels is shown in Figure S.3. 

The Phase I submodels for various physical and chemical processes 
treated by the VM are connected by an executive and storage routine. The 
sequence of processing depends upon the cargo and the development of the 
situation. The first submodel used is always the tank venting submodel. 
which calculates the rate of escape of th~ cargo in both gas and liquid 
phases as a function of in1tial tank conditions and the size and location 
of the lent or rupturp.. If only gas is vented. the simulation will pass 
directly to the air dispersion submodel from the venting submodel. If the 
cargo is vented as a liquid, it may r~in in that phase or it may change 
to gas phase. If the cargo does change to a gas, some of it may flash 
directly to a gas when the tank pressure is released, but in most cases the 
bulk of the gas will be released more slowly by evaporation or boiling. 

For many liquid spills. a pool of the cargo will form on the surface 
of the water, but a cargo with a liquid-phase density greater than that of 

* Hazard Assessment Computer System 

(54] Hazard Assessment Computer System (HACS) User ~anua1. Arthur D. 
Littl~, Inc., Ca~brldge, Mass., December 1974. 
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FIGURE S.3. OVERALL FLOW DIAGRAM FOR THE VH. 

Venting 
of 

Cargo 

Spill Development in water 

• Spreading on water surface 

• Mixing and trans~ort in 
water 

• Evaporation or boiling 

Air Dispersion 

J 
1 

Fi re & £ xp 1 os ion 

• txplosion 

• flash Fi r~ 
• Poo~ Burning 

-,1--
Fire and IT' 't 
ExploslOfl 1 (lXlCl Y 

- - - - - _1- _____ _ 

Oa"~dge Assessment 

~--------------------~ 

- - --- xt-

~~-"".'-,.:-...----~-.--.-- _ .. 

-_._------

Phase I 

I 
I 
I 
\ 

t 

I 
I 
I 
I 
I 
I 

-l 

Phase II J 

I 
I 



1 
I 

1 

water will sink at once. 
a spilled liquid: 

At present there ar~ five submodele for treating 

1. Spreading and evaporation of an immiscible. floating. cryogenic 
Uquid 

2. Spreading and evaporation of an immiscible. floating liquid with 
high vapor pressure 

3. Sinking and boiling of an imadsclble liquid 

4. Hlxing. advection, and dilution of a miscible liquid in a tidal 
river. nontidal river, or still vater 

5. Mixing, dilution, and evaporation of a miscible liquid with high 
vapo r pressure 

Of course there are possibilities other than these five, but these five do 
cover a large number of hazat~ous cargoes frequently carried in bulk quan
tities. Liquefied natural gas. for example, is treated by the first sub
model. gasoline by the second, and liquid chlorine by the third. The 
fourth submodel does not give an escape of gas to the atmosphere. so the 
simulation may stop with the calculation of the cargo concentration in the 
water or the simulation may proceed to calculate evaporation. The other 
submodels give a rate and duration for the gas evolution, and the simulation 
proceeds to the air dispersion model. 

Ai r Dispers ion 

This submodel calc~ates the concentration of the cargo in gas phase 
in the air from the time the gas is released into the atmosphere until a 
fire or explosion occurs or until the maximum time stipulated for the 
simulation is reached. 

The submodel is based on the Gaussian distribution. which is a theo
retical solution to the psrtial differential equation governing diffusion. 
The dispersion coefficients used in the Gaussian distribution ar~ obtained 
from the analysis of many observations of plumes from tall stacks and of 
puffs of smoke or some other tracer. Plumes result from continuous releases. 
whereas puffs re~ult from instantaneous releases. Puffs are three-dimen
sional Gaussian distributions in which the dispersion coefficients depend 
upon the distance traveled by the puff center-of-mass. The plume is a two
dimensional Gaussian dist=ibution in which the dispersion coefficients 
depend upon the distance downwind from the source to the observation point. 
The value~ of dispersion c~fficients obtained from experimental observa
tions are parameterized on the basis of the atmospheric stability or the 
turbulence cla~s. 

At present. the submodel will select the plume (continuous source 
r.aussian distribution) if the release time of the spilled material into the 
air is relatively long; for short release times, the puff (instantaneous 
source Gaussian distribution) is selected. Since there is no model extant 
that adequately treats spills with intermediate release tlmes, either a puff 
or plume model is used until more adequate models are available. Because 
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the Gaussian modela were based on data gathered from dilute plumes ~nd 
puffs, their use for very concentrated cases, as in the \~, is an extra
polation. When the puff model is used close to a very large spill of 
material which vapori&es quickly, the standard Caussian model gives con
centrationa which are higher than the density of pure cargo vapor at 
ambient atmospheric temperature and pressure. The puff model has been 
modified to preclude this by allowing a region of pure cargo vapor sur
rounded by a region where the concentration decreases in the Gaussian 
fashion. The pure cargo vapor concentration is at th~ proper density 
for ambient conditions. This modified distribution is us~d only when the 
regular puff model would give unrealistically high concentrations. 

Fire and Explosion 

This group of submodels determines whether a flammable cargo will be 
ignited and then determines the physical characteristics of the resulting 
combustion (fire, explosion, or both). Four types of fire and explosion 
phenomena are modeled in this section of the VH; they are: 

1. Ignition 

2. Explosion 

3. Flash fi t'e 

4. Pool burning 

The modeling of the phenomena of fire and explosion proceeds in three 
temporal phases. First the decision of whether, when, and where ignition 
occurs is made. Subsequent to ignition either an explosion or a flash 
fire is modeled. Following either of these events, the burning of flammable 
li~uid on the water surface. if any liquid remains, is modeled; currently, 
burning from a vessel venting flammable fuel is not modeled. 

The ignition submodel determines whether ignition occurs, which ignition 
source originates the ignition, and at what time during the simulation 
the ignition takes place. All ignition sources are assumed to be located 
at the grid cell centers. The user predetermines whether a given ignition 
source will cause fire or explosion. The user also specifies the strength 
of the ignition source. Since combustion will occur only over A certain 
range of fuel-air ratios. the decision that combustion occurs will be made 
only if the vapor concentration in a given cell is within the flammability 
limits for the substance under con~ideration and the given cell contains 
an ignition source of strength sufficient to ignite the spilled substance. 

The explosion submodel calculates the peak overpressure and the dynamic 
impulse generated by the explOSion of a flammable fuel-~ir (cargo-air) mix
ture. In addit40n to these variables that are required for damage assessment. 
the explosive yield and T~T equivalent are also determined. The well-known 
scaling laws for condensed phase explosions are assumed to hold. Only that 
portion of the fuel-air mixture with a concentration between the explosive 
limits is permitted to contribute to the explosive yield. For that part of 
the fuel-air mixture richer than stoichiometric. but leaner than the upper
explosive-limit concentration. only that fraction of fuel for Which there is 
sufficient oxygen for complete burning contributes to the explosive yield. 
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The flaah fire aubmodel calculates the effective radiation intensity 
level aad the effective radiation duration relultinl from the flaah fire. 
The flash fire i. conaidered to be the rapid combuation without detonation 
of the pra.txed fuel-air layer within the fl .... ble concentration It.ite. 
The heat lenerated eaaenUally inatantalleously by combuation is assumed 
to be loat from the combuation layer entirely by radiation; thus the radia
tion 10 •• a8 a function of time may be calculated. The time varying 
radiation level i8 represented by a fixed radiation level (the effective 
radiation level) and an effective duration. This submodel assuaes that 
only that portion of the fuel-air mixture within the flammable limits burns 
and then only to the extent permilted by the local oXYlen concentration. 
The radiation from the flash fire is assumed to affect only those portions 
of space inside the burning layer. 

The ~ool burninR submodel calculates the duration and magnitude of 
thermal radiation emitted by a burning pool of flammable cargo; the radia
tion level is calculated for any desired point in space. This submodel 
is comprised of several other submodels: 

1. Flame size 

2. Thermal radiation from flames 

3. Radiation view factor between an inclined cylindrical flame and 
an arbitrarily r~lented surface in space 

4. Burning time 

The flame sIze submodel calculates the height, diameter, and angle of 
inclination of a flame from a burning pool; the wind blowing across the 
pool surface causes the flame to be inclined with respect to the normal 
to the pool surface. The formulas used to calculate flame height, diameter, 
and inclination angle are empirical expressions obtained by curve fitting 
experimental laboratory data and extrapolating to the larger scale occur
rences possibly reSUlting from marine spills of hazardous materials. 

The thermal radiation from flames submodel calculates the radiant 
heat flux incident on a receptor at some distance from a burning pool. The 
flame from the burning pool is modeled as a cylindrical radiator of uniform 
temperature; this constitutes t: 7: major assumption of this submodel. The 
cylindrical radiator is allowed to be inclined with respect to ttae vertical. 
The atmospheric transmissivity and flame emissivity are assumed to be one, 
i.e., the atmosphere is not allowed to absorb radiant energy and the flame 
is treated as an ideal black body radiator. 

The radiation view factor between an inclined flame and an arbitrarily 
oriented surface in space submodel calculates, on a normalized basis. the 
view factor between a cyltndrical, inclined flame and a receptor; the 
receptor is assumed to be oriented with respect to the flame so that it 
receives the maximum possible radiation flux. The view factor is a purely 
geometrical property of the spatial arrangement of the flame and receptor. 
Thus no phYSical assumptions, except those basic to radiant heat transfer, 
are required by this model. 

The burning time submodel calculates the length of time the pool will 
continue to burn after it is ignited. It is assumed that the pool is 
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extinauiahed when all of the fuel remainina in the pool at the tia. of 
ianitlon i. burned up. It ia further a.suaed that fuel leavea the pool 
only by bumin, but not by evaporation or by vater aixinl' It ia also 
al.u.ed that apreadina .top. when tmition occur.; althouah apreading will 
not ceaae entirely after ignition, the spread ina rate will certainly be 
reduced because .... i8 being lOlt by e~ustion. 

After the sptll developaent i. simulated and the reaults are Itored 
by arid cell and ttae interval. these data along with the information 
de.cribing the vulnerable re.ource. are uled to a •• el. the damale which 
My result. 

Ph... II - Oama.e Aaa.,.eent 

AI it currently atandl, the VM ~dels damaga to vulnerable reaource. 
from four physical event.: 

1. Air diaperaion of a toxic ga. 

2. Explosion 

3. Flash fire 

4. Pool buminl 

Oa .. ae to vulnera~le resources is conv~· dntly discussed in terms of 
(1) toxic injury, (2) explosion damale. and (3) fire demaae. The assess
.eRt algorithaa for toxic damage are highly dependent on the type of 
sub.tance spilled; whereas the assessment allorithma for fire and explosion 
ar. independent of the type of substance spilled, thoulh the values of 
the variable. used in the allorithm do depend on the type of substance 
.pilled • 

The vulnerable resource "people" may be affected by inhalation of 
toxic vapor. by thermal radiation from a flash fire. and by peak overpressure 
or impulse from an explosion or by some combination of these. The vulnerable 
r •• ource "structures" may be affected by thermal radiation from a flash 
fire or burning pool and by peak overpressuLe or impulse from an explosion. 
The vulnerable resource "environment", defined as air and water for the 
purposes of the VM, may be affected by the spiHed substance in its vapor 
or liquid phase or by a reaction product. In most cases. the percent of 
the vulnerable resources affected within a given grid cell is calculated 
tnd then applied to the numbers of vulnerable resources present, giving 
the total numbers of vulnerable resources affected (for a given time period 
and aiven grid cell). Figure 5.4 shows the specific types of injury and 
d."ae as.essed for toxic gases. fire, and explosion. The code name of the 
alaoritha used for computing the portion of the resource affected 1s listed 
under the column heading "Function." The factor or factors calculated from 
the simulations of the physical events which are used by each algorithm to 
.... a. dameae are shown in the adjacent column. 

For most of the assessment functions, the damage or injury is related 
to the causative factor by means of probit equations. resulting in the 
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FIGURE S.4. PHASE II DAMAGE ASSESSMENT 

Outdoors 
Damage Causing Vulnerable Type of Cause of (Unsheltered) 

Event Resource Inju~ or Damage Injury or Damage Function Factor(s) 
Death TOX1C vapor: Tl Concentration and I 

TOXICITY People Non 1 etha 1 injury concentration or T2 ti~ . I 

Irritation cumulative dose T Concentration 
Death ~Dlrect blast E Peak overpressure 

lmpa!:t E4 Impulse 
Eardrum rupture Di rect bl as t E3 Peak overoressure 

Non1 etha1 Bone fracture Impact E4 Impulse 
EXPLOSION People Injury Puncture wounds Flying fragments ES Imoulse 

Two or more of Impulse or peak over-Multiple injury the above E6 pressure and ifl1Dulse 
Structures Structural damage Direct blast 51 Peak overpressure 

Glass breakage Direct blast S2 Peak overpressure 
Death B1* Duration and maQnitude People Thermal radiation of thermal radiation 

POOL BURNING Fi rst degr~~ ~tJrn 82* .-
Structures· !~nition Thermal radiation 83 

Durat ion and magnitutip 
of thermal raJiation 

Death Fl Ettectlve auratlon and 
People Thermal radiation 

F2 
effp.ctive magnitude of 

FLASH FIRE First degree b~rn thermal radiation 

r 
Effective duration and 

Structures Ignition Thermal radiation F3 effective ~gnitude of 
thermal radiation 

* These functions are essentially the same as Fl and F2; however as indicated i" the adjacent column. 
slightly different arguments are used. These functions have not yet been implemented as part of the 
computer program. although to do so will be very easy. 
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caleul8tion of the fraetion of the population in each cell which is affected. 
Four a •• ellment procedure •• however. u •• simple thre.hold erltor1a; they are: 
(1) 13 - ilnition of Itructures from pool burning. (2) '3 - ignition of 
8tructures from flalh fire. (3) '2 - nonlethal injury from a flash fire,and 
(4) T3 - irritation from inhalation of toxic galel. 

Proviaions have been .. de in the YM to prevent double counting in 
three different situations. Double eounting is used in this context to 
.. an the inclulion of an element of lome vulnerable resource (e.g •• a perlon 
or a building) in more than one catelory of damale or i~ury. Three situa
tions ari.e in which double counting will occur unless provisions are made 
to prevent It. The sitcationa are as fOllows. 

1. A alnale d ... ,e aechani .. fro. one event aimultanp.ously causel 
tnjuries of differing severity (e.g., inhalation of toxic gas 
may cause death, nonlethal injury, or irritation). 

2. Two or IDOre damage _chanis. from one event Simultaneously cause 
injuries of the same aeverity (e.g., an explosion can kill people 
either by direct blast effects or by impact). 

3. Different eventa at diff-r~nt timea cause damage to the aame 
r.source, but the f{rst event so severely damages some portion 
of the resource that further damage is irrelevant (e.g •• persons 
killed by toxic gas cannot be further injured by a subsequent 
explosion) • 

1. Toxi". Injury 

Toxic injury is assessed only for the vulnerable resource "people." 
The toxic damage caused by irritant ga8e8 C3n in general be classed lnt~ 
three categories: 

a. Death 

b. Nonlethal injury 

c. Irritation 

The category of injury sustained by exposed resources depends. in 
general. upon both the duration of exp08ure and the concentration level 
experienced. This dependence is nonlinear; dose, the product of concentra
tion level and duration. is not the appropriate variable to assess response 
to irritant gases. For example. for concentrations over the lethality 
threshold, doubling the concentration level does not halve the time required 
to produce the same death rate; instead, as the concentration level increases, 
the time to produce a given injury level deceeases at a disproportionately 
rapid rate. Toxic damages to the vulnerable resource "environmen~" i8 not 
assessed in the VM at this time. lhe VM predicts the concent ration of a 
toxJc substance in the air and water. Comparison of these predicted con
centrations to air and water quality standards would appear to be an 
attractive method for assessing damage to the environment, but such an 
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approach has lDany pitfalls. pona which are: (l) difficulty of ilDpleman
tation: (2) ~ltiple standards for the same substance; (l) chronic, inatead 
of acute, exposure Itandarda; (4) statelDent of quality standards in a form 
other than level. not to be exceeded. Because of these problems, the condi
tion of exceedina air or water quality standards has not been tJopted a8 a 
viable proceduLc for asses.ment of environment damage in the VM. It was 
determined that an asaeasment of damea. to people and property would be 
conlidered .. the oriainal tasks of the VH. It is anticipated that environ
mental damage vill be considered at a later date. 

2. EXilosion Dama,e 

Explo.ion damale i. assessed to the vulnerable resources "people" and 
"structures." Peraonnel experience explosion damage in two categories, 
(a) death and (b) nonlethal injury. It is customary to categorize explo
.ion damage to personnel in three categories, depending in the causative 
mechanislll of df . .:aagei thus: 

a. primary damage - direct blast effects (interaction between the 
blast wave and personnel only, with no other intervening or 
associated factors) 

b. secondary damage - damage from missiles and fragments 

c. tertiary damage - damage from translation and subsequent collision 
with an obstacle; i.e., impact 

In the VH, death is assessed for primary damage manifested as lung 
hemmorhage or for tertiary damage manifested as skull and body bone frac
tures. Nonlethal injuries are assessed for all three damage categories, 
including the secondary damage of puncture wounds from missile penetration. 
In addition, injury resulting from two or more damage mechanisms is assessed 
in a separate category. multiple injury. Structures experience explosion 
damage in two categories: (a) serious structural damage and (b) window 
glass breakage. The physical variable that determines the extent of explo-
8ion damage in the VH is the peak overpressure, 

3. Fire Damage 

Damages from fire are assessed to the vulnerable resources, "people" 
and "structures." The damage assessed to tltru~tures is ignition, The 
damages assessed to personnel are: (a) death and (b) nonlethal burns. For 
all types of damages, two parameters have been found to be significant: 
(a) level of thermal radiation and (b) duration of the thermal radiation; 
therefore a variable combining these two parameters is used for assessment 
purposes. The assessment of deaths from flash fire is based on data obtained 
primarily from studies of the effects of nuclear weapons, The radiation 
from a flash fire is time varying. To be compatible with the damage Bssess
ment procedure, this time varying radiation is parameterized by calculating 
an effective pulse intensity and an effective pulse duration. Because of 
the uncertainty in determining the degree of the burns and the effel'ts of 
clothing and shielding, the VH does not make a quantitative assessment of 
nonlethal burn injuries. Instead, it informs thp user that the threshold for 
causing first degree burns to exposed skin has been exceeded. 
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The assesament of fire damage to structures 1s based on studies of the 
ignition of wood. Factor. influencing wood ian1tlon are: (a) radiation 
intensity level, (b) duration of radiation exposure, (c) wood type. and 
(d) the presence or absence of a pilot flame near the irradiated wood. 
Duration and level of rad1ation intensity ar~ factors computed by Phase I 
submodela. Wood type is not treated explicitly; average values are used. 
For flash fire the presence of a pilot flame is assumed; for pool burning 
pilot flames are aSBumed to be absent. 

Input/Output 

Four types of input data are required to run the VM: 

1. The physical and chemical properties of the cargo, which are 
stored 1n a library file; also a 'ibrary file of default value8 
for missing property value~ or missing user-supplied data 

2. Demographic and other local information for the region of 
interest. also stored in a library file 

3. Data defining the spill and the air and w~ter conditions at the 
time and location of the spill. and locations and strengths of 
ignition sources 

4. Operating parameters and override values 

The physical and chemical properties of the cargo are stored in the 
chemical properties file; this file. designed for use with HACS (54], has 
been adopted for use with the VM. In addition to obvious information about 
each material such as molecular weight and density at standard temperature 
and pressure, the properties file contains some information about flammabil
ity, toxicity. flame temperature, and other properties of the material. For 
properties such as vapor pressure, viscosity, and th~rmal conductivity which 
vary with the temperature, the constants in the equations that give these 
quantities as functions of temperature are stored in the properti~s file. 

The information about the distribution of population and buildingS was 
taken from census data. and, at present, each census tract constitutes a 
cell. Those census tracts that included any navigable water were divided 
into the land portion and the water portion. Each cell is identified by a 
number and represented by a grid point. For regularly shap~d tracts with 
a uniform housing density. the grid point was chosen to be approximately 
the center of the tract. For irregularly shaped tracts, or those which 
included a significant amount of uninhabited area. a point representative 
of the settled area was chosen to represent the census tract. 

The third category of input information required is that which defines 
the spill and the air and water environment in which it occurs. These data 
include the location of the spill, the substance in the tank. the tank 
temperature, pressure and dimensions. and the size and loc~tion of the 
rupture or vent. To define the environmental conditions, such items as 
air temperature, pressure. humidity, wind velocity, and stability class 
are needed, in addition to water temperature, salinity. pH, and current 
or tidal conditions. 
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Th. fourth cateaory of data includes information which the ~ser pro
vide. for .ach simulation and which does not fit in the previous cateaory. 
ror .xample. the us.r mUlt specify What portion of the available arid is to 
b. us.d for this simulation. The user may wish to override the default 
value for an internal parameter such as the time Itep used in the air dis
persion submodel. Or. if chemic~l properties of the spilled cargo are known 
to the user but have not yet been placed in the properties file. the user 
may specify the values of these properties in order to override the default 
values which would otherwise be used. 

The transfer from the simulation of physical events to the damage 
asse.sment portion of the VM is by means of files which store the values 
of physical quantities. The largest files are those which store the 
concentration of the cargo in the air and in the water .s functions of 
time and grid point. For "one-time" eventd such as fires or explosions. 
only one value of each phystca1 quantity u~ed 1n damage assessment need 
be stored for each grid point. For explosions. the values of the ppak 
overpressure and the dynamiC impulse are given. For a flash fire. the 
effective radiation intensity and duration are given, and for pool burning 
the radiation intensity and burning time are given. The effects of toxic 
gases are assessed ~irectly from the variation of concentration with time. 
After the spill development is simulated and the results are stored by grid 
cell and time interval. these data along with the information describing 
the vulnerable resources are used to assess the damage which may result. 

After the Phase 1 simulation results have been processed in Phase II 
to give damage assessments, key features of the Phase 1 simulation. as well 
as the results of the Phase 11 damage assessment. are printed out in a 
user-oriented, easily interpreted fo~at. Both in the cell-by-cell print
out and in the summary printout, damage is separated into clnsses by 
receptor (i.e •• people or structures) and by causes (i.e., toxicity. 
explosion or fire). 

Because the final damage assessment is presented in an easy to under
stand. user-oriented manner, further processing of the data or lengthy 
analysis is obviated. Of course, it is assumed that thp user is knowledge
able about the cargo type. the g~ographical area, and the modeling assumptions 
to the extent that the results will not be misinterpreted. 

Test Results 

Test runs of the VM were made for the five cargoes considered under a 
variety of spill and enVironmental conditions; these test runs were performed 
in order to: 

• Show the feasibility of the VM concept 

• Test the computerized logic deciding the sequence ~f submodel 
execution 

• Demonstrate the plausibility of the damage assessment compiled 

• Test the sensitivity of the computed results to various in~ut 
parameters 
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Siael of Ipilll simulated ransed from 0.6 m3 (160 gallonl) to 50,000 m3 
(13 million g8llona). Wind direction, wind apeed, apill aiae, cargo type, 
ignition aource type, and atmospheric stability ciasl were the input para
meters varied in the course of the testing. 

The test results gave spill development behavior and damage estimates 
which are not inconsistent with the small number of observed accidental 
apills. In generel, spills of the toxic irritant gases produced bimulated 
injuries and deaths that were an order of magnitude larger than the damages 
tu people resulting from the explosion ~f an equal amount of spilled flammable 
material. Injury and death from deflagration (flash fire) of a flammable 
spilled material were considerably less than the injury and death produced 
by the detonation (explosion) of the same amount of flammable spilled material. 

U.e. of the VM and Susses ted Improvements 

At present, the VK is ih its first stage of development; even in this 
developmental stage the VH is a useful tool. Among the uses ~f the VH are: 

o Demonstration of the feasibility of implementing a ~imulation system 
for assessing damage resulting from spills of hazardous materials 

o Aid in planning future R&D efforts by pinpointing areas where 
modeling needs improvement 

o Aid in planning regulatory actions 

o Aid in planning programs for response measures 

Although it is useful in its present state of development, the VM 
requires further improvement before it will be able to realize its full 
potential for utility as a risk analysis tool. Improvements to the VM can 
be divided into two classes: 

1. Improvements to specific submodels or the addition of submodels 
to ~ccount for additional phenomena 

2. Improvements to the overall VM structure 

Work should be undertaken to expand and improve the spill development 
(Phase 1) modeling. The VM bhould be expand~d to include new submodels 
developed for the Coast Guard; seven additional submodels have been 
developed that are suitable for inclusion in the VM. These are: 

1. Release and migration of heavy insolubles on river beds 

2. Heating, rupture of the container, and release of pressurized 
cargo in a fire 

3. The release of thref: specific reactive chemicals 

4. Release, spread, dispersion, and fire hazard due to a continuous 
release of enId, liquefied gases 

5. Water dispersion of chemicals with finite solubility 
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6. Keating and rupture of tanks on 8~nken barges carrying 
cryogenic materials 

7. Release of cold and soluble chemicals underwat~r 

The VH should be exercised for various additional cargoes, especially 
chemicals of the type to which these new submodels apply. Two areas of 
fire and explosion modeling currently in the VM should be improved. A 
more sophisticated treatment of the flash fire phenomena should be achieved. 
At present, the radiation characteristics at the site of combustion are 
calculated, but radiation levels at points distant from the site of com
bustion are not calculated. Consequently, no damage is assessed, except 
in those cells containing burning fuel at the cell center. An improved 
flash fire submodel should permit assessment of damage at points distant 
from the site of combustion. This improved calculation of radiation levels 
will continue to treat the variation of radiation with time but will improve 
the treatment of radiation variation in space. Another area of fire and 
explosion ~odeling that requires improvement is the treatment of ignition 
sources. The present model classifies ignition sources on the basis of 
strength by using the concept of flash point in a rather unconventional 
manner. Also the decision as to whether conflagration or detonation 
results if an ignition occurs is made a priori by the user, rather than 
being a computed decision in the ~imulation. At this time, it is doubtful 
that a model can be formulated tl) make the choice between confldgration 
and detonation except at a dispr~portionately high effort ~nd cost. 

On the other ha~d, other aspects of the modeling of ignition phenomena 
could be improved. A treatment is desired which would consider ignition 
potential 8S a true function of area, rather than the current lreatment 
which considers ignition sources to be concentrated at the center of a 
grid cell. By describing ignition sources in a manner other than locating 
the sources at discrete site@ (the cell centers), a more realistic assess
ment of time to ignition and distance between igniti~n point and spill may 
be obtained. The ability to grade ignition sources according to strength 
is a desirable property of the VM. However, a gradation system that is 
based on flashpoint. although useful, lacks rigor in th~ correspondence 
between th~ physical phenomena modeled and the mathematical description 
used In the VM. However. no solution may exist to the ignition gradation 
problem, which is both physically more realistic anu manageable in terms 
of computation and data preparation; therefore, the problem of ignition 
source gradation may be researched, but a modification to this portion 
of the VM may not be advisable unless a tractable solution is found. 

Certain aspects of current damage assessment procedures should be 
improved. The VM should be modified to assess deaths and injuries suffered 
by indoor sheltered populations due to all relevant damage mechanisms. 
Consideration should be given to the varying degrees of shelter afforded 
by different types of structures. For injury caus~d by inhalation of toxic 
gases, assessment of injury to the indoor population will involve considera
tions of seepage of the toxic substance into structures. The assessment 
techniques for damage c~used by inhalation of toxic gases evolved during 
the first stage of dev~Lopment of the VM require that the time history of 
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concentration of the gas be known. For injury caused by explosion, assess
ment of injury to the indoor population will involve the degree of shelter 
afforded by the placement of the people in the building. For example. 
persons in front of g18ss walls or large windows facing the blast will have 
a much greater chance of injury from flying fragments than persons not so 
located. Buildings with fe~er and smaller windows will not present this 
hazard but may cause high velocity jets to issue from those windows facing 
the blast. and these high velocity jets of air may cause serious translation 
damage. Injury to persons inside buildings as a result of flash fire or 
pool burning is much less likely to occur as a primary damage mechanism 
than injury to sheltered populations from ~xplosion or toxic substances. 
Whether a person inside a building is harmed directly by burning of the 
spilled material depends mainly on whether that person is in front of a 
large window or is otherwise in the building but "unsheltered" by the 
building. 

The data file of vulnerable resources should be expanded to account 
for those portions of the population that are found in the different classi
fications of structures for different times of the day and different days 
of the week. It may be desirable to categorize the population into three 
location classes: (1) at home, (2) at work, and (3) in transit. A fourth, 
and possibly highly significant class, may be "at a recreation facility," 
e.g., at a stadium, playground. beach. or fairground. Mo~ement of the 
population, especially re~;.~ding recreational location. '",ill also depend 
on the time of year. The "at work" 10cat ion of the YOl'.lger segment of the 
population will normally be at schools; in most parts of t:le country, 
schools are closed or only partially utilized in the summer. 

A better treatment of the ignition of strucLures should be brought 
about. A more precise method to account for shielding from thermal radia
tion is to be devised. The current criterion that 2)% of the structures 
are ignited in a cell subject co radiation sufficient to cause ignition 
is to be replaced by a criterion chat has a variable percent~ge ignited 
and the percentage ignited is to he calculated on the basis of physical 
principles. 

The damage assessment procedures in the VM should bl' expanded to 
account for damage mechanisms not currently modelea. Among the additional 
damage mechanisms that shouJd be accounted for in the VM are the following: 

1. Th~ spread of fires initiated by the burning of the spilled cargo 
should be considered. This will involve hoth fir~ srread from 
building to building and the ignition of new 50urces of fuels. as 
might be found in a nearby refinery. 

2. The inhalation of toxic combustion products shouJd be examined. 

3. The ingestion of water containing toxic concentrations of pollutant 
should be considered. A specific level of injury or percent of 
population injur~d is not possi~le since the quantity and rale of 
ingestion are highly variable and unpredictable. What is required 
is some indication of the toxic hazarJ pres~nted by a given con
centration of spilled substance. 

4. The ?henomenon of a roiling fireball should be examined, and modeled 
if it is to be a significant damage mechanism. The rolling fireball 
is distinguished from the flash f ire by: (1) combust ion in the 
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fl .. h fire i8 rapid ca.pared to combu8tion in the fireball; 
(2) the burnina .txture in the fireball i8 rich and is supported 
by turbulent diffusion. wherea8 the burning .~ure in the flash 
fire is preldxed to within the fl38Uble liait8. 

5. Injury by aaphyxiation should be addressed. 

6. Further consideration should be given to the significant ways 
in which diffuse explosions differ fro. conventional explosions. 
both in physical characteristics and in damage phenomena; the 
possibUity that a denagration IIBY "shock up" to produce a 
significant blast overpressure should be considered. 

Methods to ute the VM .ore sccurate and efficient by .adlfylng the 
present grid cell 8tructure should be examined. One possible approach is 
to coapute the precise region of damase from a spill-based coordinate 
systea and then to process only those demographic data pertinent to the 
impacted area. Such an approach may also pel'1llit the plotting of lsod_age 
contours. To restructure the VH in this manner will require that the 
coaputation af physical phenomena at cell centers be abandoned; conse
quently. the Phase 1 subroutines may require revision to compute the locus 
of a constant value of a physical parameter (say overpressure) rather than 
to coapute the value of a parameter at a given point. 

Conclusion 

The listing of such a large number of recommendations was intended 
to point the way toward areas related to the VM for which additlonal effort 
is believed to have the greatest potential for benefit. This list of 
recommendations is not. nor 1s it intended to be. an indictment of the VH. 
To the contrary. the VH. in this its first stage of development albeit 
crude in certain aspects, is believed to be a useful, practical tool for 
use in the risk analysis of marine spills. Further development of the VM 
will make this already functional tool more useful, more precise, and 
more widely applicable. 
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INTRODUCTION 

This report describes the development of a computerized simulation 
model designed to estimate the consequences of a marine spill of a halar
dous chemicRl. This Vulnerability Model (VM) has been developed for the 
U. S. Coast Guard under contract DOT-CG-33377-A. The model simulates the 
physical phenomena associRted with spills and the responsea of vulnerAble 
resources to the various damage-inducing mechanisms resulting from the 
apill. The VM produces estimates of the total losses incurred in terms 
of deaths. injuries and value of property damage. It also identifies the 
time and location of the losses and the damage mechanism which caused 
them. 

In recent years. new technologies and an expanding search for energy 
sources have led to increased bulk transport of hazardous chemicals on 
U. S. waters. The Ports and Waterways Safety Act of 1972 charges the 
Coast Guard with providing for the safety of "ports, harbors, waterfront 
areas and navigable waterways of the United States." To meet this respon
sibility, the Coast Guard is authorized to regulate the movement of bulk 
cargoes and the design gnd operation of vessels carrying them. Substantial 
lilc~eases in safety rarely come cheaply. The reduction in risk attribu
table to any regulation must be weighed against the increased operating 
costs of capital expenditures such regulation requires. The need to 
perform cost-benefit analyses of Coast Guard actions has led to a research 
and development program to establish a Risk Management System. The VM is 
an important component of this system. 

The Risk Management System (Figure I-I. [1]) consists of three submodels 
linked together to relate various system para~eters to the risks and costs 
of operating the system. The first submodel is spill analysis, which esti
mates the change in the likelihood of spill accidents induced by regulating 
the values of some system parameters. Next is the damage asseSRment phase 
in which the VM estimates the consequences of a spill occurring for a given 
set of conditions. When th~ consequences of an accident are combined with 
the likelihood of the accident occurring, a measure of the system risk is 
produced. It then remains to measure the economic impact of the regulation 
by varying the inputs to the cost submodel. The merit of the regulation can 
then be evaluated by comparing the reduction in risks to the increase in 
costs. 

The main objective in developing a damage assessment tool has been to 
establish a workable model within a framework flexible enough to allow for 
future model enhancements. The approach taken was to simulate the spill 
through a series of separate submodels. Many of these submodels had pre
viously been developed for the Coast Guard. In modeling complex physical 
processes, it has been necessary to make simplifying assumptions. A 
conservative design philosophy guided the development of models used in 

[1} Dunn, W. A., and P. M. Tullier. Spill Risk Analysis Program. Phase II. 
Methodology Development and Demonstration. Operations Research, Inc., 
Silver Spring, Md •• August 1974. USCG Report No. CG-D··15-75 (NTIS AD 
785026). 
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the VM: consequently, whenever alternate approximations were available, the 
approximation. wara cholen 10 that the VH does not undereltimate damage. 
Tha approximations made in model development are recognized, bu~ the 
modularized ~tructure of the VH facilitates the insertion of additional 
and improved ~odels as they become available. A subsidiary objective in 
developing the VH is to aid 1n the assessment of the effectiveness of 
response measures (e.g., evacuation, chemical neutralization or ad~orption. 
~nd firefighting>. The effectiveneas of various reaponse measures is 
d~termined by simulating a spill and appropriately manipulating those 
parameters of the model affected by the postulated response. Uae of the 
VH for evaluating response measures is deferred pending further model 
deve lopment. 

There is a danger that the results of the VM may be misinterpreted, 
ao caution and care must be exercised when considering the results. One 
pOint that must always be borne in mind is lhat the VM is entirely deter
ministic. The damages assessed by the model are predicated on a set of 
circumstances (input conditions) chosen by the user. The probability that 
such a set of conditions exists is not considered by the VM. The likelihood 
of a sptll is small; this small probability combined with the probabilities 
of all of the other conditions yields a small overall probability that 
any given scenario actually occurs. Thus, although the consequences of 
some simulations are quit~ dire, the risk (the expected value) is small; 
large losses from rare events do not necessarily indicate a high risk 
activity. Because the VM is completely deterministic and because no 
assessment is made of the likelihood of a user-chosen scenario, considerable 
judgment and experience are required to avoid unreasonable (even impossible) 
input conditions. For example, it is possible to simulate a very large 
spill, ~ven though no vessel in existence is large enough to carry that 
much cargo. Another instance of the possible simulation of an unrealistic 
scenario is the specification of a certain size spill at a location 
unreachable by a cargo ship large enough to carry the quantity of 
material specified as spilled. A further example is that the user may 
specify An explosion-generating ignition source, thereby caUSing an explosion 
to be Simulated. for a situation in which the chemical properties of the 
spilled substance or the conditions at the time of ignition make the 
likelihood of explosion extremely small. It must also be acknOWledged, 
when interpreting results, that the VM is in its first stage of development. 
Spills have been simulated for only five liquids. Solids, reacting sub
stances, secondary damage mechanisms, damage to indoor (sheltered) popula
tions, etc., have not been modeled. Although such omissions do not 
invalidate the results, comparison of results in a ~eneral context (for 
different chemicals. different locations. etc.) should be made with caution 
until further development improves the accuracy and confidence level of 
the model. Finally, interpretation of the results should be tempered with 
the knowledge that the VM alone cannot determine the risk of marine 
transport in comparison with other forms of bulk transport or even with 
other human activity involving risk. 

In spite of some current limitations, the VM can perform many useful 
functions. By using it, the relative potential consequences of transporting 
different commodities can be assessed in a physically based, consistent, 
quantitative manner. Damage estimates resulting from a simulated spill of 
one cargo may have a different degree of accuracy from the results of 
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"lnother cargo, since a different set of submodels. each with its own 
~recision, is used to obtain the result. Nevertheless. the relative 
potential consequences of transporting different cargoes are given. The 
sensitivity of the damage estimates to the location of the spill can also 
be shown with the present model. Damage estimates for locations with 
greatly different topographic features may possess different degrees of 
accuracy, since some submodels give more accurate siml1lations for one type 
of topography than another. Regardless, the relative potential consequences 
at different locations can be demonstrated. This type of information should 
be very useful in determining where facilities to load and unload veRsels 
should be optimally located. 

This final report marks the end of the first phase in the development 
of the VM. This model is but one of several elements in a continuing 
search for better methods to identify, assess, and control risks and to 
improve safety associated with the transport of hazardous materials. It 
Is recognized that the subject matter of thLs report is emotionally 
sensitive and that the interim findings presented are subject to misinter
pretation or mi~use. However, it is concluded that the pctential benefits 
to be derived from presenting these findings far outweigh the possible 
harm that cou'd occur if the results are misinterpreted, misused, or 
misrepresented by p~rsons with differing motives. Constructive interest, 
suggestions, and criticisms of this research effort, the methods used, 
and the interpret.!tion of results are solicited. 

The repetitive statement of so many cautionary notes is not, nor is 
it intended to be, an indictment of th~ WI. To the contrary. the VM, in 
this its first stage oi development, is believed to be a useful, practical 
tool for use in the risk analysis of marine spills. Further development 
of the VM will make this already functional tool more useful, more precise, 
and more widely applicable. 

Chapter 1 at this report presents an overview of the VM design. 
Chapter 2 ('onsi~ts of :l summary of the several submodels t;sed in the VM, 
some of which had been developpo previously under USCG sponsorship; other 
submodels were developed as part of this current project. Chapter 3 
describes air dispersion modeling, and Chapter 4 describes fire and explosion 
modeling; both of these areas 01 modeling have received considerable atten
tion during this effort and a~e, therefore, ghen detailed description. The 
VM operates in two stages, referred to as Phnse I and Phase II. Pl':1se I 
simulates the spill itself and the distrihution of the spilled suh ~ance 

in space, whereas Phase II uses data from Phase I to assess injuries/damage 
to vulnerable resources. Chapter) summarizes the type of input and output 
data associated with Phase I, and Chapter 6 summarizes the assessment 
procedures used in Phase II, including flow diagrams. Chapter 7 describes 
test computer runs of the \~. Chapter 8 presents a sensitivity ~nalysis 
of the VM for input variable changes. Chapter 9 summarizes the conclusions 
of a historical survey performed in this effort to help validate the VM. 
Chapter 10 gives conclul'lionc: and recommendations. Appendix A contains 
flow diagrams and a relatecl uesci:ip' ion of Phase> 1. Appendix B gives 
details of the air dispersicn ~",}delinb J\o;H~llaix\!,,'~ and D give details 
of the fire/eKplosion submodcls and their damage assessment procedures, 
respectively. Appendix E de~:cribes thl' '1pproach taken in deriving the 
toxicity damage assessment procedures. I\ppend<y. F is a set of case studies 
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CHAPTER I 

GENERAL DESCRIPTION OF THE VULNERABILITY MODEL 

Introduction 

This chapter presents a general overview of the Vulnerability Hodel 
(VH) and lists some of the constraints necessarily imposed upon model 
design and development in order to produce an operational package within 
the resources available. Details of what is summarized here are presented 
in the following chapters and in the appendixes. 

Vulnerability Hodel 

The VH is a computer simulation deSigned to provide quantitativ~ 
measures of the consequences of marine spills of hazardous r~terials. The 
simulation starts with a description of the nature of the spill itself, 
continues through the dispersion of the hazardous m3terial, and ultimately 
includes an assessment of the immediate effects of the spill on surrounding 
vulnerable resources, namely, people, property, and the environment. 

The VH was originally conceived t~ be, and is ultimately intended to 
be, a damage assessment tool capable of treating spills of virtually all 
cargoes carried in marine bulk transport. However, in order to obtain a 
complete, functional simulation system within the resources allocated. the 
version of the VM operational at present was developed with fewer capa
bilities and less completeness than the comprehensive model originally 
envisioned. A comprehensive version of the VH should treat all cargoes 
whether in solid. liquid, or gas phase. The model should also treat other 
physicochemical processes affecting cargoes,' including change of phase upon 
release into air or wa';er, reaction, dissolution, admixture, and mass trans
fer between water and air. The version of the VM operational at present 
treats onl~' fluid cargoes and is able to simulate only some of the 
physicochemical processes that a more complete model could simulate. 
Currently, the VM has been exercised for only five cargoes: anhydrous 
ammonia, chlorine, gasoline, liquefied na·ural gas, and methanol. 

A main consideration in developing a damage assessment tool has been 
to establish a workable model within a framework flexible enough to allow 
for future model enhancements. The approach taken was to simulate the 
spill through a series of separate submodels, many of which had previously 
been developed for the Coast Guard. In modeling complex physical processes, 
it has been necessary to make simplifying assumptions. A conservative 
design philosophy guided the development of mcdels used in the VM; con
s~~uently, whenever alternate approximations were available. the approxi
mations were chosen so that the VM does not underestimate damage, The 
approximations made in model development are recognized, but the modularized 
structure of the VM facilitates the insertion of additional and improved 
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.odels as they become available. However, because the ultimate goal of 
the VM i8 a seneral use damaae assessment tool, the use of chemical
specific models has been avoided. 

2. Simulation Scenario 

The simulation requires three types of descriptive data that define: 
(1) the spill, (2) the physical setting in which the spill occurs, and 
(3) the vulnerable resources that are su~1ect to the e~fects of the spill. 
The spill i8 described in terms of its location and spill rate, the physical 
and cheaical properties of the spilled material, and the quantity of the 
spill. The physical setting is described in terms of the geometric 
configuration of the shoreline(s), hydrologic/oceanosraph1c properties, and 
meteorological data. Vulnerable resources are described 1n terms of 
demographic distribution, property distribution. and land/water use. The 
geographic area of concern may represent any user-defined location, a 
rectangular area measuring 10 miles in length and ~ miles in width being 
typical of anticipated applications. The physical setting and the dis
tribution of vulnerable resources are described in terms of mutually 
exclusive geographic cells that cover the entire area of concern. 

3. Submodels 

The VH consists of submodels interconnected by an executive routine. 
with built-in logic dictating the sequence of submodel processing as a 
function of the spill development. Among these submodels are s~ulations 
of surface spreading, water mixing, air dispersion, conflagration and ex
plosion and submodels for assessing the effects from the dissemination 
of the hazardous material on vulnerable resources. Some of the submodels 
had been designed previously under U. S. Coast Guard sponsorship as part 
of the CHRIS (Chemical Hazard Response Information System) [21 project 
development. CHRIS is a chemical hazard response information system 
embodied in a set of field manuals; the models in CHRIS are presented in a 
format for hand calculation of spill development. Some of these sa~~ 
models have also been incorporated into HACS (Hazard Assessment Computer 
System) (3), which is designed for headquarters use. The models in HACS are 
presented in a format for computer calculation of spill development. 
Several of the submodels in the VH, including all of the damage assessment 
procedures. were designed specifically for the VH. A generalized flow 
diagram of the model is presented in Figure 1-1. 

(2) Raj, R. R. K., ~nd A. S. Kalelkar. Assessment Models in Support of 
the Hazard Assessment Handbook. Arthur D. Little, Inc., Cambridge, 
Hass., January 1974. USCG Report No. CG-D-65-74 (NTIS AD 776617). 

[31 Hazard Assessment Computer System (HACS) User Manual. Arthur D. 
Little, Inc •• Cambridge, Mass., December 1974. 
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4. Op.ra tiona 1 fhas.s 

The VM opeTates in two phases. Phase 1 simulates the spill itself. 
th~ physical and chemical transformations of the spilled aubstance and 
its disseaination in space. This phase covers the time period from the 
initiation of the spill until a user-specified time has elapsed. The time 
interval between simulation calculations is specified by the user but 
may be overridden by certain subaodels (such as the explosion submodel). 
A time-history file of the spill sequence simulated during the first 
phase is retained on magnetic tape, disk, or other semipermanent computer 
storage media. 

In Phase II, the computer first superimposes this time-history file 
upon the vulnerable resources map and then aS8esses the effects of 
toxicity, explosion and/or fire on the vulnerable resources as a function 
of time. Estimates of deaths and nonlethal injur1 s to people and of 
damage to property are provided in tables. 

A schematic of the types of submodels currently implemented in Phase I 
and Phase II is given 1n Figure 1-2. Details of the Phase I submodels as 
implemented currently are given in Chapters 2. 3, and 4 and Appendixes B 
and C. Details of the Phase II submodels as implemented currently are 
given in Chapter 6 and ApperHxes D, E, and G. Generalized flow diagrams 
of Phase I submodels for a comprehensive version of the VH. i.e., flow 
diagrams showing spill development for virtually all marine cargoes, are 
presented with an explanatory narrative in Appendix A. These flow diagrams 
and discussion are presented to guide the development of new models and to 
indicate the planned structure of a comprehensive VM; the material pre
sented in Appendix A should not be interpreted as representing the current 
state of development of the VH. 

5. Constraints 

This section Jists some of those constraints to model development and 
application required to produce an operational model within the resources 
available. It should be noted that some of thp. limitations listed here 
may be relaxed or removed in the event of furtLer model development. 

(a) Several submodels applicable to marine spills of hazardous 
chemicals have been developed under contract to the USCG and 
are described in the CHRIS documentaticn [2]. Some of these 
have been programmed in FORTRAN and are currently integrated 
into HACS [3], also under contract to the USCG. Concurrent with 
development of the VH, the CHRIS and HACS documentation h3s been 
reviewed with the intent of USing as many available submodel 
designs and computer routines as feasible 1n order to avoid 
duplicating research, development and computer programming. Some 
of these submodels are being used 1n the VH with little or no 
mod if ica t ion. 

(b) Secondary damage mechanisms, such as ignition of specially hazar
dous establishments (e.g., refineries), were not treated; only 
the direct consequences of the spill were simulated. Treatment 
of secondary effects, such as fire storms, additional spills 
caused hy the primary spill, hazards from damage to key faci
lities (such a ga~ distribution on water supply system). was 
deferred for future development. 
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(c) The portion of the population indoors vas considered to be 
sheltered, and no damage was assessed to this sroup. Further, 
it vas assumed that ftfty percent of the subject population was 
indoors. 

(d) Explosion damage to structures was assessed on the assumption 
that the structures affected are framed with wood members; 
treatment of explosion damage to more substantial structures vas 
deferred for future development. 

(e) Only inhalation toxicity was treated; injury by ingestion of 
toxic materials was not assessed. 

(f) Hicrometeorological effects (e.g., airflow patterns around 
buildings) were not modeled because to do 80 would necessitate 
so fine a degree of resolution in the model that input prepara
tion and computer run time would become prohibitively expensive. 
Consequently. modelin~ to account for the net effects of micro
meteorology has been developed and is described in Chapter 3; 
however. the computer programming for this modeling has not been 
implemented. In addition. a uniform wind velocity was assumed 
to prevail over the entire area of concern. 

(g) Certain aspects of underwater modeling of chemicals were beyond 
the scope of this stage in the development of the VH. Initially. 
vessel spills were to be modeled only for hull ruptures at or 
above the waterline. Underwater releases were not considered. 

(h) Hazardous spills occurring on land that remain on land would 
require substantial modification of the model. Spills occurring 
on land but reaching the water could be treated as special cases 
of spills on water during subsequent development of the VH. 

(i) Of the various hazards resulting from spills. air and water 
pollution received lowest priority in order to avoid duplicating 
work now in progress at EPA. Damage to the environment was not 
assessed; however. the concentration of hazardous material in 
air and water was computed, so that the user may estimate 
environmental con8equ~nces at his option. 

(j) Explosions of nonchemical origin. such as those that can occur 
when cryogens are released on vater, were not considered in 
this model. 

(k) The model was designed primarily to assess risk to the public 
rather than to those persons experiencing prolonged or unusual 
levels of exposure to hazards (such as emergency personnel). 

(1) Explosion of an unconfined vapor cloud is partially determined by 
a user input option and partially determined by the simulated 
characteristics of the vapor cloud; Aince the decision to simulate 
an explosion is not entirely based on physical principles. it may 
properly be argued that the VM will simulate an explosion when, in 
fact, none could occur. 

II 

a _; 1]. ._. ,-, 1·t=+'W&s .. _3' .J r ; - =;: LU _._--_. """ 



r~-~""~"~ -~~~~-~"""'--~'~''-"",-",", .. '--:-'''-:' 
F 

, 
I 

(m) Teat runa were performed only for five cargoe8: anhydrous aaaonia, 
LNG (liquefied natural gas), chlorine, methanol (wood alcohol), 
and ga80line; an RnalY8ia of inhalation toxicology waa performed 
only for ammonia and chlorine. 

(n) Response actions (e.g •• spill containment. population evacuation, 
and fire fight ing) were not considered. 

(0) Spill8 of solids and reacting chemicals were not considered. 

(p) Cen8U8 data were used to determine the location of the vulnerable 
population; since census data primarily deal with the location of 
the reaidence of people, no modeling was effected to deal with 
the movement of people from home to work. to school, to recreational 
areas. or to other nonresidential locations. 

(q) Most of the physicochemical models consider that only a single 
proces8 occurs at one time. so that separate physical events 
occurring simultaneously are modeled as a sequence of separate 
events; for example. the VH models spilling. spreading. and b~rning 
as separate events, each terminating before the next can begin. 
even though these events can and do occur simultaneously. 

6. Current Status of Development 

At present. the VH is in a first stage of development. It has been 
demonstrated that an actual working model is capable of carrying on a 
simulation from the specification of cargo and spill conditions through 
to the assessment of damages to vulnerable resources. The quantitative 
results of the simulation appear to correlate with the picture of ~vents 
given both by expert judgment and by historical records of accidental spills. 
This correlation is obtained even though it is recognized that some of the 
modeling, by necessity. 1s not at the highest level of sophistication. 
Furthermore, the cost of a given simulation has been kept within reasonable 
bounds. Likewise the r.ost of data preparation required by the VH is not 
excessive. There is virtually no cost involved in output interpretation, 
since the computer results are presented in an easy-to-understand. user
oriented way. 

Although the re~ults are presented in what is thought to be a clear. 
forthrig~t manner, thp.re does exist a danger that the results of a given 
simulation may be misinterpreted. The VH is a deterministic model. It 
predicts, witll what is tl.ought to be a reasonable degree of realism, the 
consequ~nces of a situation specified by the user's set of input variables. 
It certainly does not predict what are the absolutely ('.ertain, oot even 
the probable, outcomes of certain activities of marine transportation; this 
is because the VM is a tool for damage assessment, which is only a part of 
the larger problem of risk analysis. At least five other considerations, 
not within the current scope of the VH, are required to perform risk analysis. 

(1) The probability of the various events (the spill, the wind 
direction, the material spilled. etc.) predicating a given spill scenario 
must be considered; the likelihood, perhaps even the possibility, of certain 
events simulated cannot be determined without further research. 

13 
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(2) The risk of damage to vulnerable resources presented by some 
facet of marine transport should be judged relative to risks presented by 
other endeavors. For example, the risk associated with a particular maritime 
activity may be relatively acceptable if it is less than the risk associ
ated with some other form of bulk transport, such as rail, truck, or 
pipeline transport. 

(3) The VM is not providing a cost/benefit analysis of the regulatory 
control of marine transport activities; neither is it determining risks, 
including economic risk, engendered by discontinuance of these maritime 
activities. For example, to discontinue shipment of chlorine could result 
in a serious water quality crisis; to stop the importation of LNG could 
worsen the energy crisis. 

(4) In modeling complex physical processes, it has been necessary to 
make Simplifying assumptions. A conservative design philosophy guided the 
development of models used in the VH; consequently, whenever alternate 
approximations were available, the approximations were chosen so that the 
VM does not underestimate damage. This conservative model design philos
ophy has a tendency to yield high estimates of damage; thus. if a spill 
scenario were actually repeated many times, it is likely that only a few 
occurrences of such a scenario, if any, would yield damage as large as that 
predicted by the VH simulation. On the other hand, it has not been deemed 
feasible or appropriate at this stage of VH development to define 
quantitatively the "worst case" of a spill and its consequences. 

(5) The levels of risk acceptable to our dynamic society are not 
well defined, are changing, and are not truly within the province of the 
'lH; judgments regarding these levels of ridk are to be determined by the 
policy makers and public. 

The preceding strong caveat is an attp.~pt to prevent misinterpretation 
of the results of VH simulations. By no means is it intended to discredit 
the VH. It is believed that, as it now stands, the VM is a useful tool fpr 
the risk analyRis of marine spills; with f'lr"ther development and improvement 
the VK shoul~ be able to provide even more utility and insight into 
considerations of this important proble~. 
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CHAPTER 2 

DESCRIPTION OF SUBHODELS USED IN PHASE I 
OF THE VULNERA8 IL lTV MODEL 

Introduction 

This chapter describes those aubmodels that are presently included in 
Phaae I of the VM. Because the air dispersion submodel which was originally 
part of HACS has been extenaively revised, and because the fire and explo
sion submodels were developed almost entirely in this program, these sub
models are discus8ed in some detail in Chapters 3 and 4, respectively. The 
other Phase I submodels were developed previously under USCG sponsorship. 
Some of theae submodels were modified so~ewhat for inclusion in the VM. 
Detailed descriptions of theae submodels are contained in the CHRIS 
documentation. The Phaae II submodels (damage assessment) are treated 
in Chapter 6 and a8sociated appendixes. 

The submodels used in the VM treat the phYSicochemical processes 
affecting the spilled hazardous material; at the present time, the processes 
simulated by the VM may be classified as follows: 

l. cargo venting 

2. spill development in water 

A. surface spreading 

B. water mixing 

C. sinking and boiling 

3. air dispersion 

4. fire and explosion 

For certain of these processes different submodels are used, depending upon 
the nature of the spilled substance. Other processes, such as fire and 
explosion. consist of a sequence of disSimilar events so that the computer 
simulation consists of a sequence of submodels. 

The selection of submodels, the flow of data, and the sequencing of 
submode1 execution are controlled by internal logic embodied in the Phase I 
executive subprogram. The decisions made by the Phase I executive are 
based on properties of the cargo, user inputs, results computed by Phase I 
subprograms, or some combination of these. A flow chart indicating the 
sequence of subprogram execution and the important decisions determining 
branching is given in Figures 2-1a and 2-1b. This flow chart represents the 
structure of Phase I 8S it is currently programmed in the operational VM; 
the analogous flow chart for a comprehensive version of the VH, which 
version would be the ultimate product of further development, is presented 
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with an explanatory narrative in Appendix A. The following consists of 
brief discussions of the computational submodels used in Phase I. 

1. Rate of Escape of Fluid CarlO [2, Ch. 2] 

This submodel provides a time history of tank conditions and venting 
rates of gas or liquid subsequent to a rupture in the tank wall. The 
venting of fluids is described by equations applicable to ideal fluid flow; 
i.e., the flow is assumed to be inviscid. Low flow rates (caused by small 
vent holes, low driving pressures, or high fluid density) and high 
cargo viscosity are two factors that will tend to make the inviscid 
assumption invalid. Since viscous effects reduce the venting rate, this 
assumption will tend to cause venting rate, and therefore combustion and 
toxic damage, to be moderately ~verestimated. For gas venting it is assumed 
that the perfect gas law holds; although this is a rathar standard 
engineering assumption, the fact that many cargoes of in~erest experience 
wide swings in pressure and temperature during venting may introduce 
considerable divergence from the perfect gas law, especially for certain 
cargoes. Departure from the perfect gas law is expected to influence damage 
estimates only slightly; whether damage is overestimated or underestimated 
by use of this approximation is not clear at this time and may well depend 
upon the cargo, tank pressure, and tank temperature. Equilibrium 
thermodynamic relationships are assumed to be valid descriptors of the non
equilibrium venting processes; this assumption, however, is virtually 
universally in engineering and is not expected to produce any significant 
error. It is assumed that all of the liquid and gas inside the tank is at 
a uniform temperature during each step of the venting process; this 
assumption is difficult to justify, but at this time it has not been deter
mined to what extent accuracy is compromised by the errors arising from 
this assumption. Rapid venting will tend to prevent the attainment of 
themal equilibrium inside the tank. The thermodynamic process e:'perienced 
by the fluid in the tank is assumed to be either adiabatic or isothermal. 
This common engineeri.ng assul!Iption represents the limiting cases for 
polytropic processes; however, the actual thermodynamic process experienced 
in venting may be some other polytropic process or may not even be describable 
as a polytropic process. These assumptions about the thermodynamic process 
D~y yield considerable error in the estimate of venting time and total mass 
vented; however. further. study is required to quantify the extent of the 
error. In any event, assumptions that underestimute venting rate or totat 
mass vented will tend to underestimate dan~ge. EVidently, the more mass 
of hazardous substance escaping from the vessel, the more damage it is 
capable of producing. Damage will be greater for higher venting rates 
because less time is then available to reduce the concentration of the 
hazardous substance to acceptable levels. This is true regardless of whether 
these levels ar~ related to toxic damage or flammability limits. 

ect- Me + 

Required input data are: 

• initial tank conditions (temperature, pressure), tank volume (and 
approximate geometry), and initial mass content; 

• physical and chemical properties of the spilled substance; 

• size and 10c~t!vn of the rupture. 
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If the tank contains only gas or if the rupture 1s above the liquid
vapor interface, only gas is vented. If the rupture is below the liquid
vapor interface, only liquid 1s vented; however, th~re 1s a provision for 
changing from the venting of liquid cargo to the venting of gaseous cargo, 
if and when the liquid level falls below the level of the vent. 

This is an acknowledged deficiency in modeling that may underestimate 
damage for releases of high vapor pressure cargoes (such as LNG and chlorine). 
when the vent hole is placed near the top of the tank, ~ut below the initial 
liquid level in the tank. 

For vented gas, the flow may be choked. When the pressure inside the 
tank is sufficiently large with respect to atmospheric pressure (as a 
function of the specific heat ratio for the gas), the flow that will occur 
at the hole is said to be choki:d flow. T~,e functional dependence of flow 
rate on tank pressure depends upon whether the flow is choked or not. 

This submodel is employed in the first calculation block on the main 
flow chart presented in Appendix A. This submodel should be ac~urate for 
many fluid cargoes, except highly viscous cargoes carried 1n containers pith 
internal pressures near atmospheric pressure. (The model is not valid if the 
Reynolds number is too small). This model is also less valid for very high 
flow rates, when the mechanical dynamics as well as the thermodynamics of 
the fluid in and exiting from the container become important. The de~ree 
of error involved by neglecting these dynamic ~ffects has not yet been 
quantified. but neglect of dynamic effects probahly tends to underestimate 
damage. 

2. Spill Development in Water 

Submodels simulating the physical processes affecting the ha~aldous 
material spilled in the water are classified in the categories of (A) surface 
spreading, (B) water mixing, and (C) sinking and boiling. 

A. Surface Spreading 

The surface spreading &ubmodel treats two cas~s of an immiscible 
liquid on the water surface: (1) simultaneous spreading and evaporation qf 
a cryogenic liquid on water and (2) simultaneous 6preadin~ and cooli~g of a 
high vapor pressure chemical. 

(l) Simultaneous Spread lliundJvapor3..~~_(l~~[.n:..ogen i'_U..'ldid 
~n Water (2, Ch. 9) 

This submodel estimates thl' spread ralc, time required for 
complete evaporation, and the maximum extent 01 spr~ad of a cryogenic liquid 
floating on the water surface. It is assumed that thl' spill occurs i:1stant~
neously, the spread area is continuous ilt every instant. ,1nd the hl'at for 
evaporation comes primarily from water. It 1s further ilssumed th,lt the 
properties of the spilled liquid do not change during the spread. The input 
data required include the pr0pertics of the liquid and the hl'ilt tranSft'I 
coefficient between the liquid and water. Since the heat ncc~sHary to 
evaporate the cryogen comes from water, the water may frec7.e and an icc sheet 
may be f~rrned under the gprt'<ldlng 11c]ldd. 1'I1£' suhmodl'l trl'ats this possihility. 
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The assumptions that the spill i8 instantaneous and that the 
spreading is cuntinuoua are made for model development purposes only and do 
not reflect what might be realistically expe~ted to occur in an actual 
spill. The violent agitation of the interface between the water and the 
spilled cryogenic liquid due to the rapid boiling of the cargo at this point 
may keep a solid ice sheet from forming under the spill and may make che 
spill pool break up into many small pools. The assumptions that the spill 
is instantaneous and that the spreading is continuous tend to under
estimate the extent of spreading and the amount of the cryogen evaporated; 
thus the damage caused by the spill may be moderately underesttmated. 

This submodel was developed primarily for liquid natural gas 
but will adequately treat spills of other liquefied hydrocarbons. Although 
some ammonia may go into solution in the water, this submodel is being used 
in the case of a liquid ammonia spill at this time. Liquid anhydrous 
ammonia is not normally carried in refrigerated containers; trea~ing 
it as a cryogen is thus decidely unconventional. However, the proc3sses of 
venting and evaporation will tend to co~l the ammonia, so that its spill 
development in water will be similar to that of a cryogen. When the 
development of the VH was undertaken, no submodel was available in HACS 
which considered the spread, dissolution, and evaporation of a liquid of 
finite solubility such as anhydrous ammonia. Furthermore the dissolution 
model in HACS does not consider evaporation. The analysis performed in the 
A. D. Little study [4} considered the dissolution of liquid NH) in a highly 
idealized context with no surface spreading_ This analysis was thermo
dynamically baaed and is not easy to incorporate into a model that considers 
the diffusion of the ammonia into the water and the transport by currents. 
Furthermore. the philosophy in the VH is to avoid chemically specific sub
models. Therefore, the submodel for an insoluble cryogen was used. Al
though use of this submodel for a spill of liquid ammonia is not 
altogether appropriate, it is the best choice at this time. 

(2) Simultaneous Spreauing and Cooling of a High Vapor Pressure 
Chemical [2, Ch. 10) 

This submodel is used to estimate the extent of spread and the 
evaporation rate of a high vapor pressure, lighter-than-water liquid spilled 
on water. In order to construct A mathematically tractable submodel, 
spreading and evaporation are estimated independently. The submodel 
utilizes basic concepts of spread and evaporation caused by a vapor pressure 
difference between the liquid surface and the atmosphere. 

(4) 

The following assumptions are made. 

(i) All of the liquid is spilled instantaneously. 

(ii) The spreading is independent 0f evaporation. 

(iii) Entire liquid mass is at a single temperature (mixed 
mean temperature) at every instant of time; that is, 
there are no thermal gradients in the liquid mass 
itself • 

Raj. P. P. K' f J. Hagopian, and A. S. Kalelkar. Prediction of Hazards 
of Spills of A •• hydrous Anunonia on Water. Arthur D. Little, Inc •• 
Cambridge, Mass., Jan. 1974. D.O.T. Report No. CG-O-74-74 (NTIS AD 
779400) • 20 



(iv) Liquid and vater properties are constant. 

(v) The mass-transfer coefficient is constant. 

(vi) The vapor concentration of the cargo in the distant 
atmosphere is zero. 

(vii) The temperature of the liquid when first spilled is the 
same as that of the water temperature. 

A8sumptions (iv) and (vi) appear to be valid and do not seem to induce any 
significant errors. Assumption (vii) may not be correct at all times but 
probably has a small effect on damage compared to other assumptions. Assump
tions (ii) and (iii) may introduce significant errors 1n damage assessment. 
but the error vill in general overestimate damage. The effect of assump
tions (i) and (v) may be to underestimate damage in some cases. 

Input data required to run the submodel include the physical 
and thermal properties of the spilled substance and the saturated vapor 
pressure-temperature relationship for the substance. 

This model was developed with extremely high vapor pressure 
substances such as diethyl ether and ethyl acetate in mind, but it should 
also serve for propylamine, pentane. ethyl bromide. and other petroleum 
derivatives. The VH also uses this submodel for gasoline. 

B. Water Mixing 

Two submodels for the mixing of a miscible liquid with water have 
been selected for initial inclusion in the VM: (1) mixing of a neutrally 
buoyant l~quid and (2) mixing of a highly soluble, high vapor pressure liquid. 

(1) Mixing and Dilution of a Water-Miscible Liquid [2, Ch. 4) 

This submodel estimates the concentration, over time, of a 
water-miscible chemical spilled on water. Classical diffusion equations are 
used. strictly applicable to neutrally buoyant solutes (liquids and solids 
that dissolve in water). Both instantaneous and continuous spills are 
considered. Calculations are dependent upon the state of the water surface 
calm water, tidal river. or nontidal river. 

It is assumed that there is no rapid settling of the liquid 
due to high density of the spilled chemical, and it is assumed that no heat 
transfer. chemical reaction, or phase changes take place (i.e •• it is assumed 
that the total mass of the liquid which is mixing with water remains a 
constant). As long as these constraints on the nature of the spilled cargo 
are adhered to, this submodel should yield reasonably realistic results; 
however, spills of cargoes that are not neutrally buoyant may behave in a 
manner significantly different from that predicted by this submodel. The 
geometry of the water region, stream and tidal velocities, total mass of 
liquid spilled, and the location of the spill are required input. 

This submodel is very detailed in its treatment of the currents 
and density gradients in the water but does not consider evaporation. It is 
used in the VM to calculate the concentration of methyl alcohol in the river. 
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(2) Mixing and Dilution of a Hiah Vapor Pressure, Highly Soluble 

Chemical [2, Ch. 11] 

This submodel estimates the vaporization rate as well as the 
area and duration over which the evaporation takes place for the spill of a 
high vapor pressure. highly soluble liquid on water. The submodel is 
basically that of mixing and dilution in a river of uniform velocity over 
a cross section. For the navigable rivers of primary interest in the VH, 
the assumption of a uniform velocity profile is quite reasonable since the 
boundary layers on the channel sides and bottom are small compared to the 
stream dimensions. The effect of the approximation on damage assessment is 
difficult to determine without further study. It is first assumed that 
the entire liquid spilled goes into solution in water and the concentration 
is then estimated. The vapor pressure (on the water surface) 1£ then 
calculated and the vaporization rate is estimated. 

The basic assumptions are as follows. 

(1) The air is saturated with vapor just above t.he water 
surface. 

(ii) The chemical spilled reaches the temperature of the 
water instantly. 

(iii) To estimate the water dispersion (and hence surface 
concentration), it is assumed that the entire mass of 
the liquid spill initially goes into solution with water. 

(iv) An instantaneous spill at a point is assumed for 
calculating the water dispersion. 

Of these assumptions, the last (iv) is least justifiable and most likely to 
produce error in the damage assessment; for the case of relatively long 
spill release t1me~ the model may tend to underestimate the evaporation rate 
and thereby underestimate the damage caused by the dispersed vapor. The 
other assumptions. (i), (ii), and (i11), seeD! to be suitable for the level of 
accuracy required. 

Required inputs include the mass of liquid bpilled, saturated 
vapor pressure relationship (at water temperature). characteristics of the 
river. and the mass-transfer coefficient for surface evaporation. 

This submodel is an extension of the previously described 
submodel to include the calculation of evaporation rates. In order to 
concentrate on this. only simple water conditions are considered. This 
submodel is appropriate for spills of methyl alcohol, diethylamine, or 
trimethylamine. 

C. Boiling of Heavy Liquids with Boiling Temperatures Less than 
Ambient [2, Ch. 12) 

This submodel estimates the rate of boiling for immiscible liquids 
having densities greater than that of water and having boiling points below 
ambient water temperature. Boiling and sinking occur at the same time. 

22 

........... _------_._-- ---- ------------



-------l".; 
The basic aS8u.ptiona are aa followa. 

(i) The liquid spilled breaks up into small drops instantan
eously, and theae drops attain terminal velocities in a 
very short time with very little evaporation. 

(ii) All of the drops formed are of the same size. 

(iii) The drop cluster formed has high porosity; that is, the 
inte·· -Q distances are large en~ugh so that. as a first 
approx __ ~tion, the effect of other drops on the motion of 
any single drop in the cluster can be neglected. In 
short, it i8 assumed that the motion of each drop is 
independent from all others. 

(iv) The critical Weber number is 8; that is. any drop moving 
at a velocity greater than that for which the Weber 
number is 8 breaks up into smaller drops 

(v) Forced convection heat and mass transfer results are assumed 
to apply 

The last assumption. (v). seems quite acceptable. Assumption (iv) may not 
be quite true sin~e boiling simultaneous with sinking is liable to affect 
the stability of the droplets, thereby changing the critical Weber number; 
however. the error introduced into the damage assessment by this slightly 
to moderately ina~propr1ate assumption is expected to be small. Assumptions 
(1), (ii). and (iii) are all subject to challenge. The spilled liquid 
may tend to stay together. rather than break up into widely dispersed. 
uniform droplets as assumed. Nevertheless. these assumptions will all 
tend to prod~ce a rate of vapor evolution higher than that which will actually 
occur. Consequentl~ the damages caused by the air dispersio~ of the evolved 
vapor are liable to be overestimated. 

The density and surface tension of the spilled liquid. its boiling 
temperature at atmospheric pressure. the latent heat of vaporization, and the 
temperature. density. specific heat. and viscosity of the water are needed 
for these calculations. 

This submodel is approprtate for Freon 114 and some other halo
genated-hydrocarbons. It may be used for liquid chlorine spills; however, 
since chlorine is slightly soluble in water. some chlorine will be lost by 
going into solution. 

3. Atmospheric Dispersion 

This submodel calculates the concentration of the cargo in g8S 

phase in the air from the time the gas is released into the atmosphere 
until a fire or explosion occurs. or until the maximum time stipulated 
for the simulation is reached. If the cargo vents as a gas, or the ~as 
is generated by a liquid cargo which is denser than water and which has 
a boiling point higher than the ambient water temperature. the source of 
the vapor 1s taken to be a point source. If the gas is liberated by 
evaporation from a pool of liquid cargo on the water surface. the point 
source is removed to a virtUAl pOSition five pool diameters upwind. 
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The submodel is based on the Gauaaian distribution. which is a 
theoretical solution to the partial differential equation loveminl 
diffusion problema. The dispersion coefficients used in the Gaussian 
distribution are obtained from the analysis of many observations of 
plumes from tall stacks and of puffs of smoke or some other tracer. Plumes 
result from continuous releases. whereas puffs result from instantaneous 
releases. Puffs are three-di .. naional Gaussian distributions in which the 
dispersion coefficients depend upon the distance traveled by the puff 
center-of-.. ss. The plume is a two-dimensional Gaussian distribution in 
which the dispersion coefficients depend upon the distance downwind from 
the aource to the observation point. The values for dispersion coefficients 
that have been compiled are baaed on data in which the distances (distance 
travelled for the puff - distance downwind for the plume) range from 
approxiaately 100 meters to several kil~ters; for calculations 
involving short or long distances extending beyond the range covered by 
experiment. the VK uses values for the dispersion coefficients extra
polated from tl .. ~ empirical values. Extrapolation far back from 100 
meters toward zero may yield inaccurate concentration values; a model. 
other than the Gaussian plume model. is probably m('re clppropriRte for 
small distances ('" 10 meters). 

The dispersion coefficients are parameterized on the basis of the 
atmospheric stability or the turbulence class. The atmospheric stability 
is related to the amount of mixing in the lowest several hundred meters 
of the atmosphere.' which is strongly dependent upon the variat10n of the 
temperature and wind velocity as functions of height and. near the 
ground. upon the surface roughness. The temperature structure 1s. 1n 
turn. dependent on the amount of heat from the sun reaching the ground 
and on the absorption properties of the ground. Criteria for determining 
the stability class based on these factors are given in standard references 
(see for example. Slade [5) as explained in Chapter 3). 

At present. the submodel w111 select the plume (continuous source 
Gaussian distribution) if the total release time is longer than five 
time steps. although the user may specify that the puff (instantaneous 
source) Gaussian distribution be used regardless of the release time. 
It is presumed that the time steps are chosen to be related to certain 
advection times as explained elsewhere. Furthermore. the plume model is Ol't 
used for wind speeds of less than 2 meters per second. because it is not 
valid for light winds. The plume model does not allow for diffusion in the 
direction of the wind. so the discontinuous changes 1n concentrat1nn at the upstream 
and downstream ends of the modeled plume are more abrupt than in reality. 
The ~uff model has the puff center leaving the source position when the 
gas liberation begins. but the total mass in the puff increases as the 
mass of gas liberated increases. Neither of these aspects of the model 
is wholly satisfactory. but no analytic models for short plumes or long 
puffs are currently available. 

IS] Slade, D. H. (ed.). Meteorology and Atomic Energy 1968. U. S. Atomic 
Energy CommiSSion. Oak Rtdge, Tenn., July IQ68. (NTIS TID-24190) 
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Implicit in the Gaussian models is the assumption that the wind 
velocity ia not a function of time OT. position. For the plume model, the 
effecta of surface roughness and the .. anderinl of the plume with tt.e 
.. y be approximated by adjustments to the dispersion coefficients. Hov
ever, one value of the surface roulhnea. must be taken for the entire 
area of interest. The ~andering adjustment changes the time-average 
concentration but does not attempt to model the statistical fluctuations 
of the concentration within that averaling period. Buoyancy effects are 
not considered in either the plume or the puff model. 

Because the Gaussian models were based on data gathered from dilute 
plumes and puffa, their use for very concentrated cases, as in the VH, is 
an extrapolation. tlhen the puff IDOdel wa41 used close to a very large 
apil1 of material Which vaporizes quickly, the model originally save 
concentrations which were higher than the density of the carlO vapor at 
ambient atmospheric temperature and pressure. The puff model has been 
modified to preclude this by allowing a region of pure cargo vapor 
surrounded by a region in which the concentration decreases in the Gaussian 
fashion. The pure cargo vapor concentrwtion is at the proper density 
for ambient conditions. This modified distribution is used only when 
the regular puff model would give unrealistically high concentrations. 

The air dispersion aubmodel is presently being used only for the 
case of cargo vapors in the air, even though this submodel is also appli
cable to cases in which the cargo material is suspended in very fine 
solid or liquid particles. Currently. loss mechanisms are not included, 
nor are reactions taken into account. The possibility of the formation 
of a fog by the cargo droplets or by the cooling of the air to form 
water droplets is not considered. The effects of precipitation upon the 
concentration are not considered, except insofar as the precipitation may 
affect the stability class. 

The data inputs required for this submodel are: wind speed, stability 
class, spill location. pool diameter, and the rate of cargo vapor libera
tion. A flag may specify if the puff model is to be used regardless of 
the gas escape rate. This submodel is discussed in more detail in 
Chapter 3 and Appendix B. 

4. Fire and Explosion 

This group of Bubmodels dete~ines whether a flammable cargo will be 
igniteci and then determines the phYSical characteristics of the resulting 
combustion (fire. explosion. or both). Four types of fire and explosion 
phenomena are modeled in this section of the VH; they are: (A) ignition. 
(8) explosion. (C) flash fire, and (0) pool burning. The modeling of the 
phenomena of fire and explosion proceeds in three temporal phases. First 
the decision of whether. when. and where ignition occurs is made by the 
internal computer logic based on user inputs, results computed by submodels. 
and the properties of the cargo. Subsequent to ignition,either an explosion 
or a flash fire is modeled. depending on the type of ignition source 
specified by the user, as explained below. Following either of these 
events. the burning of flammable liquid 0'1 the water surface. if allY 
liquid remains, is modeled; currently. burning from a vessel venting flam
mable fuel is n0t modeled. In addition, the user may specify that ignition 
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occurs at the spill site so that only pool burning results. The treatment 
of (A) ignition, (B) exploaion. and (C) flaeh fire ie preaented in greater 
detail in Chapter 4; a more co.plete evaluation of the acceptability of 
the assumptions used to d~velop these model. i. given there. 

A. Ignition 

Thia su~model determines whether ignition occura, which ignition 
source originates the ignition, and at what time during the simulation the 
ignition takes place. All ignition sources are assumed to be located at the 
grid cell center8. This a8sumption is not reali8tic, especially in an 
urban area, but i8 an expendient measure u8ed to avoid a detailed and 
costly specification of the boundaries of each grid cell. In 
some cases, this assumption vill cause explosion and fire damage to be 
overestimated, since the size and travel of the flammable cloud will be 
greater for delayed ignition at the cell center than for ignition at a cell 
boundary. In other cases, however, ignition will not be simulated when. in 
fact, it would occur, because the concentration of the vapor at the cell 
center is below flammable limits, even though the concentration is within 
flammable limits elsewhere in the cell. The user predetermines whether a 
given ignition source will cause fire or explosion. This a priori 
determination of the nature of combustion may produce the simulation of an 
explosion when, in fact. an explosion is unlikely or even impossible. 
This expediency is justified by the lack of a general theory to predict 
the combustion behavior of unconfined flammable vapor clouds. In addition 
to lack of agreement about the conditions under which unconfined vapor 
clouds ignite.a technical determination of combustion behavior is further 
inhibited by the difficulty in specifying certain parameters known to 
influence combustion behavior. For example, an initiating detonation of 
sufficient strength may induce the detonation of a contiguous unconfined 
vapor cloud; however, the strength, tl~, and location of an initiating 
detonation that arises. say, from the seepage of the flammable vapor into 
a confined space (such as a building enclosing electrical equipment) are 
very difficult parameters to compute or even estimate. The user also 
specifies the strength of the ignition source. The classification of 
ignition sources according to potency is based on the NFPA classification 
of flammable liquids (6). Flammable liquids are classified according to ease 
of ignition by flashpoint; the higher the fla~hpoint of a liquid the more 
difficult that liquid is to ignite. As discussed in more detail in Chapter 
4, the use of the concept of flashpoint to grade ignition sources is a 
rather unconventional technique, adopted in the VH 80 that the user has the 
option of changing a simulation by only type of flammable substance 
spilled, yet obtaining combustion in one case and not in the other. Ignition 
sources are so designated that the NFPA class of liquids they can ignite is 
known; of course, all liquids more flammable than the designated class are 
also assumed to be ignited by that same ignition source. 

This submodel uses basic physicochemical principles to determine 
the ignition event. There are three requIrements for combustion: (1) fuel. 
(2) oxidizing agent, and (3) ignition source. The user will specify 
whether a given grid cell contains an ignition source. The fuel is provided 

[6} Tyron, C. H. (ed.). Fire Protection Handbook, 13th ed. National Fire 
Protection Association. Boston. 1969. 
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by tbe 411perled fl .... bl. v.por, wher ... the oxi41atna •• ent il provided by 
the oXY,ln 1n thl lir. Sinci Coahu8tion will occur only over • clrtatn 
raDII of fuel-.ir r.tio., the decilton that coabultion occurl will be .. dl 
only if the vapor concentr.tion in a aivln cill i. within thl fl .... bility 
limitl for the lublt.nci under conaideration .nd the liven cill contain. an 
ignition lource of Itrenlth lufficient to ilnit. the .pilled carlo, Th. 
u.er must ule judament in apecifyina an ilnition source and itl 8trenlth 
.t • aivln location. Rural areal Ihould have fewer ilnltion lourC.1 per 
unit area, ,~ereal urban area. Ihould have • greater concentr.tion of ilDition 
louree.. Ilnitloo source. specified for residential and recreational areas 
.hould be le •• potent than thoae specified for heavy indue trial area. 
containlna facilitie',such as welding .hops and ... lter., that are very 
powerful .ources of ignition. 

The input data required for thil lubmodel are: 

• type (fire or explosion) of 19nition source for each arid cell; 

• potency class of each ignition source; 

• flashpoint of the spilled 8vbstancej 

• upper and lower flammability limits of the spilled substance; 

• concentration of the air-dispersed cargo for the time and grid 
cell location under consideration. 

B. Explosion 

This submodel calculates the peak overpressure and the dynamic 
impulse generated by the explosion of a flammable cargo-air mixture. In 
addition to these variables required for damage assessment in Phase It, 
the explosive yield and TNT equivalent are also determined. 

Thil submodel assumes the following. 

• The exploding mass acts like a condensed phase explosive (high 
explolive) located on the water or land surface. 

• The explosive yield is aiven by the product of the heat of co~ 
bust ion per unit mass an_ the total mass of fuel participating 
in the explolion. 

• Only that portion of the fuel-air mixture with a concentration 
between the explosive limits can contribute to the explosive 
yield. For that part of the fuel-air mixture richer tban 
stoichiometric, but leaner than the upper-explolive-limit con
centration. only that fraction of fuel for which there i8 
sufficient oxygen for complete burning contributes to the 
explosive yield. 

• The well-known scaling laws for explosions are assumed to hold. 

This model requires as input the time of ignition, the parametric 
values determining the concentration in space at the time of ignition, the 
heat of combustion of the fuel (cargo), the location of the explosion 
epicenter, and the atmospheric temperature and pressure. 
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c. 'laah Fire 

Thi •• ub.adel calculates the effective radiation inten.ity level 
and the effactive radiation duration resulting from the fla.h fire. The 
fla.h fire i. conaidered to be the rapid combustion without detonation 
of the fuel-air layer premixed within the flammable concentration limits. 
The beat 8en.rat.d •••• nti.lly in8tantanaou.ly by combustion is assu.ed 
to be lo~t from the combu8tion layer entirely by radiation; thus the 
r.diation 10 ••••• function of time may be calculated. In order to fit 
in with the comput.tional procedure in Pbase II, this time-varying radia
tion leval i. rapr •• ant.d by a fixed radiation level (the effective 
radiation lev.1) and an effective duration. 

Thla sublDOdel assumes the following. 

• Only that portion of the fuel-air mixture within the flammable 
limits burns and then only to the extent permitted by the local 
oxygen concentration. 

• The energy released by combustion is mixed uniformly throughout 
the combustion layer. 

• The heated combustion layer loses energy entirely by radiation. 

• The emissivity of the layer is taken to be unity. 

• The effective duration is three times the time required to reach 
the temperature given by the average of peak temperature and 
ambient temperature. 

• The radiation intensity is that level emitted by the layer when 
its temperature is the average of the peak temperature and ambient 
temperature. 

• The radiation from the flash fire i8 allowed to affect only those 
portions of space inside the burning layer. 

The input data required for this submodel include the time of 
ignition, the parametric values determining the spatial concentration at 
the time of ignition. the heat of combustion of the fuel (cargo), and the 
ambient temperature. 

D. Pool Bur2!Bl 

This submodel calculates the duration and magnitude of thermal 
radiation emitted by a burning pool of flam~ble cargo; the radiation 
level i& calculated for any desired point in space. This submodel is 
comprised of the following submodels: 

(1) flame size; 

(2) thermal radiation from flames; 

(3) radiation view factor between an inclined flame and an 
arbitrarily oriented surface in space; 

(4) burning time. 
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The pool burn ina aubaodel calla aubmodel. (I), (2), and (4) above once 
for the entire arid atructure; aubmodel (3) i. called for each arid point. 
The burning t1JDe (aub.,del (4)] 18 the aame for all grid cells. The name 
al.e calculation (1) ia used aa input to the thermal radiation calculation 
(2) which in turn i8 u8ed with the view factor calculation (3) to glve the 
radiation intenaity at the aelected 8patial location. In the following 
di.cus.ion, theaa four 8ubaode1a, compriSing the pool burning submode1, are 
described in more detail. 

(1) Flame She 

Thia aubmodel calculates the height, diameter, and angle of 
inclination of the flame from a burning pool; the wind blowing acr08S the 
pool aurface cauaes the flsae to be inclined with re8pect to the normal to 
the pool surface. The details of thi8 submodel are given in the CHRIS 
documentation (2, Ch. 6). 

The formulas used to calculate flame height, diameter, and 
inclination angle are empirical expressions obtained by curve-fitting 
experimental data. The major assumption for these models then is that 
relationships obtained under laboratory conditions may be extended to larger 
scale occurrences in the field. Although large-scale events will probably 
behave very much like small-scale laboratory experiments, provided all 
experimental conditions other than size are duplicated, the fact is that the 
conditions in the field are different from those in the laboratory. Perhaps 
the most significant difference is chat in the laboratory an effort 
is .. de to keep wind velocity constant, whereas in the fi~ld the wind gusts, 
changing both speed and direction. At this time, the effect of these 
discrepancies on damage assessment is not known. 

The data required for this submodel are: 

• liquid burning rate 

• pool diameter 

• wind velocity 

(2) Thermal Radiation From Flame 

This submodel calculates the radiant heat flux incident on a 
receptor at sa. disUnce from a burning pool. A detailed discussion of this 
aubmodel is given in the CHRIS documentation (2, Ch. 71. 

The flame from the burning pool is modeled as a cylindrical 
radiator of uniform temperature; this constitutes the major assumption of 
this submode1. The cylindrical radiator is allowed to be inclined with 
respect to the vertical. The atmospheric transmissivity and flame 
emissivity are assumed to be one, i.e. the atmosphere is not allowed to 
absorb radiant energy and the flame is treated as an ideal black body 
radiator. These assumptions about atmospheric transmissivity and flame 
emissivity are not correct; however the degree of error induced in the 
damage assessment by the use of these assumptions is unknown. The assumption 
that the flame is a cylindrical radiator of uniform temperature is more 
realistic and probably has a negligible effect on the estimation of damage. 
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The input data required by thi~ submodel are: 

• flame height, diameter, and inclination angle; 

• location of the receptor with respect to the burning 
pooli 

• the adiabatic flame temperature. 

(3) Radiation View Factor Between an Inclined Flame and an 
Arbritrarily Oriented Surface in Space 

This submodel calculates o~a normalized basis, the view factor 
between a cylindrical, inclined flame and a receptor; the receptor is 
assumed to be oriented with respect to the flame so that it receives the 
maximum possible radiation flux. As discussed in many standard texts on heat 
transfer, for example Eckert and Drake (7), the view factor is a purely geo
metrical property of the spatial arrangement of lhe flame and receptor. Thus 
no physical assumptions, except those basic to radiant heat transfer, are 
required by this model. 

The input data required by this submodel ~re the same as for 
(2) above, namely: 

• flame height, diameter, and inclination angle; 

• the location of the receptor. 

(4) Burning Time 

This submodel calculates the length of time the pool will 
continue to burn after it is ignited. 

It is assumed that the pool is extinguished when all of the fuel 
remaining in the pool at the time of ignition is burned up. It 1s further 
assumed that fuel leaves the pool not by evaporation or water mixing, but 
only by burning. The burning time is calculated by the following: 

where 

tb - pool burning time (s); 

V - volume of fuel remaining in the pool at the time of 
p ignition (m3); 

2 A - area of the pool at the time of ignition (m ); 
p 

Tb - burning rate of the fuel (m/s). 

[7] Eckert, E. R. G., and R. M. Drake. Heat and Mass Transfer. McGraw-Hill, 
New York, 1959. 
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The aasUDption. implicit in the 3bove. that apreading stops after ignition, 
i. subject to dispute. However, at the present time,no analysis is extant 
Which treats the spread of a burning pool of spilled cargo. Certainly 
apreading rate will be reduced after isnition. becauB~ mass is being reduced 
by combustion. 

The Qata required for this submodel are the volume of cargo 
remaining in the pool at the time of ignition, the area of the pool at 
ignition time, and the burning rate of the cargo. 
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CHAPTER 3 

AIR DISPERSION 

In order to affect the vulnerable resources, the spilled material 
must be transported avay from the spill site and dispersed in the air 
and water in the vicinity of the spill. This dispersion i8 the result 
of a number of natural phenomena. The most important of these phenomena, 
however, are the convection of the material with existing currents in the 
air and vater and the diffusion of the material from a small volume of 
high concentration to fom a larger volume of low concentration. These 
mechaniama, over which man has very little control, seriously increase 
the hazard from the spill and hinder the cleanup efforts. 

Althc,l\gh there is no intention to undervalue the serious consequences 
of the cargo's dispersion in the water, the effects of the hazardous material 
in the vater are neither immediate nor violent in most cases. There may 
be sufficient time to shut down the water intakes to water supply 
systems, close shellfish beds to harvesting, or warn the populace 
against eating fish caught from a certain section of the river. But 
the effects of the dispersion of the cargo in the air may be of immediate 
significance. A fire or explosion may devastate part of a city or town, 
perhaps killing many people, or toxic vapors could cause numerous 
casualties in a matter of minutes or hours. Thus the air dispersion 
submodel is of particular importance, because air dispersion is much 
faster than water dispersion. combustion can take place in air but 
not in water, and people can be injured very rapidly by inhalation of 
toxic gases or by asphyxia. 

The air dispersion submodel calculates the location and concentration 
of the cargo in the air from the time that is escapes until tbe time that 
~here is no further interest in its dispersion. At this time, the dis
persion of the cargo in the ail- iB treated only if the cargo is in the 
gas phase. The air dispersion of particu13tes and aerosol~ is not cur
rently treated, although the same Gaussian models may be applied, as is or 
modified to include loss mechanisms and reactions. The escape of the gas 
may be by direct venting from a tank or by means of evaporation or 
boiling from a pool of spilled liquid cargo. The case of a liquid 
cargo which is denser than water and has a boiling point lower than the 
ambient water temperature is also considered. In this case, the gas is 
liberated at the water surface. Mechanisms which might be investigated 
for future incl~sion include loss by chemical reactions, scavenging by 
aerosols. rainout (loss of the vapor by going into solution in the 
raindrops), and impingement upon vegetation. 

33 
Preceding page blank 

M ., w._~ 0'. It 

, 

~ 



Basis of the Submodel - Gaussian Distribution 

Almost every model of atmospheric dispersion employs one of two 
approaches, or, occasionally, some combination of the two. These approaches 
are ~he Gaussian distribution and the finite-difference model. These 
approaches are quite different in use and in their basic a6sumptions. The 
Gaussian models are semi-empirical and are dependent upon the deter
mination of certain parameters from experiments. The finite-difference 
models operate from basic laws of fluid dynamics. CHRIS and HACS have 
chosen to utilize Gaussian models, and the VM is currently using Gaussian 
models. 

The finite-difference models operate by the repetitious application of 
basic equations at many points in space for a numb~r of time steps. There 
are no analytic means by which the concentration at the 30th time step can 
be calculated - the program must proceed through the first 29 time steps 
first. Other drawbacks of the finite-difference models are that they reqlJire 
a regular grid and that special precautions must be taken at the edge~ of 
the grLd to ensure that the presence of the edges does not affect the results. 
The accuracy of the results is primarily dependent upon the fineness of the 
mesh. 

Once the grid network is set up and the data storage and manipulation 
problems are solved, the finite-difference mod~l is very flexible insofar as 
physical phenomena are concerned. The statements of the basiC equatioT,s 
occupy only a small part of the program, and features such as buoyancy and 
the change of wind velocity with time or position may be easily incorporated. 
The case in which the wind $~eed is zero or very clos~ to zero causes no 
special problems. Removal and generation terms may also be added to the 
equations in a fairly straightforward manner. But the finite-difference 
models occupy more storage space and ta::e m\1l;h more computer time than ;he 
Gaussian models. 

CHRIS and HACS use Gaussian air dispersion models. Although Raj and 
Kalelkar [2] discuss both the plume (continuous source) model and the puff 
(instantaneous 90ur~e) model, o~ly the puff model was programmed for HACS 
at the time HACS was received. Because of the use of Gaussian models by 
CHRIS and HACS and because of attempts to economize on both computer storage 
and ru~ning time, Gaussian models are used in the VM as well. 

Since the Gaussian models are largely empirical, one must always 
be careful that they are not used to simulate conditions which are widely 
different from those under which they are validated. Specifically, the 
diffusion coefficients have been obtained for plumes and puffs which are 
diffuse and for which the tracer gas or smoke has a density close to the 
density of air. For the case of a vapor which has a density quite 
different from that of air, or for th~ case in which the vapor is very 
concentrated, say. more than several percent, the Gaussian models would 
have to be applied with caution. Since the model does not operate 
direc:ly from basic physical principles, the modification of the model 
to account for effects such as buoyancy is not straightfo.watd and may 
require experimental validation. 
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In addition to speed of operation, the Gaussian models have two 
advantages in being analytic expressions. First, the time step can be 
chosen on the basis of the times at which an output is desired, and it is 
not necessary to evaluate the expression at intermediate times to obtain 
a concentration at a desired time. Second, the concentration can be cal
~ulated for any arbitrary location and only for that location. The flnite
difference model requires that the concentration at all grid points be 
calculated at each time step. The concentration in a Gaussian model may be 
found for any point at any time without calculating that for other points 
and times. And the Gauss:f.an models do not require any regular grid system. 
This feature is quite valuable in the VM where to facilitate model testing 
the present grid system is based on census tracts, which are irregular in 
density and distribution. 

Description of the Submodels 

The basic mathematics for both rhe puff and the plume is contained in 
Chapter 5 of (2). The concentration at some point (x, y, z) at time t is 
given for the puff model by 

2 

- ---.~. ~.~ .. ~-. 

2M 
C (x, y , Z, t) • ----::3..::;J;.::2~-- exp (-

2 
(x-Ut) 
20 2 

2 
~ 
20 2 

y 

z 1 
20 2 

(3-1) 
I (2n) 0 0 0 x y Z x z 

and for the plume model by 

C(x,y,z,t) • 
c 

2Q 
(2n)Ua a 

y z 
exp 

2 
[_ ...:l-

20 2 
Y 

2 
z 

20 2 
z 

(3-2) 

The following nomenclature is used: 

a • a • 
>. y 

x, y, 

a - diffu~ion coefficients (m) 
z 

Cr = 
c = 

c 
M • 
U = 
Q = 
z -

concentration for an 1nstantaneous release, i.e., puff 
(kg/m3) 3 
concentration for a continuous release, i.e., plume (kg/m) 

mass of vapor liberated (kg) 
wind speed (m/s) 
rate of vapor liberation (kg/s) 
Cart~8ian coordinates with the origin at the source of the 
air dispersion material. The wind is taken to blow toward 
the positive x-direction. The vertical coordinate is z. 
The cross-wind coordinate is y. 

Note that, as explained in the following discussion, the o·s in equation (3-1), 
which depend on the distance travelled by the center of the puff, are different 
from the o·s in equation (3· :). which dep~nd O~ the distance (x) downwind 
from the source. 
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For the venting of the cargo in the gaseous state. the coordinate 
system has the origin at the spill location. For the release of vapor by 
evaporation from a pool of liquid cargo on the water surface. the coordinate 
system has the origin five pool diameters upwind of thn pool center. The 
positive x axis is oriented in the direction toward which the wind is 
blowing. The z • 0 plane is the water surface. and for venting gas il; is 
assumed that the vent is at the water surface. Unless specifically directed 
otherwise. the VH evaluates the concentration at z - I m. At present. the 
rate of vapor liberation. Q. is the average release rate. It is a simple 
modification to incorporate a variable release rate by evaluating Q at time 
tel where te • t - x/U; te is the time at which the vapor observed at the 
point. (x. y. z). at the time, t, was released. This has not been done 
because of the difficulty of calculating the amount of vapor which burns 
or explodes when the release rate is variable. Modification of this part 
of the model to al:.ow for variable release rates would be valuable, if 
priorities in further work permit. 

Diffusion Coefficients 

The diffusion coefficients in (3-1) and (3-2) are parameters which 
have been determined by experiments. They are strong functions of the 
stability of the atmosphere - the amount of turbulence present and the 
variation of the temperature with height. Different experimenters have 
classified the stability of the atmosphere in different manners, so that 
direct comparison of one parameterization of the diffusion coefficients 
with another is not always possible. For the plume model. the set of 
coefficients derived by Pasquill (8). (9) has found wide acceptance. 
Figures 3-1 and 3-2 show these curves. The figures have been taken from 
Chapter 3 of Heteorology and Atomic Energy l5J. and the reader is re
ferred to this chapter for a discussion of atmospheric stability. These 
curves have been numerically approximated in HACS subroutine JHHDC. The 
values of the diffusion coefficients used for the puff model have been 
taken from Chapter 4 of Heteoro10gy and Atmomic Energy (5) and are 
shown in Table 3-1. There h~s been much less work on puffs than there 
has been on plumes, so the coefficients for the puff model are not as 
widely used as the plume coefficients. 

A summary of the stability classes is shown in Table 3-2. These are 
the classes used in the parameterization of the dispersion coefficients 
for the plume model. The parameterization for the puff coefficients is 
only for three classes of stability. The program is set up to allow for 
six stability classes in case the plume model is used, but, if the puff 
model is used, designation of classes A. B, or C will result in the 
unstable parameterization being used, classes 0 and E will use the 
neutral figures. and class F refers to the very stable curve. 

(8J Pasquill, F. The estimation of the dispersion of windborne material. 
Meteorology Mag. 90:33-49, 1961. 

(9) Pa~quill, F. Atmospheric Diffusion. Van Nostrand. London, 1962. 
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DISTANCE FROM SC'JRG£ 1m) 

FIGURE 3-1 

HORIZONTAL DISPERSION COEFFICIENT, a , VS. DOWNWIND DISTANCE FROM 
Y 

SOURCE FOR PASQUILL'S TURBULENCE TiPES 
USED FOR THE PLUME MODEL 

(From page 102 of [51) 
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FIGURE 3-2 

VERTICAL DISPERSION COEFFICIENT, a • VS. DOl~IND DISTANCE FROM 
z 

SOURCE FOR PASQUILL'S TURBULENCE TYPES 
USED FOR THE PLt."ME "10DEL 

(From page 103 of (5) 
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Approximate -
Par_ter Conditions 100 m 4000 m Dower function 

a (a> Unltable 10.0 300 0.l4(x)O.92 
y 0.06(x)O.92 

a 
& 

Neutral 4.0 120 
Very atable 1.3 35.0 

(m> Unstable 15.0 220 
Neutral 3.8 50.0 
Vet'y atable 0.75 7.0 

TABLE 3-1 

SUGGESTED ESTIMATES FOR a • a (From page 175 of [51) 
y z 

0.02(x)o.19 

0.53(x)O.7' 
0.l5(x)o.7o 
O.OS(x) 0.51 

The values for a given in the columns headed 100 m and 4000 mare 
observed values. The approximate power function given in the last 
column relates the value of a to distance travelled by the puff 
center (x) for the cases indicated; these functions are obtained 
by curve fitting the observed data. 

A-Extremely unstable conditions 
B- Moderntely unstable conditions 
C-Slightly unstable condltlonll 

Surface wind Daytime Insolation 

D- Neutral conditions-
E- Slightly stAble ('ondltlons 
F - MOIl(' rately .tllblc ,'oIKJltlona 

Nighttime condition, 

Thlrl overcast 
or~% ~J/. 

.peed, m/ lee Strong Modcfntc Slight cloudlncsat cloudlncsa 

<2 A A-8 B 
2 A-B B C E F 
4 B B-C C D E , C C-D D D D 

>II C D D D D 

• .o\ppllcable to hcavy oVf'rr!l8l, day or night. 
tThc d('grcc of c10udlneu III ucflncd as Ihnl fraction of the aky above 

'he local Itpt>orenl horizon whko II COvercu by cloudl, 

TABLE 3-2 

RELATION OF TURBULENCE TYPES TO WEATHER CONDITIONS 

(From page 101 of [5]) 
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In Piaures 3-1 and 3-2. we note that the absciaaa extend. from 100 m to 
100 kat but this doe. not .. an that the curves for the ~~ffusion parameter. 
are valid over that entire di.stance. These curves wer.! derived fre. data 
obtained from about 100 • downwind of the aource to sev~ral kilometers. 
In a fev caaes, data were obtained between 5 and 20 kilometer.. Although 
the figures do not imply anything about use of these curves for distances 
shorter than 100 a, it might be inferred from Figures 3-1 and 3-2 that 
the.e curves are to be used for diatancea up to 100 km. This inference i. 
not correct. Por example, for stability class A at 20 km, Oz • 3000 m. This 
length is greater than the height of the inveraion base on all days, except 
the hottest sunny summer days. Thus, even for distances as short as 20 km, 
the Gaussian model must be used with care for certain stability classes. 

On days for which unstable atmospheric conditions prevail, at distances 
sufficiently far from the source the value of Oz will predict mixing above 
the inversion base, which in fact will not occur. For stable regimes, the 
detailed layer structure 80metimes has to be taken into account. Fortunately. 
the VH is usually not concerned with distances 8reat~r than 10 km, and the 
curves for the dispersion coefficients are trustworthy for all stability 
classes up to 10 km. For short distances. the curves may safely be 
extrapolated to 50 m, but their use for distances of less than 50 m is 
questionable. Certainly their extrapolation to 10 m is unwarranted. 

The same caveats on use apply to the puff dispersion coefficients 
in Table 3-1. The values of cry and Oz are given for 100 m and 4000 m, 
because these are the limf.ts of the range over which the given power 
function approximation is strictly accurate. The VH uses these power 
functions for the range from 50 m to 10 km, when necessary. 

Choice Between Puff Model or Plume Model 

As stated above the plume model is strictly applicable only to con
tinuous releases, whereas the puff model is strictly applicable only to 
instantaneous releases. The spills to be simulated in the VM will 
generally release material into the air over some finite time; i.e., the 
release time will be neither infinite, as required for the plume, nor 
infinitesimal, 8S required for the puff. Since no model was readily 
available for use in the VM to treat the realistic case of a finite release 
time, it was decided that the puff model would be used for those cases in 
which the release time ia short. whereas the plume model would be used 
for those cases In which the release time is long. To accomplish this, 
however. a precise. quantitative definition of "short" and "long" release 
times must be made. 

For "long" release times, the prevailing wind will disseminate the air
borne material in a cone-shaped plume: subsequent to the end of the re
lease, the entire plume will be translated in the windward direction with 
minimal change in length measured along the wind axis. For a plume, the 
main cause for dissemination of material in the direction of the wind is 
advection by the wind. For "short" release times the wind does not have 
sufficient time to disseminate the airborne material, so a puff, expanding 
as it travels, is formed. Although the wind transports the puff as a 
whole in the windward direction, the wind does not spread the material to 
any great extent. However. turbulent diffusion will cause the puff to 
spread in the windward direction. Evidently then the key to choosing 
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between the puff and the plume is whether advection or diffusion is the pre
dominant mechanism for spreading the material in the windward direction. 

The plume model will be preferable to the puff model if the diffusion 
in the x direction (the windward direction) is small with respect to the 
length of the plume. The length of the plume will be Ute' where U is the 
wind speed and te is the time it takes for complete evaporation of 
the gas. Thus. when the last bit of gas is released at time t e , the first 
bit, released at t • 0, will be at x • Ute. The scale of the diffusion 
in the x direction is given by Ox' where the puff data are used to evaluate 
Ox as a function of distance. Evaluating Ox at Ute /2, we compare a and Ut • 
If Ute is greater than Sax, then the plume is long with respect to the e 
diffusion in the x direction which will occur at each end. and the plume 
model is preferable. If Ute is smaller than 2ox ' then the diffusion in Lhe 
x direction should not be ignored and the puff model should be used. if Ut 

c_ . e is between 20x and JUx • then neither model is entirely appropriate. and 
either may be used at the discretion of the person using the VM. Since the 
plume model equation is undefined for zero wind speed and is inaccurate 
for low wind speeds. the use of the plume model is not recommended when U 
is less than 2 mise 

Choice of Time Step 

The choice of an appropriate duration for the time step is also related 
to the wind transport time H/u. H is the scale of the region of interest 
and might range from O.S km for a small spill to S km or more for a large 
spill. In order to get some detail from the VH, the time step should be a 
fraction of H/u. say.(H/U}/lO to (H/U}/S. Further, no matter what values H 
and U have. the time step chosen should not be so large that the puff may 
completely pass by a grid cell during the time step. For the puff distri
bution to be evaluated at a point within O.Sox of the peak value, the time 
step. At. must be less than 0xlU, since it will take 0x/U to move the puff a 
distance ox' As ax will vary with the time that the puff has been traveling 
from the source, a typical value of ax for the chosen stability class should 
be selected. For wind speed of about S mls or less, ttme steps between 0.5 
and 2 min are generally appropriate. 

As presently implemented, the plume model URes the average escape 
rate for the duration of the vapor release, so the concentration at any 
point will be constant for a time equal to the release time. Thus the 
selection of a time step, 6t. is not quite as cru~ial as it is in the 
puff model, where a concentration close to the maximum concentration 
may be missed entirely if At is too long. If the plume model is appropriate 
and the time step is less than (H/U)/S. then the release of the gas should 
extend over several At or longer. The choice of time step and the decision 
of whether or not the plume model is appropriate are discussed in 
greater detail in Appendix 83. 

Modification of the Puff Model 

ThP dispersion coefficients for the puff model were derived for dilute 
concentrations; therefore, when the puff model is applied close to a large 
spill, it may calculate a concentration of the cargo gas which is greater 
than the density of pure cargo gas at ambient atmospheric temperature 
and pressure. This is unrealistic, of course, and the Gaussian puff 
dispersion model has been modified to preclude this event. If the 
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regular puff equation would Sive a concent~atlon at the puff center which 
exceeds the deneity of pure sa. at ambient conditiona, a modified 
distribution i8 used. This distribution haa a hemisphere of pure carso 
gas centered about the puff center, and from the surface of the hemi
sphere the concentration decreases in Gaussian fashion, with dispers10n 
coefficients appropriate to the distance the puff has traveled from the 
spill. The radius of the hemisphere i8 determined by the necessity of 
conserving maS8. As the puff is translated downwind, the radius of the 
hemisphere of pure vapor will shrink to zero, whereupon we have the . 
regular Gaussian puff distribution. The details of this modification are 
contained in Appendix Bl. 

Effects of Surface Roughness 

The dispersion coefficients have been derived, for the most part, from 
experiments conducted over flat grasslands. The effects of buildinss 
in urban and suburban areas are to enhanct! the mixing processes, mostly by 
the greater mechanical turbulence induced but partially from the 
different thermal characteristics of manmade surfaces such as cement and 
asphalt. The plume model may be adjusted to account for these surface 
effects, but at present there is no way to adjust for a change in sur
face roughness. Thus one class of surface roughness which typifies the 
entire region over which the plume travels is required. 

In a paper to be published in the Journal of the Air Pollution 
Control Association (kindly made available to us in advance by the author), 
N. E. Bowne suggests modifications of the standard diffusion parameters 
which will more accurately depict the spread of a plume over urban and 
suburban areas. Selected values of 0 are presented in Table 3-3 to 
show that the dispersion over built-u~ terrain may be several times 
greater than it is over rural areas. These corrections for surface effects 
have not yet been implemented in the c.lIDputer simulation. 

Meandering of the Plume 

The assumption that the wind is a constant with respect to time, 
location. and height does not mean that the random or statistical fluctuation 
of the wind direction about a mean value has to be omitted entirely. This 
is also known as meandering of the plume, and changes in the wind direction 
which have time periods shorter than the observation or averaging period may 
be treated in a statistical manner. Thus synoptic changes which typically 
have time scales on the order of one to several hours are excluded. But 
fluctuations with periods of seconds and minutes are amenable to statistical 
treatments. These short-period variations are of interest because they will 
spread the plume from the spillover a wider area than will the theoretical, 
but never observed, constant wind. The amount of cross-plume dispersion 
(the spread in the direction perpendicular to the mean wind direction) in 
the Gaussian model is controlled by the value of the parameter 0y' The 
longer the measuring period, the larger 0y should be to account for increased 
spreading of the effluents by random changes in the wind direction during 
this period. The values for 0y and Oz given in Slade [ 5] and used by 
Raj and Kalelkar.[2] are the values originally published by Pasquill from 
measurements having a duration of roughly 10 minutes. For this r~ason, 
the concentrations calculated using these diffusion coefficients will 
likewise be the average concentration for a 10-minute duration. For time 
averages other than 10 minutes. the value of the diffusion coefficient. 
Oy, changes because of ever present random fluctuations in wind direction. 
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Dispersion Coefficients, m 

Distance Downwind, km 

Stability 
Category 0.1 1 10 

A 30 200 1500 
B 22 160 1200 
C 14 110 800 
D 9 70 550 
E 7 55 400 
F 5 32 270 

A 58 310 1900 
B 45 230 1500 
C 38 190 1100 
D 32 150 780 
E 26 110 500 
F 21 75 390 

A 14 400 3000 
B 10 100 1400 
C 7 63 500 
D 5 31 130 
E 3 20 78 
F 2 14 48 

A 15 400 2900 
B 12 100 1300 
C 10 62 490 
D 8 39 250 
E 7 26 140 
F 6 20 80 

A 26 700 3000 
B 20 280 2500 
C 17 150 1500 
D 15 90 700 
E 13 45 200 
F 12 31 100 

TABLE 3-3 (from N. E. Bowne) 

SELECTED VALUES OF cry 

Dispersion coefficients for three types of regions showing 
the influence of surface roughness and other gross measures 
of micrometeorological factors 
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100 

11000 
8000 
6000 
4100 
3000 
2000 

1100(' 
8000 
6000 
4000 
2500 
1900 

3000 
2300 
1600 

500 
200 
100 

3000 
2400 
1600 

800 
440 
180 

3000 
2500 
1700 
1200 

500 
220 



For very ahort durations (aaconda). tha wind direction vi11 chanae 
very 1itt1a. ao the avaraaa ~oncantratiun for thia pariod will be a 
aaxlaum. ror periods on tha ordar of an hour or two, the fluetuating wind 
diraetion vill move the plume about, and tha average concentration over 
an hour or more will be much lover. The corrections to 0v to account for 
the averaains time have been livan by Turner (10), who au.marized the work 
of Stewart. Gale, and Crooks (11) ana Cramer [121, and found that concentratio~. 
deereaae with sampling times of from 3 ~eeonds to 30 minutes aecordlng to 
a one-fifth power law function (C «t-· l ). Nonhebel (13] reported 
correction coefficients for 0 for periods of aa 10na aa 24 houra. 

y 
-.2 3 3 The t power correction factor i8 plotted in 'iaure -. Ixtrnp-

olation of this curve for perioda of leaa than 10 aeconds and longer than 1 
hour must be uaed eautioualy, .a the power lav waa deaianed to fit the 
data in the range from about 1 minute to about thirty minutea. The 
correction factor from Figure 3-3 may be uaed to adjuat the plume 
concentration on axis by multiplying the concentration calculated for 
10 minutea by the correction factor. For concentrations off the axis, 
the vMlue of 0y for 10 minutes must be divided by the correction factor, 
and the plume concentration calculated as usual with the adjusted 0y' 

Although the correction of one calculated concentration 1s no problem, 
the situation is more complicated for a number of sequential calculations. 
Let us compare 10 sequential calculations for a period of 1 minute with 
a single calculation for 10 minutes. Figure 3-3 shows that the value on 
axis calculated for a l-~inute averaging period will be 1.6 times the 
value for the 10-minute averaging period. If the wind direction does not 
change, the average for the ten I-minute periods will be the same as for 
any individual l-minute period and will be 1.6 times the average for one 
lO-minute period. This is incorrect, of course, and is due to the fact 
that the wind did not vary in direction from one l-minute p~riod to the 
next as it would in the physical world. For sequential applications of 
the Gaussian plume equation, then, if the correction factor is to be 
applied to 0y to account for the length of the time step, then the wind 
direction must also be changed in a random manner about an average 
direction. Modification of the air disperSion submodel to account for 
the duration of the averaging period and the statistical fluctuations of 
the wind direction was felt to be inappropriate at this stage in the 
development of the VM. since departures from accurate simulation of the 
physical world in other ways were considered more serious. 

(10) Turner, D. Workbook of Atmospheric Dispersion Estimates. Environmental 
Protection Agency, Washington, D.C., Revised 1970. Publication No. 
AP-26. 

(11) Stewart, N. C., H. J. Gale, and R. N. Crooks. The atmospheric diffusion 
of gases discharged from the chimney of the Harwell Reactor BEPO. 
Int. J. Air. Pollution !:87-l02, 1958. 

[12] Cramer, H. E. Engineering estimates of atmospheric dispersal capacity. 

(13) 

Amer. Ind. Hyg. Assoc. J. 20:183-189, 1959. 

Nonhebel, G. 
J. Inst. Fuel 

....... - .Ia 

Recommendations on heights for new industrial chimneys. 
]1:479-513, 1~60. 
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Peak Coneentration vs. Averaae Coneentration 

This meandering of the plume with time will result in an average 
eoncentration whieh is lower than the maximum values obtained instanta
neously during the averaging period. In the assessment of toxic effects, 
the nonlinearity of the concentration-response curve is not so great that 
this i8 a serious matter. For flammable vapor clouds, on the other hand, 
the variation of the 1natantaneous concentration from the average may mean 
that vapor cloud would ignite, even though its average concentration was 
outside the range of flammable concentrations. If the development of the 
VH continues, it is urged that consideration be given to allowing 
ignition to occur when the average concentration is outside the flammable 
concentration range but close to the limiting concentration. Once an 
appropriate peak-to-mean rat10 for the disperSion process is decided 
upon, the mathematics for determining the new ignition range and the 
modification of the computer program are 8traightforward. 

Buoyancy 

Fluid cargoes which have boiling points below S·C at atmospheric 
pressure are usually transported in liquid form, with either pressure 
or refrigeration or both being employed to keep the cargo in the liquid 
state. If such a cargo is spilled, the evolved vapor and the air immediately 
surrounding it will be near the boiling point of the cargo whether or not the 
cargo was refrigerated. This is because the vapor is given off at the 
boiling point temperature and brings the surrounding air close to that 
temperature by bulk mixing. 

The low temperature of the recently evolved vapor may have a con
siderable effect upon the density of the cargo gas, and, if this 1s the 
case, the dispersion of the vapor will be significantly different from 
that of a neutrally buoyant gas. The Gaussian dispersion models, of 
course, were derived for the neutrally buoyant case, so the present air 
dispersion submodel will not be particularly accurate when the vapor 
cloud is very cold. The actual cloud will occupy a greater area close to 
the ground or water surface and will not extend as high as the calculated 
cloud. Negative buoyancy will also be a significant factor for very dense 
gases, such as radon and sulfur diOXide, even if transported and vented as 
gases at ambient temperature. 

Positive buoyancy may be a significant factor in the air dispersion of 
certain materials vented as gases that are lighter than air, such as 
hydrogen and methane. Some materials carried as cryogenic liquids, such 
as LNG, may be negatively buoyant soon after release because of cooling, but 
upon heating by contact and admixture with the atmospher they may become 
positively buoyant. The transition from nagative to positive buoyancy 
poses formidable problems of analysis. 

The means to incorporate the effects of buoyancy into the Gaussian 
plume and puff models now used in the VM are neither s~raightforward nor 
clearly available. Although the Gaussian models are based on a theoretical 
solution to a diffusion equation, the values for the dispersion coefficients 
are obtained from experimental me~surements. Thus there is no simple, 
easily justified adjustment that can be made to the model without some 
experimental verification. The adoption of unvalidated schemes for use in 
the VH was deemed inappropriate at this time. 
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One possible approach to the consideration of buoyancy effects is that 
correct1.on factors for the neutrally buoyant 0y and Oz could be derived 
from comparison of data from actual spills with concentrations calculated 
for neutral buoyancy. These correction factors could be parameterized 
functions of time and stability class to take into account the change 1n 
buoyancy with time caused by admixture. warming. or both. Another 
possibility is the use of one of the empirical air dispersion models 
developed specifically for spills of this kind [41. [141. [15). although 
a design guide for t.he VM has been to avoid the use of chemically specific 
models. Whatever correction method might be used. it should certainly have 
the featur~ that as t~e cargo becomes close to neutral buoyancy by dilution 
with air or by warming. then the description of the dispersion should re
duce to one of the standard conventional forms of the Gaussian model. 

[141 Fay, J. A. Unusual fire hazard of LNG tanker spills. Combustion 
Sci. Technol. 1:47, 1973. 

[IS] Feldbauer, G. W., et al. Spills of LNG on Water - Vaporization and 
DO~lwind Drift of Combustible Mixtures. Esso Research b Engineering 
Company, March 1973. Report No. EE61E-72 (Rt!It.·a~H-,J by the American 
Petroleum Institute. Re 6Z32). 
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CHAPTER 4 

FIRE AND EXPLOSION SUBMODELS 

The purpose of the fire and explosion submodels is to calculate those 
physical quantities requ~red by the Phase II damage assessment models to 
estimate the consequences of explosion, fire, or both. This set of submodels 
d~termines the type of event (fire or explosion), where it occurs, and when it 
occurs and what physical consequences of import to the VM occur. 

The processes of fire and explosion will in general occur in two phases. 
Firs~ an extended vapor-air cloud will rapidly burn or explode. Following 
either of these forms of rapid combustion, relatively slow burning from the 
surface of the spill wili take place. The rapid combustion Lccurs becau~e 
the fuel and oxidant are premixed over a relatively large region of space. 
The slower burning from the surface of the spill is a typical diffusion 
flame in which combustion occurs in a narrow reaction zone into which both 
fuel and oxidant diffuse. Because the physical processes, and hence the 
damage mechanisms for personnel and material, are q~ite different in the 
cases of rapid and slow combustion, different models are required for each 
of the three processes involved: '.lamely, explosion, flash fire, and burning 
from the surface of the spill. 

The relation~hip of the four fire and explosion submodels used in 
the VM to model t'le various processes involved and their sequence are dis-
played in the fle"" chart shown in Figure 4-1. First the decision of 
whether or nct igni~ion occurs is made; of course, if there is no ignition, 
no further processillg vf the fire and explosion submodels is performed. If 
there is ignltio~ a user option determines whether fire or explosion is to 
be modeled. In either even~ a check is made, after the rapid combustion 
event is simulated, to determine whether any fuel remains in the pool of 
spilled I~terial; if any fuel remains, then burning from the pool is 
modeled. In the following are presented details' of the simulation of each 
of the four events modeled. 

The Ignition Submodel 

A primary decision to be made in the fire and explosion submodels is 
whether combustion (either conflagration or detonation) occurs. Three items 
are required fvr combustion to occur: (1) fuel, (2) oxidizing agent, and (3) an 
ignition source. The user will specify whether a given grid cell contains 
an ignition source. The fuel is provided by the dispersed flammable vapor. 
whereas the oxidizing agent is provided by the oxygen in the air. Since com
bustion will occur only over a certain range of fuel-air ratios. the 
decision in the VM that combustion does occur is made only if the vapor 
concentration in a given cell is W'ithin the flammability range for the sub
stance under consideration and if the giv~n cell contilins an ignition source. 

A refinement of the model is to specify whether the ignition source 
causes an explosion or justa fire (provided, of course, that the vapor-air 
mixture is in the ignitable range), There arc several reasons for choosing 
the occurrence of fire or explosion on an a priori basis. These reasons all 
deter the formation of a deterministic model for this decision. One reason 
is that unconfined vapor-air mixtures are normall,:, not considered to be 
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~xplosive. However, such unconfined vapor-air mixtures can and do explode 
if ignition is initiated by a detonation (16) (17). In the context of 
accidental spills. 8uch initiating detonations r.ould originate from (1) the 
detonation of high explosive (8a~as a result of a ship collision) or 
(2) the detonation of a vapor-air mixture which has seeped into an enclosed 
space (this source is much more likely to occur), In either cas~ the size 
and location of the initiating detonation are quite unpredictable, because 
of the large number of unspecified (and probably unspecifiable) variables 
that contribute to these properties of the explosion. Furthermore, the 
basic research to determine the detonatability of unconfined vapor-air 
mixtures as a function of the strength of the initiating detonation is not 
complete and in some cases is the subject of current or planned studies. 
Thus,even if the properties of the initiating explosion were known 
quantitatively, there is no method currently available that 
could be used to predict whether the vapor-air plume would explode. 

Another refinement of the model is the gradations permitted in 
ignition source strength. The user is allowed to specify the ignition 
potential of a given source so that, for example, a single specification 
of a set of ignition sources will result in ignition for a highly 
fl81111118ble substance but will not simulate an ignition for a less 
flammable substance. The gradations used in the VM for ignition sources 
are based on the NFPA classification system (6, p. 4-8ff.) for flammable 
substances. The NFPA classification system is based on the concept 
of "flashpoint." Asubstance with low flashpoint is very flammable, 
whereas a substance with a high flashpoint is more difficult to ignite. 
In the ~an ignition source is designated as belonging to a given 
classification b~ged on the flashpoint of substances it is capable 
of igniting. St~ong sources will ignite most combustible substances, 
those of both low and high flammability. Weaker sources are only 
able to ignite the most flammable materials. The gradation of ignition 
sources is discussed in more detail in Appendix Cl. This rather uncon
ventional application of the concept of flashpoint is primarily an attempt 
to allow the user to specify ignition sources of different strengths; 
thus two simulations having the same input dat~except for the type of 
substance spille~will yield ignition in one case but not in the other. As 
explained in Appendix CI, a complete treatment of ignition sources would 
require very complex models and massive quantities of input data to 
support them. 

Amount of Material in Rapid Combustion 

For both the explosion and flash fire submodels it is necessary to 
determine the amount of fuel that burns in the rapid combustion process. 
Because the flawnable clouds have a spatial and temporal variation in 
concentration of fuel, calculation of the mass that burns is not an espe
cially straightforward procedure. As discussed in Appendix C4 it seems 

(16) Strehlow, R. A. Uncombined vapor-cloud explosions - an overview. In 
Proceedings of the International Symposium on Combustion, 1972. 

(17) Brown, J. A. A Study of the Growing Danger of Detonation 1n Uncon
fined Gas Cloud Explosions. John Brown Associates, Inc., Berkeley 
Heights, N.J., December 1973. 
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appropriate to allow only that portion of the fuel-air mixture that has a 
concentration between flammable limits to contribute to the energy yield 
of the rapid burning phase of combustion. The fuel-air mixture that con
tributes to the energy yield may be divided into two parts: (1) the mixture 
with a concentration varying from the lower explosive limit to stoichio
metric and (2) the mixture with a concentration varying from stoichiometric 
to the upper explosive limit. Th£, portion (1) leaner than stoichiometric 
burns completely. the portion (2) richer than stoichiometric burna Inco~ 
plete!y from lack of sufficient oxygen content. The amount (mass) of fuel 
that burns In the leaner portion is given by the volume integral of the 
concentration over that portion of the fuel-air cloud. The mass of fuel 
that burns in the richer portion is given by the volume integral of concen
tration over that space, wLth a multiplicative weighting factor inside the 
integral to account fo~ th~ absence of sufficient oxygen to support complete 
combustion. Thus, 

I c(x,y,z,t)d 1 + 
m -

e V3 

where 

m = mass of fuel bur~ing 
e 

f p(C)C(x,y,z,t)d 1 

V
4 

(4-1) 

C(x,y,z,t) • concentration of the flammable material (z is the 
vertical coordinate) 

F(C) • a weighting function, dependent on concentration, giving 
the fraction of fuel present that can burn 

V R the region in the half space z~O enclosed by the surfaces: 
3 C(x,y,z,t) = ~ and C(x,y.z,t) • K (where ~ is the lower 

explosive limit concentration KS ~s the stotchiometric con
centration) 

V • the region in the half space z~O enciosed by the surfaces: 
4 C(x,y.z,t), K and C(x,y,z,t) • Ku (where Ku is the upper 

explosive limi~ concentration) 
d 1 m the element of volume 

This formulation, including an ~valuation of the weighting function, F(C), 
is discussed in more detail in Appendix C2. The analytical forms for t~e 
participating mass, mp' that are obtained by performing the integration 
indicated in equation (4-1) for specific cholceH of concentration distri
bution, C(x,y,z,t), are given in Appendix C2 for a simple puff model and are 
given in Appendixes Bl and B2 for the modified puff and plume distributions 
of concentration, respectively. 

One further detail in these calculations is the time at which the 
ignition occurs. Rather than use the preset computation interval, it 
seems mor~ realistic to assume that an ignition occurs at that moment 
the concentration contour of the lower flammable limit first coincides 
with the coordinates of the ignition source. To calculate the ti~e of 
this occurrence,one sets C (x,y,z,t) = KL and then solves for t. For 
the simple puff concentration distribution (see Chapter 3\ this proce
dure yields 
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when 

-
Xi-l2ox{tn(21T)!~1Il0X'OyOZKL) - ~ }lh 

u 

ti - time of ignition 
xi,Y

i
- grid coordinates of thp. ignition source 

(4-2a) 

<;C,. 0y' (J z • the standard deviations of the Gaussian concentration 
profile in the noted direction 

U - the wind speed 
111 - the mass of gas in the puff 

and for the plume concentration distribution the time of ignition is 
given by 

t • i 
U 

(4-2b) 

In solving equation (4-2a),it 1IlUst be borne in lIlind that Ox 0 and 
Oz are functions of time; consequently, an iterative procedurl'is required 
to find tie In practice the iteration is begun at time tl' the time at 
which the concentration at /Jome grid location with an i~n tion source first 
exceeds (or is exactly equal to) the lower flammable limit. The distance 
traveled by the puff at the time tl is given by 

Xl - UtI 

This value of Xl is substituted into the approximate power functions given 
in Table 3-1 to yield values for 0y and Oz (ox is assumed equal to Oy)' 
Substituting these values of 0 and Xl into equation (4-28) gives 8 new value 
for time, t2' The value of t2 will, in genera4 be smaller than t l , because 
the concentration at Xl' at t l , will rarely exactly equal the lower flam
mable limit. The value, t

2
, Is used to find another set of o's and the 

whole process is repeated until the differences between successive values 
of ti are small compared to the value. For example, if 

< 0.001 

then the iteration would be stoppe~and ti would be taken to be the time of 
explosion. Once ti is determined, all of th~ a's are known. 
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The Explosion Submodel 

A fundamental quantity needed to characterize the explosion of a 
vapor-air plume is the energy yield. Kinney (18) pointa out that a good 
approxi~tion to the energy yield of an explosion is the change in Helm
holtz free energy caused by the chemical reaetion producing the explo
sion. However.many authors (17) (19) analyzing the potential yield of 
a apill of combustible material calculate on the basia of enthalpy 
change produced by the chemical reaction. This apparent conflict was 
resolved by determining that. for vapor-air explosiona. the difference 
between the change in the Helmholtz free energy and the change in en
thalpy is negligible. The details of this analysis are presented 1n 
Appendix C3. 

Therefore. the energy yield of a vapor-air mixture exploding is 
taken to be 

where 

me 
W - (- 6 H) H (4-3) 

W • explosion yield (kcal) 
6H m change in enthalpy with combustion (heat of combustion kcal! 

kg-mole) 
m 

e 
- mass of the exploding fuel (kg) 

H - molecular weight of the fuel 

Heats of combustion are determined by measuring the amount of heat 
liberated when a fuel reacts completely and forms definite reaction pro
ducts. In an explosion (or flash fire). the chemical products formed by 
the reaction are not necessarily the same as those formed in the labora
tory experiments because the elevated temperature causes the reaction 
products to dissociate. Nevertheless, the degree of accuracy inherent 
in equation (4- 3) is consistent with the accuracy of the models used 
elsewhere in this program. It should be noted that the heat of combus
tion, - 6. H, is for final products that include water vapor; most hand
books give - 6H for final products that include liquid water. These 
values for - ~ H must be corrected for the heat of vaporization of water. 
In addition, it should be noted that heats of combustion are measured 
for the substance in the normal state at 25°C. If the reaction of in
terest 1s for a substance normally a liquid at 75°C, the~ unless spe
cified otherwise. the handbook value must be corrected to account for the 
heat of vaporization of the fuel. These corrections are detailed in 
Appendix C4. 

1181 Kinney. G. F. Explosive Shocks in Air, p. 11. The MacMillan Co •• 
New York, 1962. 

1191 Strehlow, R. A. Equivalent Explosive ~teld of the Explosion in the 
Alton and Southern Gateway Yard. F.ast St. Louis, Illinois, January 22, 
1972. Engineering Experiment Station, College of Engineering, 
University of 1llinois, Urbana, June 1973. Report No. AAE TR 73-3. 
UILU-ENG-73 05-05. 
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Once the explosive yield is determined from equations (4-1), (4-2) and 
(4-3~ the phyoical parameters of the explosion germane to damage assessment 
can be calculated from the scaling laws stated by Kinney (20). The explosion 
acalina lave are based on the principle of geometrical similarity plus 
certain basic theoretical considerations and experimental observations. 
An exp10lion generates a peak overpressure in the surrounding medium which 
is dependent on the explosive energy per unit mass in the mediu~. For most 
explosion, some sort of spherical symmetry holds, so ~he volume of the 
medium affected by the explosion is proportional to d • where d is the 
distance traveled by the wave front. The mass of the medium affected is 
then proportional to pd3 , where p is the density of the medium. Thu8,ln 
two leometrically similar explosionS'3the peak overpressure observed at 
some point will be the same when W/pd is the same in both cases, where W 
is the energy yIeld of the explosion. Experiments have been performed on 
reference explosions in reference medIa (atmospheres) that correlate peak 
overpressure and other explosion parameters with dIstance from the site of 
the explosion. The observations in nonreference explosion6 can be deter
mined by combining these tabulated results with the scaling laws. Further 
dimensional analysis will give scaling laws for quantities other than peak 
overpressure. These scaling laws are summarized by the following equations: 

where 

1f3 
da(P/Po) 

1/3 II 3 
(W'/Wo) (TITo) 

, 1 I 
t (W /Wo) , 

I 
t G --~--------------a I . 1/ 

(P/po) I '(T/TO) 6 

• 1 / 2/ 
I (W Iwo) '(P/PO) 3 s 

la - -------------------
(T/TO)1/6 

ds - scaled distance from explosion center <m> 

d - actual distance from explosion center (m) a 

(4-4) 

(4-5J 

(4-6) 

P,T - pressure and temperature of the atmosphere in the actual 
case (bar,~.) 

Po, To. pressure and temperature of the atmosphere in the 
case of the reference explosion (Po - 1 bar, To 
288.1S-K) 

-
(20J Kinney, G. F. Engineering Elements of Explosions. ~aval Weapons 

Center, China Lake, Calif., Novemb~r 1968. Report No. NWC TP-46S4. 
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V' • effective enerlY yield of the actual explosion 

Vo· eneraY yield of the reference explodon (1 kit of TNT yields 
1.12 x 10· caloriea; thua Vo • 1.12 x 10' calories) 

t • actual ti_ (a) 
a 

ta • scaled ti_ (s) 

la - actual impulse (N-S/.2 ) 

1 s • acaled impulse (N_S/.2 ) 

These laws are sf~!~fied considerably if the actual explosion is 
assUlted to occur i" \ he S&IE atmosphere as the reference explosion. Since 
ratios of absolute values for atmospheric pressure and temperature are 
raised to fractional power~t these factors are close to unity even when 
the reference and actual atmospheres are not identical. By assuming 
essentially identical atmospheres, one obtains 

d a d
s 

- --=--_._---

t - t a s 

I - 1 a s 

(_~W~' __ ) 1 h 
Wo 

( w' ;/3 
Wo 

( W' ) 1/3 

Wo 

(4-7) 

(4-8) 

(4-9) 

To use these scaling laws, reference is made to Table 4-1 on the 
follOWing page. The scaled distance is computed by equation (4-4) or 
(4-7) using the computed value of the energy yield. ~rom the scaled 
distance the tables give overpressure and Mach number directly. The 
tables alBo give the scaled time and impulse from which the actual 
time and impulse may be computed by the use of equations (4-S) or (4-8) 
and (4-6) or (4-9). Thus. use of the scaling laws and the tabulated 
reference values will give. for any distance from the explosion center. 
the overpressure and impulse. These parameters are necessary to evalu
ate damage in Phase II. 

In equations (4-4) through (4-9). the quantity W', the effective 
yield, i9 used. The data for the reference explosion tabulated in 
Table 4-1 are for a spherically symmetric explosion. For an explosion 
with a center on a rigid surface, the symmetry is hemispherical. i.e., 
the rigid surface reflects completely all explosive energy impinging 
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to account for the additional energy imparted to the upper half 
the reflective surface, the yield is taken to be twice the yield 
from a spherically ar-metric explosion of the .... 8i&e. Therefore, 

W' • 2W (4-10) 

where W is the yield computed according to equation (4-3). 

The design of the explosion .odel is based on scaling laws strictly 
applicable to condensed phase explosions. However, explosions of fuel-air 
clouds, called diffuse explosions by one source (21), have significant differ
ences from condensed phase explosions. The nature of exploding fuel-air 
clouds has been the subject of considerable recent research (22), (23), (24], 
(25). Unfortunately,scientific research into the basic phenomena of diffuse 
explosions has not yet proceeded to the point where the results of the 
research can be incorporated into the VHf that is, no suitable theoretical 
or semiempirica1 models for diffuse explOSions are extant. One problem area 
not yet treated satisfactorily is the propagation of combustion waves 
through regions of nonuniform fuel concentrationi some very recent research 
[26] has begun to address this problem. Another problem to be addressed is 
"shocking up." Classical combustion wave theory (Chapman-Jouget theory) [271 
predicts that the combustion wave in a fuel-air mixture will be either sub
sonic (deflagrative) or supersonic (detonative). From classical theory, 
explosions result only when a detonative combustion wave propagates. de-

[211 Kirk, P. L. Fire Investigation. John Wiley & Sons, Inc., New York, 
1969. 

(22) Hawkins, S. J •• and J. A. Hicks. A New Explosives Technique for Syn
thesizing a Wide Range of Pressure Waveforms in Air. Part 1: 
Approximate Theory of Air Blast from Extended Explosive Charges. 
Ministry of Technology. Explosives Research and Development Establish
ment, Waltham Abbey, Essex, Oct. 2. 1968. Report No. ERnE 9/R/68. 

[23] Woolfolk, R. W •• and C. H. Ablow. Dependence of the blast wave from an 
explosion on the energy release rate. In Proceedings of the Fifteenth 
International Symposium on Combustion. August 1974. 

[24] Strehlow. R. A., L. D. Savage, and C. M. Vance. 
energy release rates in vapor cloud explosions. 
Technol. ~'j07-j12, 1973. 

On the mea~urement of 
Combustion Sci. 

[25] Strehlow, R. A., and A. A. Ada~czyk. On the Nature of Non-Ideal Blast 
Waves. Engineering Experiment Station, College of tngineering, 
University of Illinois, Urbana, April 1974. Report No. AFOSR-TR-0834. 

(26) Karim, G. A., and P. Tsang. Flame propagation through atmospheres 
involving concentration gradieuts formed by mass transfer phenomena. 
Presented at the ASME-CSME Fluids Engineering Conference, Montreal, 
13-15 May 1974. 

(27) Lewis, 8., and G. van Elbe. Combustion. Flames and Explosions of 
Gases. Academic Press, Inc .• New York, 1951. 
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tonative co.bu8tion yields the ahock wavea which are 80 d.structive. D.fla
firative combustion waves, on the other hand, produce a "whoosh" not s 

bang." However, it appears tha~ if the initial extent of apace experiencina 
deflalrative combustion ia larae enouah, the subsonic pressure wavea propa
gating away from the combustion zone may "shock up" and develop into 
daaage-generatins, finite amplitude blast waves. 

Other factors not considered by this explosion model include Mach stem 
formati~n (18) and confined explosions. Although treatment of explosions 
reSUlting from the seepage of flammable vapor into a confined space is not 
currently i.plemented in the VM. the damage potential from such explosions 
is large as demonstrated in Appendix CS. 

The Flash F1re Submodel 

The major damage mechanism of the flash burning of the vapor cloud is 
the heat generated by the combustion. This heat may cause ignition of 
combustible materials within or near the burning cloud. This heat may also 
cause burn damage to living organisms within the affected area. 

The flash burning occurs at a very ropid rate. Following the ~om
bustion. the hot gases remaining lose heat by radiation, conduction, 
and admixture of cooler gas. The cooling of the combustion products 
also occurs at a relatively rapid rate. 

Damage to materiel and personnel from the flash fire is dependent 
on the amount of heat transferred and the nature of the heat transfer 
to the vulnerable receptors. The parameters affecting damage,and to 
some extent the damage mechanisms themselves, are roughly the same for 
both living and nonliving receptors. For combustible materials, the 
significant damage criterion is whether or not ignition has occurred. 
In general, the noncombustible materials will be considered undamaged 
by the flash fire; the level and duration of heating are expected to be 
low enough 80 that damage to noncombustibles, such as buckling of 
steel beams or calcination of bricks. is not expected to occur. The" 
ignit10n of combustible materisls 1s, however, expected to be a signi
ficant damage mechanism for the flash fire. The ignitability of a com
bustible item depends upon a plathora of physical parameters. 

However, as explained in Appendix D. the only parameters used in t:'le VM 
to determine ignitabillty are (1) radiation intensity and (2) duration of 
the radiation. Unfortunately. the fire hazard presented by the flash fire 
is quite different from the controlled experiments through which ignition 
and burn criterfa are obtained. In the controlled experiments, the radiation 
intensity was maintained at a constant level; in the flash fire, the 
temperature of t~~ reaction products, and therefore the radiation intensity 
therefrom, ~~creases rapidly with time subsequent to the ignition of the 
vapor cloud. Since ignition data for this type of radiation-time variation 
are not available (nor are they likely to be), the approach taken here is to 
use the data available for a constant radiation level. To use the available 
data. the variation in the radiation with time that actually occurs during 
the flash fire must be parameterized by a single radiation level and an 
effective duration time for that radiation level. 

59 

.... ~'m= 

1 
i 
! 

,.. 



Since it has been determined that the significant parameters are the 
intensity and duration of radiation from the hot combustion products 
ra.ulting from the flash ftre, the time history of thermal radiation from 
the hot gases should be considered in detail before the precise forms of the 
parametric intensity level and time duration are chosen. Following the flash 
fire of a puff of flammable gac an ellipsoidal shell of hot gas remains. As 
mentioned previously, this layer (shell) of gas loses heat by radiative, con
ductive, and convective heat transfer processes. 

By far the most important heat loss mechanism in this situation is 
radiation. Consider a prismatic volume of gas losing heat by radiation 
through one end surface as shown in Figure 4-2. The heat ~oss from 
the volume of gas by radiation through that surface, A , can be expressed 
by r 

q III A (] (e:; T 4 _ e:; T 4] 
r g g a a 

(4-11) 

where 

q - heat 1099 by radiation (J/S) 

2 
A - area through which the radiative heat loss occurs (m ) 

r 

T,T - temperatures of the radiating gas and the environment to 
g a which the hot gas radiates. respectively (OK) 

£ £ • respective emissivities 01 the gas and environment 
g. a 

* .. 5.67 x 10-8 J/.oK4_m2_u ) a • Stefan-Boltzmann constant ,a 

Radiation from a volume of gas depends to a large extent upon the 
presence in that gas volume of gas molecules capable of absorbing and 
emitting infrared radiation. For the combustion products in which we 
are interested, the significant molecules are C02 and H20. The emis
sivity of a gas layer containing such molecules depends upon (1) the 
layer thickness. (2) the partial pressure of the thermally active spe
cies. and (3) the temperature of the gas. Figure 4· 3 shows the emis
sivity of water vapor as a function of temperature and the product of 
partial pressure gnd layer thickness. Not shown is the fact tha~ for 
water vapo~ emissivity is also a function of partial pressure (as well 
as the product of partial pressure and layer thickness). For C02. the beha
vior of emissivity is similar to that shown in Figure 4-3 for water 
vapor. When both C02 and H20 are presen~ the total emissivity is not 
just the Gum of the separate emissivities for each species. but a slight-
ly more complicated computation must be performed to arrive at the 
total emissivity. Regardless of these complicating factors, it should 

* The authors recognize the dual use of a for both Stefan-Boltzmann consta~t 
and air dispersion coefficient; however, the use of a in each discipline 
is so universal, that a change of symbology for this report might cause 
more confusion than it would prevent. 
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FIGURE 4- 2 

THERMAL RADIATION FROM A PRISMATIC VOLUME OF GAS 
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FIGURE 4-3 

EMISSIVITY Or WATER VAPOR 

Shown as a function of 
te~erature with optical thickness 

(the partial pressure of H20 times the 
physical thickness) as a para~~ter (28] 

(28) Kutateladze, S. S., and V. M. Borishans~ii. A Concise Encyclopedia 
of Heat Transfpr (tra~slated by J. B. A~thur). Pergamon Press, New 
York, 1966. 
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shells under consideration is liable to be tens of meters if not indeed 
hundreds of meters. Consequently, the emissivities that result will (1) 

1 be rather high values of the order of 0.5 and (2) not ~hange ~ery much 

j
' with either temperature or layer thickness. The layer thickness to 
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Althou~h radiation is the primary mer.hanism by which the hot gas 
layer loses heat to the surroundings, other heat tra,~sfer mechanisms are 
occurring simultaneously. Rather than considering these processes sepa
rate~y. the additional heat 108s can be approximated by raising the emis
sivity of the hot gas layer. Therefore, because of the large thickneHses 
of both the emitting and absorbing gas layers and because additional 
methods of heat transfer are to be ignored, we take as a suitable approxi
mation that the emissivities of the hot gas and the absorbing atmosphere 
are both equal to one. Therefore,equation (4-11) becomes 

q _ A (T 4_T 4) 
r IJ g a (4-12) 

Now the heat 108s from the layer of hot gas causes the temperature 
of the layer to change according to the relation 

where 

q - -C P \' P r ~ dt 

C • specific heat at constant pressure (J/K _OK) 
P g 

p • density of the layer of hot. radiating gas (K 1M3) 
g 

V • volUllle of the radiating gas layer (M 3) 
r 

(4-13) 

A1th~uSh the layer of hot gas is comprised of combustion products, unburnt 
fuel. and air, it will nearly always be mostly air; therefor~ in the com
puter program at this time, the density of the gas layer is set equal to 
that of the ambient air. 

Equating the heat flows in equations (4-12) and (4-13) and solving 
the resulting nonlinear differential equation for temperature as a 
function of time gives 

1 T 
1 

T -T 
at + c [arctan (_, ,'&-) _ ln ~ . -

" (T +T )] 
2T 3 l. 

a a g a 
(4-14) 
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where 

and 

and 

c - _1_ 
2T 3 

a 

Ti 
[ardan(r) 

~ 

(4-15) 

(4-16) 

T1 - the 1n~tial temperatut! of the gas layer immediately after 
combustion 

Equation (4-14) indicates that the temperature of the gas in the 
heated layer declines very rapidly at first from the initial temperatur(', 
Ti. and then the temperature declines at a diminishingly smaller rate; 
L e., Tg " Ta only as t ... 11:.. Since the time at which the gas tempera
ture reaches the ambient temperature is not f1ni~e, let us, in a manner 
stwilar to the procedures used in nuclear physics and electronics, con
sider the time at which the gas temperature is midway between Ti and Ta; 
that is, let U8 consider the "half life" of the elevated temperature 
layer. If we take 

T1 + Ta 
Tg - 2 (4-17) 

then the time at which this temperature is attained, t l / 2 , is given by 

where 

1 .---

Ti 
B - T 

a 

2aT 3 
a 

1 2 1 6+1 
[arctan (8) - arctan (6+1)- 2ln (S+3}] (4-18) 

(4-19) 

The variation of tl/2 with B is shown in Figure 4-4. As B increases, 
1.e.~a8 the initial temperature increases. the time required to reach the 
one-half temperature level decreases. This is because the heat transfer 
rate is proportionately higher at higher initial temperatures. 

Now we are 
t ion Clf the hot 
tioll intt>nsity. 

tn a position to parameterize the temperature-time varia
gas layer by an effective temperature and effective radla
For the effective ~adiation intensity. I , we take r 
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FIGURE 4-4 

VARIATIO~ OF tl/2 with e 

Variation in "half-life" time, t1/2' as a function of 
temperature ratio, ea(Ti/Ta), Note that tl/2 is 
multiplied by the scale factor, ~ T~3a (as given by .. 
equation (4-16» 

65 



. 
'-=--: 

Ir - a (T 4 _ T 4) 
S a 

(4-20) 

where Ta i8 Siven by equation 

For the effective duration, teff' of the radiation we take 

(4-21) 

where tI/2 i8 siven by equation 

The initial temperature i. taken to be the adiabatic flame tempera
ture. as is listed in the VH properties file. 

To coaplete the formulation of the problem, the factors Ar and Vr 
in equation 4-10 must be given. The volume of the half ellipsoidal 
shell ill siven by 

V 2'11' (r
U 

3 3 --- ax a" 01. r L ) r 3 (4-22) 

and the area of r ad ia tion is given approximately by 

(4-23) A 
2 '11' 2 2 

(0
2 

+02 + el) -- (rU + rL ) r 3 x y ? 

where, as discussed in Chapter 3, 0 , 0 • and 0 are the dispersion x y 1. 
coefficients for the puff and 

Ku - concentration at the upper explosive limit CKg/ml) 

~ - concentration at the lower explosive limit (Ka/m') 

m - total mass of vapor released (Kg) 

The origin of these terms 1s given 1n more r:etail in Appendix C2. 

The Pool Burning Submodel 

Since this submodel is largely based on models developed previously 
under USCG sponsorship, it is not necessary to provide detailed descriptions 
of them in this report. Further details are provided in Chapter 2 and in 
the CHRIS documentation (2). 
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CHAPTER 5 

INPUT/OUTPUT DATA FOR PHASE I 

Introduction 

This chapter summarizes the input data required to run the VH and the 
types of output data to be provided to Phase 11 for use in assessing 
injuries to people and damage to property. In addition, the approach to 
preparing a geographical grid cell structure i. described. 

There are three types of data required to run the \~: 

(1) chemical property data stored in a library file; 

(2) geographical/demographic data for the general region of interest, 
also stored in a library file; 

(3) apill and environment definition data, supplied as input by the 
user for each spill considered. 

In the follovin~detailed considerati~~ of each class of input data is 
given. The "Vulnerability Hodel User's Hanualll details the ~chanics of 
data input and output. 

Chemical Properties Data 

The chemical properties file is designed to contain 71 physical and 
chemical properties constants for more than 400 hazardous materials. The 
71 properties that may be stored in the file for each material are listed 
in Table 5-1. This ~ab1e vas g~nerated by a reporting computer program 
developed and run under another Coast Guard effort. The USCG currently 
haa an ongoing program to expand the properties file and to fill ~_y gaps 
that now exist. 

The chelll1.cal properties file pr(')"ides virtually all of the physical 
and chemical properties constants related to the hazardous material that 
are required to run the HACS programs described in the CHRIS and HACS 
documentation. In some instances, the properties file does not contain 
values for the required constant. In such cases, the computer executive 
automatically refers to a default property value file to obtain an estimated 
value. Since th~se estimated values are chosen to apply to a large number 
of substances, the errors induced by uSlng default v~lues can be quite 
signific~nt; therefore. every effort should be made to provlde missing 
values in the properties file. so that default vabes are not used. These 
misslng values can be provided as part of the user-supplied input data 
and vill override the default values. 
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TABLE 5-1. CONSTANTS CUlRENTLY LISTED IN TnE CHEMICAL PROPERTIES FILE 

.HIttVlaTION 

MOlIiT 

... -.. 'II 
ut[
eR, 'lilt 
SIICGV 
IGT["'
STa'[ 
lOI 
lOI 
lOl 
lOUIi 
lOLO 
l10'l" 
lVnMII 
lVI 
lVl 
lVulI 
lVLO 
L'Meo 
LlCl[N 
"'rl llel 
lfcull 
L'!CLO 
LHCAII 
LHCTE" 
lHC'1 
LHC" 
""CUP 
""CLO 
SAf£JJ 
STU" .,"U. 
Inc" 
SOLue 
snL 'E" 
!-Ol I 
SOL2 
VIII 
'11'1 
VPl 
VPUP 
VIILO 
v"CI 
VHcl 
V"C3 
V"C' 
VMCU" 
V"CLO 
'us 
VA"OR 
(0"8 
O£CO" 
SOLHS 
SOlH. 
POL' 
'L""O 
n,"UII 
IIPNAT 
TO_IN 
N"UP 
NHIL T 
TOllO 
TOlUII 
LUOO_ 
AOHH 
"(lLAA 
Alllrutl 
n."T[" 
"OL'ItAC 

UNITS 

tit 
C 
C 
C 
,N/CNI 
tit) 

e 
NO 
,N/C'" 

*NO 
* tit e 
e 
0-S/eN2 
C 

*NO 
*NO 
e 
e 
tAL/r",e 
e 

.NO 
·NO 
e 
e 
tAL/G-e 
e 
HO 
HO 
( 

e 
OICN 
e 
OICN 
e ."ooe 
C 
NO 

*NO 
*HO 
·HO 
*"0 

C 
C 
NO 
hO 
HO 
"0 
C 
e 
CAlIG 
CALI. 
CillO 
CillO 
C'L/O 
CillO 
CALI. 
HO 
.. 0 
CHIS 
PP" 
PP" 
S 
6"'6 
.111'6 
NO 
C 
NO 
.. 0 
C 
HO 

OnCIIIIITION 

~[CUll" .£IGN' 
NO""lL BOILING POIMT 
HO""'L 'It((ll ... IIOI .. T 
CIt'TlCAL l( .... 
C"ltIC4L II~[SSU.[ 
sptclrlC G"'VITy ., A POINT 
T[ .. ~. rOA S"ECI,IC .It'VIT, 
St.T[ 0' CH[NICAl,LIQUIO - SOLID 
C~STAN'. LIO O[N [OU. 
cot,' LIN£." '["N. lID O[N [OUA' 
cot" SOUAIt[ T("N. LIO O[N [OUA 
~P[It '[~p "OUNO. LIO o[N 
LO.(R 't"P BOU~O. LIO otN 
LIOUlo vISc~SIT' .T A POINT 
T(NP. 'OA Lil VIS 
(ONSTAN', LIO VIS (QUA 
CO[" I'T, Llo viS [OUA 
UPP[II 'ENP. "OU~O llO viS 
LOW[" ll .. p. BOUND LIO vIS 
LillulO T .. CAHAL CONO\ICTlVtTT iT • POINT 
'(M~ 'ON LID '~rA CO~D 
CONSTAN' LI~ lHEII COND (OUA 
COE" LI~[lA TEAM, LIO T~£It COHO [OUl 
UPP[A T(~p POUH~. LIO 'HEA COHO 
LO-£It l(HP 80U~), LIO tHCA COHO 
LloulO hE'T CJ~ACITY AT A "OIHT 
l(MP fOR llO H~Al CA .. 
CONSTAN1, llO Hr.AT CAP [OUA 
CO('~ LINfAA TCA~. LIO H[AT riP fQUA 
UPPCIt T(~P BOU~O. LIO M(AI CAP 
LOw(A TE~P BOUND, llO H(AT CAP 
SUR'AC[ T(N~ION IT A POI~T 
T[~P fOk SURfAC! TENSION 
INT(AraCIAl l[H~IO~ iT A POINT 
T(MP fOA INT[k'ACI'L 'ENSION 
SOLU~ILITT ,T A POIN' 
T[~P 'OA SOlU~llIT' 
CDNS'A~T, SDLU~ILITT (OUA 
COE" LI~f,1I TERw, S~LUKILIT' [OUA 
CONSTANT A. VApoA PPESSVk[ £~UA 
CoN~TAN' A, va~oll P~£SSUIIL f1uA 
CONSTAHT r., vaPoP Pk£SSUA[ (QUA 
UPPER '[ .... Aou~n, YA"hA PP£SSUIl[ 
LOwEA 'lHP eou~n, V'PON PAES~VAE 
eONSTlNT, V'POI HEAT CAPACIT' lOUA 
(O(~~ LINEAR ltA'" VAPOA "EAT CAP [OUA 
COt"~ SOUAA( T(AM. VADCP HcaT CA" (OUA 
C~!', CUBED T!A04. vapOP H[Al CA" (OUI 
UPPCA Tl~P AOU~O' VAPOR H(AT CA .. 
LOwCR TE~P ROUHO. VAPCA "[AT CAli 
HEU or fUSION 
H[AT O~ VIPONIZITIOH 
H[AT cr CO"AUSTION 
M[AT 0' nrcnvp~SITION 
HE ITO' SeL I, T I O~ 
MEAT 0' A[ACTIO~'.ITH WA'[A, 
H[aT Or pnLTH[~IZATION 
LOw[~ 'LAPA8IlIT' LIMI' 
UPPER 'LAt'AMILITY llMJT 
BUkt. I kG ItA T£ 
TOlICI" 9, 1~"ALA110N 
SIIOH HII" III,ULATtUN LIMIT 
SH(lN' f[PH '''·''.I.ATIO~ 
LOw~A LIMIT 1011t1T' a' INO[S'IO~ 
UPA[II LI"IT TO-ICIT' BV Ih6ESTIOH 
LaTE ToalClfY 
ADIABAlle 'L'"! Tr .. p 
MOLlCULAR p.TIO. II[ACTANIS lO PRODUCTS 
STuICHln~JTnlc AlII Tn 'UEL "ATIO 
'L'-le n .. "('UTUP[ 
lIMITING ValUr. MOL 'AACTION CONe 

*Error tn rllrnenAtonal units SA r~rort~d on this t~hle. 
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Ceolraphical/De.olraphic Dat. 

Th. ..oar.pblc.1!d.-olrapbic d.t. r~uired .. Ph... t input .re lilted 
in T.bl. 5-2. Wot .11 of the eI.t. U.t_ in Tabl. 5-2 .re .t pr ••• nt uaed 
in the oper.tion of the W; hovever •• pac. 18 allowed for the •• data .Dd, 
lD .~ e .... , the d.ta .re ent.reel In the .VeIlt that furth.r d.velopMllt. 
of the '" requir. thb lnfonaation. Tho •• it .... rkecl by .n .. teri.k lD 
Tabl. 5-2 .re curr.nt1, uaad for ea.putatiOlll ill tb. W. III oreler to input 
the .. d.t., it i. nec •••• ry to partition the .. erorel10n in wh1ch the .pill 
i. to be .t.ulated into Ir1d cell. for Which r.pr •• entat1ve aeolraphic.ll 
eI"'araphic data .y be .uppU.d. To ebb .nd, a _jor city and ita 
.urr0un4taa er ... , 1neludiaa a 30111 ...... Ilt of • navi .. bl. river, _1" 
partitioned into .ore than 400 arid cella. Th ••• ceU. WI" d.tend.lled, 
for .laalation PUrpOl •• , eo that it could thell be ... ~ that ¥bat.wr 
occurl within. c.ll dOli .0 UDiforal, thro\alhout the c.11. th. river celli 
ar. nu.ber.d in •• cendina ord.r fro. up.tr... to down.tr .... 

The .pproaeh taken to thi. partition1na va. to equate • cenaue 
tr.ct, .. defined by the U.S. Dep.rt..at of eo-rce. to • c.ll. .y 
d.finition, • eenau. tract 1. a ..... __ l~ .1". into which 1arae citie. 
and .atropolitan are .. are divided for .t.ti.tical purpo.... Tract 
boundarie. ar. e.tabli.hed cooperativel, by a loeal co.aittee and the 
lureau of the Cea.ua and are senerall, d •• ianed to achieve .a.e uni
foralty of population characteri.tic., econo.1e .tatuI, and livinl 
eondit10n."[29]. Tho.e cenaul tract. that include both land .nd 
v.ter vere p.rtitioned into two or .ore cell • The river itlelf va. 
Qivided into 84 cell~.o that no cell would be larler than I .tIe in 
1enath and .0 that each cell would be approximately rect.nlUler in 
.hape a. required for river flow .imulation. 

Figure 5-1 il a reduced copy of a portion of the asp of ~n urban area. 
Tract. on the _p are identified nu.erically (e.g., 215, 234) and are 
•• parated fro. one another by aolid, dark line.. POl' VH ai~lation 
purpo.ea, the center of each tract (or cell) is identified by the latitude 
and lonlitude at ita center.olt point. For irregularly ahaped tracte, a 
point i. chosen to be representative of the tract area. Thus, the cell 
ia identified on)y by a representative point, not by a description of its 
boundaries. 

Data for each tract are available from, among other sources, the 1970 
Censua of Houling Report for the city. The data include, for each tract, 
total populaton. percent of population under 18 and over 62 years of age, 
••••••• d dollar value of houses, etc. Additional data (auch aa land use, 
etc.) vera u.ed in preparation for te.tina the VH; leveral .ources of 
the.e applicable data are beinl u.ed. The population atatietics represent 
the nuab .. r of persons residing in a given cell, not necelaarily the 
number of persons in the cell at any given time. The estimated dollar value 
of atructures ia given only for relidential property; theae value. were 
derived fraa the responses to cenlu, queltionnaires. It il a limitation 
of the VM that the dollar value. for damage alaesament do not include da_.e 
to coamercial property. 

[291 U. S. Department of Commerce, Bureau of the Census, 1970 Censua of 
Housing. Block Statistics, September 1971. 
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TABLE 5-2. GEOGRAPHICAL/DEMOGRAPHIC DATA INPUT FOR PHASE I 

For Land Area. 

* 1. 
* 2. 
* 3. 
* 4. 
* S. 

Grid nuaber 
Latitude 
Lonaitude 
o (denotes land grid) 
Total population 

6. 
7. 

• 8. * 9. 
*10. 

Percent of population under 18 years of age 
Percent of population over 62 years of age 
Percent of population aheltered 
Total number of housina units 

11. 
12. 
13. 
14. 

Average assessed dollar vRlue per unit dwelling 
Housing construction material 
Nuaber of schools 
Land use 

*15. 
Uniformity of the land topography 
Ignition source code 

For Water Areas 

* 1. Grid number 
* 2. Latitude 
* 3. Longitude 
* 4. Depth (nonzero) 
* 5. Length of cell 

6. Direction of vater current 
* 7. I8nition source code 
* 8. Speed of current 

9. Tidal condition 
10. Water turbulence level 
11. Water temperature 
12. Water density 
13. Salinity 

* These items are currently used for computing reslJ1ts in the VH. 
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Bureau of the Cenlul publicationl obtained from the GPO include 8 

delcription of pier facilitie. containina. amona other information. listin,. 
of the industrie. that make use of the pier facilitiea. 

Det.iled 7-1/2 minute maps of the entire area .elected for the 
telt have been obtained from the United State. Geoloaical Survey Hap 
Divilion in Arl1natOft, Virginia. 

The National Climatological Data Service in Asheville, North 
C.rolin~provided meteorological data covering the years 1971 throuah 
1973. Data include daily and monthly temperature readings, wind speed, 
and wind direction. 

Nautical charts and other data have been obtained from the 
National Ocean Survey Distribution Center in Riverdale, Maryland. 
These include tide tables, tidal current tables, shipping lanes 
and river and channel depths. 

Nautical charts have been obtained from the National Ocean Survey 
Diltribution Center in Riverdale, Maryland. These include tide tables, 
tidal current tables, shipping lanes, and river and channel depths. 

Soill and Environmental Definition Data 

The third category of input data required for Phase ! operation is 
the detailed information that defines the spill and the ~nvironment in 
which it occurs. There are four 9ubcateg~ries into which this type of 
input data fallS, namely 

1. definition of the subset of grid cells which are to be included 
in the simulation 

2. spill definition data 

3. environmental data 

4. user override data 

The data comprising item I merely constitute a list of the numbers of 
the grid cells which are to be considered in the simulation. Because of 
the manner in which the simulation proceeds, these cells need not be 
contiguous. However a clearer picture of what occurs is obtained if the 
cells considered fill out an approximately rectangular region. 

The data comprising item 2 consist of spill-related dat~ such as: 

spill location 
size of spill 
substance spilled 
temperature and pressure in the cargo container 
diameter of the vent or puncture 

As with other types of input data, if no value is specified, the default 
value file will supply a value for the missing item. 

The environmental datd comprise a description of the physical back
ground in which the spill occurs; included in these data are items such as: 
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air temperature 
wind velocity 
humidity 
atao.pheric stability cla •• 
barometric pressure 

The final category of data consists of input items that will override default 
fila valuea. That 1a, if the default values for constants missing from the 
properties f11e appear undeSirable, the user may override the default values 
with hi. own inputs. 

Phase I Output to Phase II 

The type of data output from Phaae I to Phase II dapenG' upon what 
CaUl's. of events the simulation follove. The data are presented on a cell
by-cell basis. Certain types of data, such as vapor concentrat1on. are 
delivered as output for each time step. Other types of data, such as 
thermal radiation intensity. are delivered as output only once because of 
the nature of the models involved. Table 5-3 lists the types of data 
generated by Phase 1 and used by Phase II to make damage assessments. 
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J .i , TABLE 5-l. PHASE I OUTPUT DATA FOR EACH CKLL 

f 
I~enerated 

• Every 
f 
t 

~ 
Dimensional Generatina Time 

Units Submodel Interval? 

t 
[ ... 
r 

1. Gas concentration ka/m3 AD Yea 
i 
~ 

E-
• .. 

2. Interval duration 8 B Yea 

3. Liquid concentration kg/m l WM Yea 

4. Effective thermal 2 J/m -8 FF No 
radiation intensity 

5. Effective time duration 8 FF No 

b. Thermal radiation 
2 JIm -8 P8 No 

4 Burning time I • s PB No 
'. 

8. Peak over pressure N/m 2 
EX No 

, 

9. Dynamic impulse N-s/m 2 EX No 

Key to submodel abbreviations 

AD - air dispersion 

E - executive 

EX - explosion 

FF - flash fire 

PB PJol burning 

WM - water mixing 
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CHAPTER 6 

PHASE II ASSESSMENT PROCEDURES 

Introduction 

Pha •• I of the VM simulates the spill itself, the physical and chemical 
tran.formations of the spilled substance, and its dissemination in space. 
The history of the spill development simulated in Phase I is stored by 
grid cell and time interval. These data, constituting what is referred to 
a. the "time-history" fila, along with vulnerable resources data are the 
input to Phasa II. Phase II aS8e8IM8 the effects of the spUI on vulnerable 
r~sources: people, structures, and the environment. This chapter summarizes 
procedures of Phase II. 

Injury and Damage to Vulnerable Resources 

The vulnerable resources of interest in the VM, namely "people," 
"property," and "the environment," are subject to a plethora of potential 
hazards from spills of marine cargoes. For example. the vulner.able 
resource" people" may be affected by inhalation of toxic vapor; by 
burns from thermal radiation from a tire, either flash fire or pool burning; 
by peak overpressure or impulse from an explosio~manifested as direct im
pact or fragment injuries; by ingestion of toxic substances; by in
filtration of the skin, mucous membranes, or eyes by toxic substances;by 
asphyxiation from high concentrations of gases not usually considered 
hazardous; by pulmonary burns resulting from the inhalation of burning or 
hot gases; by the inhalation of toxic combustion products; by frostbite 
from cryogenic liquids; by accidential injury resulting from individual 
or group panic; by complications of injuries as a result of substandard 
medical treatment caused by damage to or overtaxing of medical facilities 
and personnel; by injury from secondary events (secondary fires, secondary 
explosions, vehicular accidents, etc.) that are induced by the initial 
spill and its immediate effects. 

At this time, however, only a limited number of damage mechanisms are 
simulated by the VM. The vulnerable resource "people" is modeled to be 
affected by inhalation of toxic vapor, by thermal radiation from a flash 
fire, and by peak overpressure or impulse from an explosion, or by some com
bination of these. The vulnerable resource "structures" is modeled to 
be affected by thermal radiation from a flash fire or burning pool and by 
peak overpressure or impulse from an explosion. For the vulnerable resource 
"environment, II defined as air and water for the purposes of the VH, there 
is no direct calculation of damage caused by the spilled substance in 
its vapor or liquid phase or by a reaction product. Table 6-1 lists the 
specific types of injury or damage, assessed during Phase 11 of the VM, 
that Are caused by toxicity, fire, and explosion,respectively. Damage and 
injury from explosion and fire are treated in detail in Appendix D; injury 
from toxic vapors is discussed in depth 1n Appendix E. 
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TABLE 6-1. PHASE II DAMAGE ASSESSMENT 

outdoors 
Damage Causing Vulnerable Type of Cause of (Unsheltered) 

Event Resource Injury or Damage Injury or Damage Function Factor(s) 
Death Toxic vapor: T .... Concentration Ind 

TOXICITY People • Nonlethal injurY concentration or T •• ime 
Irritat10n cumulative dose ...... oncentrat1on 

Death D1I"ect blast peak overpressure 
moact :z Impulse 

Eardrum rupture fl rec t b T as t E3 Peak overpressure 
Non·letha ~ Bone fracture mDact E4 Impul se 

EXPLOSION People * Injury Puncture wounas Flvina fraaments E5 
Two or more of Impulse or peak over-Multiple injury the above E6 pressure and 1moulse 

Structures Struetura 1 CJamaae THreet blast 51 Peak overpress~re 
Glass breakage Di rect blast S2 Peak overpressure I 

Death B1 .. * People 
First degree burn B2 *** POOL BURNING Thermal radiation Duration and magnitude 

of tnermal radiation 
Structures' Ignition B3 

Death Fl 
I 

I People 
First degree burn F2 Effective duration and ~ FLASH FIRE Thennal radiation effective magnitude of 

Structures Ignition F3 thermal radiation 

• Comparable assessment format may be provided by age group where data are available. 

** Separate functions for each chemical. 

*** These functions are essentially the same as F1 and F2: however,as indicated in the adjacent column, 
slightly different arguments are used. Th~se functions have not yet been implemented as part of the 
computer program. although to do so will be very easy. 
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Overview of Pha8e 11 

The function of Phase II i8 to read the time-history file of the 
8imulation, to compute the damage8 re8ulting from the values of phv8ical 
parameters contained in the time-history file, and then to assess damage8 
and injury to the vulnerable re80urces impacted by the physical events. 
An overall flow chart for Phase II Is presented a8 Figure 6-1. In moot 
cases. the percent of the vulnerable resources affected within n given 
grId cell i8 calculated and then applied to the numbers of vulnerable 
resources present, giving the total numbers of vulnerable resources 
affected (for a given time period and given grid cell). The level of 
damage calculated at the center of the grid cell is assumed to apply to 
the entire grid cell and all of the vulnerable resources in it. The 
algorithm for computing the percent affected is denoted under the column 
headed "Function" in Table 6-1. The factor or factora computed by Pha8e I 
and U8~d by each algorithm to assess damage are listed in the adjacent 
column of the table. In the case of first-degree burns resulting from 
the thermal radiation of a flash fire, the percent of vulnerable resource 
(people) affected in each cell 1s not computed; in8tead, a message is 
printed out indicating that the radiation intensity and duration were 
sufficient to cause first-degree burns in that cell. For all other damage 
assessment cases treated in the VH. the percent of the vulnerable resource 
experiencing the given type of damage i8 calculated. 

For most of the assessment functions indicated in Table 6-1, the 
percent of vulnerable resource damaged is related to the causative factors 
computed in Phase I by probit equations (to be explained below). However 
five assessment procedurt:s viz •• B2. 83. F2, F3, and T3, do not use probit 
equations. As mentioned in the abov~no percentage is calculated for F2 
or B2. nonlethal injury to people from fire. For B3 and F3, ignition of 
structures by pool burning and flash fir~respectively, it is assumed 
that 25% of the structures in a given cell are ignited when the ignition 
criteria are met at the cell center. As explained further in Appendix D, 
this ad hoc assumption of 25% was used as an expedient estimate to account 
for shielding effects without performing a detailed analysis and calculation. 
Clearly some structures will be shielded from radiation by other intervening 
structures. For T3, toxic irritation of people, it is assumed that 100% 
of the subject population is irritated when the concentration criterion 
for irritation is met. Nonlethal injury from inhalation of ammonia is 
not simulated. 8S explained in Appendix Ej thus for T2, in the case of 
ammonia, zero percent of the population is always assessed. 

The remaining assessment calculations are based on probit functions 
(30). A probit function takes the following form: 

Pr • a + b log V e 
(6-l) 

where the dependent variable, Pr, is a measure of the percent of the vul
nerable resource affected and the independent variable, V, is flome function 
of the factor that cauoes injury or damage to the vulnerable resource. 
The coefficients a (location parameter) and b (slope ?arameter) are 

(30) Finney, D. J. Probit AnalYSis, 3rd ed. Cambridge University Press. 
Lund un , 1971. 

77 

=- _ ... I.tr, 

-. 

i 

J 



......... ~ .... .!I.----

Figure 6-1. PHASE II FLOW CHART 
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co.puted by .. ximum likelihood estimation similar to the computation of 
coefficient. for classical regression equations. The variable Pr is 
referred to as a probit (probability unit). It is a Gaussian distributed 
rauda. variable with mean value 5 and variance 1. The percent of the 
vulnerable resource affected is the percent corresponding to the cumulative 
di.tribution of Pro This correspondence is given in Table 6-2 in which the 
.. in entries are probits and the TOW and column headings give the 
corresponding pe~cents. 

Each of the assessment equations El, E2, E3. E~, E5, Fl, Bl. 51. 
S2, Tl. and T2 (see Table 6-1) is a probit equation. For example, equation 
£1 1s the probit equation for estimating deaths from lung hemorrhage 
resulting from the peak overpressure from an explosion. £1 is given by 

Pr --77.1 + 6.91 log (P) e p 

2 where Pr is the peak overpressure in N/m. A peak overpressure of 
1.10 x 105 N/m2, say. gives 8 probit of 3.11. Table 6-2 shovs that this 
probit corresponds to approximately 3% deaths from lung hemorrhage. The 
coefficients (a • 77.1 and b - 6.91) were calculated from the following 
data. taken from Table 6-3: 

Peak 
Percent Probit Overpressure 

Affected (Table 6-4) ~N/m2~ 

1 2.67 5 1.00 x 105 
10 3.72 1.20 x 105 
50 5.00 1.41 x 105 
90 6.28 1. 76 x 105 99 7.33 2.00 x 10 

The above probits and the logarithms of the above peak overpressure values 
were inserted in a computer program that then calculated the values to be 
used for a and b. 

In some cases. a function of the variable that determines injury or 
damage vas used rather than simply the numerical value of the variable. 
For example, as explained in Appendix D, the probit equation Fl (deaths 
from burns) is given by: 

Pr - -14.9 + 2.56 log [t (1
4/3

)/10
4

) e 

where t is the effective duration (in seconds) and 1 is the effective 
radiation intensity (1n J/m2 seconds). The 104 is used solely to reduce 
the magnitude of the 14/3 value. This reduct10n, in turn. is absorbed in 
the slope coefficient. b (in this case b • 2.56). The exponent 4/3 of 1 
was obtained iteratively to provide a good f1t to the data. 

The logarithm is conventionally used in probit equations, not for 
theoretical purposes, but because the logarithm usually transforms the 
relationship between causative factor and response into a Gaussian 
illnction. This frequently is the case when the variable to be computed 
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% 0 1 2 3 4 5 6 7 8 9 

0 - 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66 
10 3.72 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12 
20 4.16 4.19 4.23 4.26 4.29 4.33 4.36 4.39 4.42 4.45 
30 4.48 4.50 4.53 4.56 4.59 4.61 4.64 4.67 4.69 4.72 
40 4.75 4.77 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97 
50 5.00 5.03 5.05 5.08 S.lO 5.13 5.15 5.18 5.20 5.23 
60 S.25 5.28 5.31 5.33 5.36 5.39 5.41 5.44 5.47 5.50 
70 5.52 5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81 
80 5.84 5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23 
90 6.28 6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33 

- 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
99 7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09 

TABLE 6-2 

RELATIONSHIP BETWEEN PERCENTAGES AND PROBITS 

Probits are the three digit numbers in the table. Percents are read 
along the top and side margin of the table. The vertical column of 
percents gives the decade; the horizontal column gives the unit. The 
table entry appearing in the row of the decade value and the column 
of the unit value is the probit corresponding to that percent. The 
last cwo rows in the table provide a finer reading for very high 
percent, from 99.0 to 99.9. The second to last row 1s the tenths of 
percent to be added to 99%. The last row consists of the corresponding 
probits. 
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Clu"tl.,e TJPt of Parllllttel'1 of Prob! t [quat Ions 
Injury or DMige hrlable Co.,~t.nt· A ~Io",' It - . 

~t" f.-- lung .77.1 6.91 PI) 
HtfnOr~ge 

Death f~ r~ct J ·"6.1 ".82 

Ee I'dr"" Itupture Pp -1,.6 \.93 

Injuries fro- IMplCt J -39.1 4.45 

InJuri~ f~ flying 
Fra~nts J -27.1 '.26 

Structural 0...91 Pp ·23.8 2.92 

Glass Breaka", PI) -18.1 2.79 

Sum Oeiths from t,!, "/lilOC -1".9 2.5& 
Flash Fire 

Burn Oetths fro- Pool 
tl4/ 31l0' Cumlng 

ItH3 De.ths 

"2 OMths 

e1 2 Injurl" 

ICEY. 

-14.9 2.56 

E Te2. 75 -30.57 1.385 

~ re2.75 -17.1 1.69 

C ·2.40 2.9«' 

p p • peak overpressure ("/.~) 

J • Impu15~ (N-s/nt) 
~ • effective tl., dur.t1on (s) 2 
Ie • effect;ve redl.tlon Intensity (J/. Is) 
C • concentration (ppB) 
T • tllIIt t ntenal ( .. i nutes) 
t • thll' duration of pOOl bunltng (s) 
, • redlltlon IntenSity fl'Oll pool burning (J~/s) 
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t. a ... eure of p.reent. It t. d •• trable that the cau.attve factor and 
r.epon .. be relat.d by a G.ue.ian funetion,beeau •• lueh .xt.nlive th.oretical 
work h .. bean perfor8ed on thie diltributlon that the .t.ti.tle.l tr •• t .. nt 
of luch dl.trlbutlon. reduc.d to the u .. of .t.n4ard .. thod.. lor .11 
problt .qu.tlona u.ed ln the VH. the loaaritba provided .xception.lly ,ood 
fit. to the data u.ed. 

Table 6-3 .ummeri ••• the probit equation. uI.d for Pha.e II ........ nt. 
Tha fir.t colu.n of thi. tabla aive. the equation .yabol that corra.pond. to 
the function aiv.n in Tabl. 6-1. The I.eond colu. of Table 6-3 .peclHe, 
the type of injury or dauae for which the equation ia uAd,and the third 
column 8pectfie' the type. and unit(.) of .... ure .. nt of the variable that 
.ffeet. the vulnerable re.ource. The next two coluan. aive the loc.tion 
and .lope paramet.r. (a and b) of the corresponding problt equ.tion. The 
la.t .1K column. li.t the data u •• d to compute a and b, the data belna 
aiven in pair.. Each pair conai.ts of tbe percent of vulnerable re.ource 
affected and the mainitude of the variable that cauael this percent to 
be affected. The above data used for estimating the coefficients a and b 
for equation El, for example, are listed in the firat two rove of the last 
lix columns of Table 6-3. 

In applying percent damage, whether derived from a probit equation or 
otherwile, to the vulnerable resource "people," it has been assumed that 
half of the total population is unsheltered (outdoors) and thereby subject 
to damage. Half the population is assumed to be sheltered (indoors) and 
no deaths or injuries are assessed fOf this portion of the population, 
because mofe complex models are required to asseS8 injuries to people in
doors. The VH does not, at this time, attempt to determine the movements 
and locations of the population as a function of time of day, day of week. 
and weather conditions, so half the population was arbitrarily placed 
outdOOfs. Furthermore, census data have been used to estimate the population 
distribution in the region of interest. As a consequence, people are 
modeled to be at their place of residence rather than at work, school. 
recreation. or 1n transit. 

Double Counting 

Provisions have been made in the ~ to prevent double counting in 
three different situations. Double counting is used in this context to 
mean the inclusion of an element of some vulnerable resource (e.g., a 
person or a building) in more than one category of damage or injury. 
Three situations arise in which double counting will occur unless pro
visions are made to prevent it. The situations are as follows. 

(1) A sinale damage mechanism from one event Simultaneously causes 
injurie. of differing severity :e.8 •• inhalation of toxic gas may 
cause death. nonlethal injury. or irritation). 

(2) Two or more damage mer~dnisms from one event 8imultaneously 
cause injuries of the same severity (e.g., an explosion can kill 
people either by direct blast eff~cts or by impact). 

(3) Different events at different times both cause dama2e to the 
same resource, and the first e'lent so severly damages some 
portion of the resource that further damage is irrelevant 
(e.g., persons killed by toxi~ gas cannot be further injured 
by a subsequent explosion). 
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The corr.ction. made to d."ae ........ nt for double countina .nd the .. an. 
by which the.e correction •• re obt.ined are described tn d.pth in Appendix 
C. The type of correction used fnr situ.tion (1) is applied to v.lues 
re.ultina froa the sets of d."ae functiona denoted bYl (El, E3), (E2, £4), 
(S1, S2), (Tl, T2, Tl). The type of correction used for .itu.tion (2) 
1. applied to v.lues result1na from the aeta of damaae function. aiving 
death and injury reaultina from an exploaion. The type of correction uaed 
for .itu.tion (3), by the very nature of the correction, is not applied to 
.ny particul.r •• t of damea. eatiaates; in.tead this type of correction ia 
used .t the termin.tion of the alau1ation to arrive at the su.aary of 
d._ses. This correction is u.ed for the vulnerable resource "people" 
when either flaah fire or exploaion follows inhalation of toxic aases; this 
correction is used for the vulnerable resources "structures" and "people" 
when pool burnina followa either fl.ah fire or explosion. . 

Da .. ,e Aa ...... nt Procedures 

As it currently stands, the VH can simulate damage to vulnerable resources 
frca four physical events; theae events are: 

(1) air dispersion oC a toxic gas 

(2) flash fire 

(3) explosion 

(4) pool burning 

Damage to vulnerable resources is conveniently discussed in terms of 
(1) toxic injury, (2) explosion damage, and (3) fire damage. Detailed 
consideration is given to toxic damage assessment in Appendix E and to fire 
and explOSion damage assessment in Appendix D. The assessment algorithms 
for toxic damage are highly dependent on the type of substance spilled; 
whereas the assessment algorithms for fire and explosion are independent of 
the type Bubstance spilled. although the values of the variables used in the 
alaorithm do depend on the type of substance spilled. 

(1) Toxic Injury 

Toxic injury is assessed only for the vulnerable resource "people." 

At the present time, only inhalation toxicity is treated in the VH. 
Toxic injury caused by ingestion of poisonous substances i8 not treated. 
One difficulty encountered in attempting to model damage caused by ingestion 
of toxic material is that the amount of toxic substance ingeated by a 
receptor Is usually extremely difficult to estimate. The current treatment 
of inhalation toxicity is restricted to the substances directly spilled; 
modeling ot the inhalation toxicity of combustion products or of other re
action products has been deferred. Of the five substances currently 
treated in the VH. only chlorine (eI2) and anhydrous ammonia (NUl> are 
consldereu to have an inhalation toxicity liable to cause serious consequences. 
The toxic damage caused by irritant gases in general falls into three 
categories: 
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(1) death 

(2) .ublethal injury 

(1) irritation 

The cateaory of injury .ustained by exposed resources depend., in 8eneral, 
upon both the duration of exposure and the concentration level experienced. 
Thi. dependence i8 nonlinear; do.e, the product of concentration level and 
duration, is not the appropriate variable to aS8e8, re.ponse to irritant 
sases. Aa an exaaple. for concentrations over the lethality threshold, 
doublina the concentration level does not halve the time required to 
produce the sa .. death rate; inst.ad,a. the concentration level increa.e., 
the ti .. to produce a given injury level decreases at a disproportionately 
rapid rate. This pheno .. non is illustrated by the isoda .. ge curve. for 
chlorine lethality .hown in 'lsure 6-2. 

The dependence of toxic gas lethality on concentration and time vas 
found to be described by a nonlinear functi~n of the form 

Ten 

vhere C· concentration of the toxic gas 

T • time duration of the exposure 

n • an exponent 

For both chlorine and ammonia, the b.st value for the exponent, as determined 
by fitting the data given in Table 6-3, vas found to be n - 2.75. 

In the VM the concentration is not constant in time. therefore the 
function TCn must be replaced by the quantity 

As an approximation to this integral, the VM uses a finite sum; i.e., 

where T1 is the duration of a time step and 
Ci i8 the concentration during that time step at a given location. 

Table 6-4 summarizes basic data on chlorine and ammonia inhalation 
taken from Appendix E. These data were used to generate the probit 

equations for lethal injuries from the inhalation of th~ toxic vapors of 
chlorIne and ammonia. The midpoints of the rectangular areas defined by 
the data were used ln the generation of problt equations Tl for chlorine 
and ammonia. The resulting equations for lethallty are: 

and 

for chlorine, Pr • -17.1 + 1.69 log V e 

for ammonia, Pr • -30.57 + 1.385 log V e 
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TABLE 6-4. DATA USED IN DERIVING EQUATIONS FOil ESTlMATUIC DEATllS ft<M ClU.OI.l1II A1ID AllBYDIOOS 
AMMONIA GAS (Details of the data and their sources are given in Appendix E) 

Deaths (%) 
General 81gb-Risk Concentration (ppa) 

Effect Population Population * Time e12 ·-3 

Negligible 0 0 Any < 3 <100 

Complaint. no risk 0 0 Any 3-5 100-300 

Severe harassment (some risk) 0 25 Any 5-15 300-1000 

Severe harassment/risk 0 25 < 1/2 hr. 
Lethal 3 50 1/2-1 hr. 15-25 1000-2500 
Lethal 50 100 1-2 hr. 

Lethal 3 50 < 1/2 hr. 
Lethal 50 100 1/2-1 hr. 25-40 2500-4000 
Lf'thal 97 100 1-2 hr. 

Lethal 3 50 < 5 llin. 
Lethal 50 100 5-15 m1n. > 40 > 4000 
Lethal 97 100 15-30 min. I 

* As explained in Appendix Es the high-risk population consists of the very old, the very YOUDg, 
and those with preexisting pul~onary pathology. 
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where 

v-tT c 2•75 
iii 

(6-3) 

Nonlethal injury is taken to mean hospitalization with or without 
evidence of permanent or lasting impairment. Of major concern in public 
disasters is the numbar of people whom the medical services lend to 
hOlpitall. Thil number ia interpreted a8 the count of nonlethal injuries 
for VM purposes, regardless of actual impairment. 

Reportl of three chlorine accidents [3l-34)j summarized 1n Table 6-5, 
were the primary aources of data in deriving the VM equation for estimating 
nonlethal injuriea from chlorine. The data ln Table 6-5 and the dose 
relponle conliderations diacussed in Appendix E can be summarl!ed as pre
a.nted in Table 6-6. Nonlethal injury can be correlated wlth concentration 
level alone, rather than with the nonlinear function of time and concentra
tion .. V, that correlates with death from chlorine inhalation. The problt 
equation for nonlethal injury resulting from inhalation of chlorine is 

Pr - -2.40 + 2.90 loge C (6-4) 

Since nonlethal injury from chlorine inhalation does not hedl immediately 
(as discussed in Appendix E, it may heal spontaneously after a few days), 
the appropriate value for conce~tration in equation (6-4) is not the current 
level, but the maximum level that occurs in the given cell up to the current time. 

Nonlethal injuries from the inhalation of ammonia (NH3) are not assessed 
by the VM at thls tlme. There seems to be some disagreement among the 
authorities as to whether hospitalization is appropriate after acute but 
nonlethal exposure to ammon1a vapors. The studies relevant to this problem 
are few, so it has been impossible within the scope of this study (investigation 
of published data - no laboratory work) to obtain good estimates of the dosage 
requlred to cause injuries which require hospitalization. Therefore, the 
function T2 giving percent nonlethal injury from ammonia inhalation is simply: 

percent injured - 0 

[31) Kowitz, T.A .• R.C. Reba, R.T. Parker. and W.S. Spicer, Jr. Effects of 
chlorine gas upon respiratory function. Arch. Environ. Health !i:S4S-
558, 1967. 

[32) Chasis, H., J.A. Zapp. J.H. Whittenberger. J.L. Helm, J.J. Doheny, and 
C.M. MacLeod. Chlorine accident in Brooklyn. Occup. Med. !:152-i76. 
1947. 

[33] Joyner, R.E., and E.G. Dorel. Accidental liquid chlorine spill in a 
rural community. J. Occup. Med. !:lS2-l54. 1962. 

(33) Weill, H •• R. George, M. Schwarz, and M. Ziskind. Late evaluation of 
pulmonary function after acute exposure to chlorine gas. Am. Rev. 
Resp. Dis. 99:374-379, 1969. 

87 

.~ 
1 

,. 
! 
; 
l 

1 

1 
I 
~ 
] 
l 

] 

I 
1 
1 



I 

III • 

TABLB 6-5. SUMMARY OF NONLETHAL INJURIES RECEIVED BY ACCIDENTAL INHALATION 
OF CHLORINE 

Numbers of People 

Accident Expo.ed Exa1llined Hospitalized 

Indu'trial Tran,port.tiona 150 

Brooklyn Subwayb 1000 

Morganza, Louislanac Unknown 

·S.. reference [31] in the text. 

bSee reference [32 ] in the text. 

59 

418 

100 

eSee references [33 ) and [34 ) 1n the text. 

TABLE 6-6. SUMMARY DATA FOR NONLETHAL INJURIES 
FROM CHLORINE INHALATION 

C12 Injuries 
(ppm) (X) 

20 90 
13 50 

I 
10 25 

6 1 

88 

• - • • -

11 

208 

17 

Hospitalized 
(X of Tho.e 
Examined) 

18 

50 

17 
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Toxic irritation is treated as an all-or-nothing case for assess-
ment purposes. If the concentration equals or exceods the specified 
concentration, every person outdoors is assessed to be irritated. Irri
tation is assumed to cease as soon as the concentration drops below the 
specified value. From the data in Appendix E, the threshold for irritation 
by chlorine is taken to be 3 ppm, and for ammonia it is taken to be 100 
ppm. Therefore, the assessment functions T3 for chlorine and ammonia may 
be written 8S 

where C
t 

100% if C > Ct 
percent irritated - {O% if C < Ct 

_ ( 3 ppm for chlorine and 
(10 ppm for ammonia. 

Toxic damage to the vulnerable resource "environment" is not 
assessed in the VH at this time. The VM predicts the concentration 
of a toxic substance in the air and water; comparison of these pre
dicted concentrations to air and water quality standards appears to be 
an attractive method for asse~·ing damage to the environment. Such an 
approach, however, has many pitfalls; among these are the following. 

(a) This scheme cannot be implemented for many cargoes. Many substances 
carried in bulk in commerce upon the navigable waters are 
uncommon as pollutants, and there are no standards for these 
materials. 

(b) For some cargoes. there may be more than one standard. For 
water contamination. for example, there might be one standard 
for drinking water, another for water safe for swimming. a 
third standard for the protection of fish. and a fourth level. 
above which shellfish living in these waters are unfit for 
human consumption. 

(c) Because most air and water quality standards are developed for 
situations of chronic exposure there is a problem of exposure 
time. Most air and water quality standards explicitly mention 
tt.e averaging time and are designed for situations in which 
the concentration does not change by orders of magnitude in a 
few minutes. One may easily conceive a situation in whi~h a 
very high concentration. for example of SO~. may exist for a 
few minutes, killing all of the animals at a location without 
exceeding the three-hour air quality standard. Although the 
cumulative dosage at a location may be calculated. there 1s 
little information on the response of many plants and ani~ls 
to ahort exposures of high concentrations of many common 
cargoes. 

(d) Some quality standards are not simply stated as concentration 
levels or dose leve~9 not to be exceeded. Other factors may 
be involved. For example, on~ water quality standard for 
ammonia depends on concentration. water temperature. and 
water pH. Quality standards for other materials involve 
c~mplex and expensive bioassay procedures. 
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Because of the problems raised by these factors. the violation of air 
or water quality standards has not been adopted as a viable procedure for 
assesa.P.nt of environM1ltal daM,e in the VM. Since tbe USCG hes directed 
that enviroa.ental d ... ge assea.-eat is of lover priority tban a8seseaent 
of dame,e to people and property. no alternative method for .. sessing 
envlronllental damage has been implemented in the VH. However. the VM does 
provide the time history of pollutant concentration in air and vater 80 the 
user .. y use this information to asse88 envlroDaental damage at his optioa. 
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(2) Explosion Damage 

Explosion damage i8 assessed for the vulnerable resources "people" 
and "structures." Personnel experience explosion dalUge in two categories. 
(a) death and (b) nonlethal injury. It is customary to categorize 
explosion daaage to personnel in three categories. depending on the 
causative mechanism of damage: 

(a) primary damage - direct blast effects (interaction between the 
blast wave and personnel only. with no other intervening or 
associated factors) 

(b) secondary damage - damage from miseUes and fragments 

(c) tertiary damage - damage from translation and subsequent 
collision with an obstacle 

In the VH. death Is assessed for primary damage manifested as lung 
helllDOrhage or for tertiary damage manifested as skull and body bone 
fractures. Nonlethal injuries are aesessed for all three damage cate-
gories. in~luding the secondary damage of puncture wounds from missile 
penetration. In addition. inj,uy rellulting from two or more dams"e 
mechanisms is assessed in a separate cate,ory. multiple injury. E,q 10sion 
may cause eardrum rupture, bone fracture. or puncture wounds th=ough the 
independent mechanisms of direct blast. impact. or flying fragments. Since 
the causative mechanisms are independent. an individual exposed to an 
explosion may experience injury from a combination of two or even three 
causes. That fraction of the population injured by more than one mechanism 
is determined by the double counting procedures described in Appendix G. 
Structures experience explosion damage in two categories, (a) serious 
structural damage and (b) window glas8 breakage. The physicsl variables 
that determine the extent of explosion damage are the peak overpressure 
and the impulse associated with the blast wave; the values for these 
variables are 3enerated in Phase I of the VH. Table 6-3 summarizes the probit 
equations used tu assess explosion damage and the data upon which the equa
tions are baaed; Appendix 0 explains at length the formulation of the a.~ess
meat procedure •• 

Death from direct blast damage usually is due to lung hemorrhage, 
although other injuri~s may sometimes contribute. The data in Appendix D 
indicate that a peak overpressure of about 1 atmosphere (- 105 N/m2 • 14.5 psi) 
Is the threshold for fatal injuries. and that 2 atmospheres causes close 
to 100% fatality. The probit equation for this type of injury. El. is 
given by: 

Pr - -77.1 + 6.91 log (P) e p 

where P 1s the peak overpressure. 
p 

(6-5) 
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Death fro. tertiary expl08ion damage re8ults when a person is 
.ov.d by tbe blast vave and forcibly impacts vith the ground, a wall, 
or .a.e other object. The .peed attained by a person .ubject to a 
bla.t wave is .ore depeDdent upon the impulse (roughly the integral of 
overpres8ure over tt.e for the bla.t vave) than upon the overpressure 88S0-
ciated with the explo.ion. Coneequently, iapulse is the variable used 
to ate thi8 ... e .... nt. The nature of the impact injury is coapU-
cated by tbe ne~ to consider the person's position when struck by the 
blast wave, .bieldiDa by obj.cts such .8 walls or buildinss, and the 
di.tance to. and the nature of. any surfaces which the person might 
strike. As eJtpl.ined in Appendix Of data prepared for the Defense 
Civil Preparednesp Agency and based on a aDdel cODsidering most of 
tbue factors [3S J have been used to derive the problt equation E2: 

Pr • -46.1 + 4.82 loSe J (6-6) 

where J I. the t.pulse. 

As discussed in Appendix D. eardrum rupture is by far the most 
prev.lent injury which 18 an effect of direct blast. This mechanisll 
oper.tes in a straightforward manner, and there is a general consensus 
on the pressures required to cause damage. The equation E3, used to 
.8se.s this type of injury,is: 

Pr - -15.6 + 1.93 loge Pp (6-7) 

~e injuries caused by translation followed by abrupt impact upon 
soae surface are mostly lacerations, contusions, broken bones and 
int.rnal injurie.. Damages caused by this mechanisll are difficult to 
•••••• , .. di.cu.sed above. For the assessment procedure in the VH, 
damage criteria e.t.blished for an idealized model were adjusted to 
.ccount for non id£al -=.lfe""U, on the basis of the relationsnip of 
ide.l pel nonideal CIiteri. for death by this mechanism. This is 
expl.ined more fully in Appendix D. Tne equation E4, used to a8se8S 
this injury, is given by: 

Pr • -3.91 + 4.45 loSe J (6-8) 

For most accidental explosions, penetration by flying fragments is 
the m08t common mechanism which causes nonfatal injuries. Most of the 
injuries which result are not serious. Hore injuries are caused by 
broken glass than by oth~r material. such a8 gfavel. The number of 
people injured from fragments is very difficult to treat accurately. 
because the location and exposure of the population are important and 
the availability of material to break and form fragments also entefs 
into the assessment. At present, a simplified procedure, based on damage 
from ten-gram glass fragments, Is used. 

(35) Longinow, A., G. Ojdrovich. L. Bertrall, and A. Wiedermann. 
People Survivability in a Direct Effects Environment and Related 
Topics. lIT Research Institute, Chicago. May 1973. 
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The resulting equation, E5. is given by: 

Pr • -27.1 + 4.26 lOIe J (6-9) 

Assessment of injuries from multiple causes is based on the assess-
ment of injury from each individual cause; the procedure used to eliminate 

double counting in making the assessmPnt is described in detail in Appendix G. 

For the purpose of assessing major damage to buildings, a typical 
wood frame structure has been assumed. Most residential structures are of 
this type. Sin~e the census rec~rds used to provide dats on the number 
and value of property include only residential property, it is consistent 
to use damage criteria for wood frame structures. If further development 
of the VK provides an expanded data base that includes nonresidential 
structures as well as a designation of structural type. the assessment 
algorithms may be readily modified on the basis of datn available in the 
literature to encompass damage to structures other than wood frame. The 
response of the structure has been generalized, so the damage assessment 
is bascd only on blast wave parameters. Because complex interreactions 
between the blast wave and structur~ are not considered here, the blast 
wave is parameterized solely on the basis of peak overpressure. The diffi
culty of precisely describing structure-blast wave interactions and the 
expediency of using a single blast wave parameter are discussed in IOOre 
detail in Appendix D. The assessment equation used for major structural 
damage, 51, is given by: 

Pr • -23.8 + 2.92 loge Pp (6-10) 

This probit equation is used to relate the given peak overpressure to the 
percent structural damage caused to a building subject to the given peak 
overpressure; it does not give the percent of buildings in the geographical 
cell experiencing complete destruction. Of course,as far a8 the dollar 
value of the damage is concerned it is irrelevant whether x percent of the 
buildings in a cell are completely destroyed or whether all buildings in 
the cell experience x percent damagc. Window breakage is a much simpler 
phenomenon than other stru~tural response to a blast wave environment. 
Therefore, it is generally agreed that peak overpressure is the significant 
causative factor; further. the critical levels required to cause given 
degrees of damage are generally agreed upon. The assessment equation 
for glass breakage, S2, is given by: 

Pr • -l.Sl + 2.79 loge Pp (6-11) 

This probit equation gives the percent of exposed windows that are broken 
by the blast. At this time, no assessment of the dollar value of the breakage 
is made. 

(3) Fire Damage 

Damages from fire are modeled as affecting the vulnerable resources 
"people" and "structures. II Damage from flash fire 1s current Iy modeled to 
affect both personnel and structures. The current computer version of the 
VM a~8esses damage from pool burning only to structures, since it has been 
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... uaed that peraonnel would have time to seek shelter or to evacuate in 
order to avoid injury. However, injury to personnel can readily be modeled 
by uainS the a ... damage criteria (as expressed in a problt equation) as 
are used for flash fire; the only difference is that actual radiation 
intenaity and duration are used for pool burning. whereas effective values 
are used for flaah fire. The damage assessed to structures is ignition. 
The damesea aasessed to personnel are (a> death and (b) nonlethal 
burns. Por all types of damages. two paramelers have been found to be 
significant: (a> level of thet'1llal radiation and (b> duration of the 
thermal radiation; therefore a variable combining these two parameters 
is used for assessment purposes. The level of thermal radiation and its 
duration are computed by the Phase I submodels. for pool burning and flash 
fire, as is discussed in Chapter 4. The assessment of deaths from flash 
fire is based on data obtained primarily from studies of the effects of 
nuclear weapons. These data. presented in Appendix D, indicate that the 
number of deaths is proportional to the product of the duration of the 
radiation pulse with the four-thirds power of the intensity. The radia
tion pulse fr~ a flash fire 1s not a square wave,of course, so an effec
tive pulse intensity and an effective pulse durat 'w must be calculated. 
This is discussed in Chapter 4. The data relating {he lethality levels 
to the radiation dosage are presented in Appendix D.-h .. probit equation 
PI, used to assess deaths from flash fire, is given by: 

( 
tI .. /3 J 

Pr - -14.9 + 2.56 loge 10" (6-12) 

where t is the effective time duration in seconds and I is the effective 
radiation intensity in J/m2 /sec. The factor 104 is a convenient scaling 
constant. 

The VH does not make a quantitative assessment of nonlethal burn 
injuries, because of the uncertainty in dl:termining the degree of the 
burns and the effects of clothing and shielding. The data in Appendix 0 
indicate that the threshold for first-degree burns is 

tI l • 1S ·550,000 

where t is in seconds and I is in joules/m2/sec. In the analysis of 
first-degree burns it was found that an exponent of 1.15 provided a better 
fit to the data than the exponent 4/3 used for lethality (see page 0-24). 
This is for exposed skin. The function F2, used to assess nonlethal 
injury from flash fire.is given by: 

percent subject to first-degree burns on expost'd skin 

• {loot 
0% 

for tI I • IS > 550,000 

for tI I • IS < 550,000 (6-13) 

The assessment of fire damage to structures is based on studies of 
the ignition of wood. Factors influencing wood ignition are: (a) radi
ation intensity level, (b) duration of radiation exposure, (c) wood typ~, 
and (d) the presence or absence of a pilot flame near thp irradiated 
wood. Duration and level of radiation intensity art' fact;)Ts computed 
by Phase 1 submodels. Wood type is not treated exp1icitly; aV~Tage 
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valu .. are u.ed. POI' fla.h fire. the pre.ence of a pilot fl ... i. aa
.~, for pool buraiq. pUot n.... .re ••• UMd to ba ab.ent. POI' 
flaah fira.tha r.di.tion inten.ity 1. conlldared to ba hlah enouah to 
caUl. ipitton only in that reaion where. fu-b1. fuel-air 1I1xtur • 
• xau. i •••• the r'aion wher. tha fluh fira burna. The pr .. ane. of 
tha fl •• h fire provide •• n open fl .... so tha d.t. for pilot tanition 
are uaad. Par pool burning.th. irr.di.ted .tructure. are .. n.rally too 
far froa the burnina pool for tho .. f1 .... to b. con.iderad a. a pilot. 
Thus the data fer spontaneou. (no pilot) ianitton are us.d for pool 
burning. The dame, ......... nt function. and proc.dures for i,nition of 
structures frail pool burnina. Bl. and from flash fire, F3. may thus be atated. 

For ipition froa pool bumin. 

1. For every gt'ld cell. look up the radiation intenaity. II" .t 
the cell center. 

2. The r.diation intensity at the cell center muat exceed the 
value 

3. The duration of the poo\ burning. tb. 1IIUst exceed the tiM 
given by 

~ ~ 
5/" 

6.10 x 104 ' 
(Ir - Is) (6-14) 

4. If tb) t. P then there i8 ignition 

If tb < te. then there is ~ ignition 

where in both cases 

Ir • radiation intensity at the cell center 

For isnition frOll flash fire 

1. The vapor concentration at grid cell cent*r mUlt be between 
the limits of flammaoility for the spilled substance (this to a.sure 
the presence of a pilot flame). 

2. The radiation intensity. 11" must exceed the value 

r Ip • 1.34 x 10" ~ou~e: 
3. The effective duration of the radiation. tefft must exceed the 

value 8
1V

:: :1[' 7.22 X 10' .' ~ .]'/
2 

(Ir - Ip) (6-15) 

94 



h 

I 
I 

I 
I 
1 
I 
I 
i 
! 
! 
I 

4. If teff ~ tPt than there i8 ian1tion 

If teff < tPt then there i. ~ 11ft1tion 

If ianitlon occurs (pool bumina or flash fire). one-fourth of the 
structurel in the cell are .. auaed to ianite. Th1a assumption. recosnized 
to be sa.ewbat crude, was made to account for the fact that some structures 
vil1 be .hielded froa ther.al radiation by othera. 

An bee1e 

To illustrate so.e of the aa.esament techniqu~s discusaed in the 
precedina section, conaider the followina hypothetical occurrence. The 
dispersion of a chlorine spill cause. the air in a Siven arid cell to 
experience the followtna tt.e history: 

Phase 1 output for arid cell x 

Concentration (ppa) 

o 
10 
30 
25 

Time (min) at 
this Concentration 

5 
10 

5 
15 

For these data, the significant aaaessment variable 

V -Ij T1 C
i
2

• 75 

has the value V - 168,100, lOSe V • 12.03, 80 the probit has the value. 
Pr • 3.23, as determined through equation (6-2a). Prom Table 6-4 we aee 
tbat a prob1t of 3.25 corresponds to 4%. Thus we conclude that for this 
hypothetical exposure history just under 4% of the exposed population in 
the given cell will be killed by inhalation of tox1c vapors. 

During the last time interval the concentration is 2S ppm. Since 
concentration is the appropriate assessment variable for nonlethal injury 
from chlorine inhalation, we find loge C • 3.22; using this value in 
equation (6-4) we find the needed probit. Pr • 6.93. Again, from Table 
6-4.1t i8 seen that probit8 of 6.88 and 7.05 correspond to 97% and 98%, 
respectively. Therefore we aS8ess 97% of the exposed population in the 
given cell a8 havins nonl .. thal toxic injury. However. since the con
centration durins the preceding time step was the highest experienced in 
this cell (30 ppm), it i8 that value that should be used to assess non
lethal injury. For C • 30 ppm, loge C • 3.40 and Pr • 7.46. Thus 
99.3% of the exposed population received nonlethal toxic injury. 

Since the concentration during the last time interval exceeds 3 ppm, 
100% of the exposed population is also irritated. 
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Thu. the ••••• ...at of toxic injury for the l •• t t~ lnt.rval 
reade: 

DeacI 
MoGlethal Injury 
Irritation 

• 41 
• 99.3% 
• 1001 

Correctiq for aituatiOD (1) double countlnl. we obtain: 

Dead 
Honl.that Injury 
Irritation 

• 4% • 4% 
• (99.3 - 4)% • 95.3% 
• [100 - (95.3 + 4»)% • 0.71 
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CHAPTER 7 

EXAMPLES OF COMPUTER RUNS POR AN URBAN ARIA 

Introduction 

This chapter presente the results of a number of computer runs .. 
lor the five ~argoe. u •• d to exerci •• the .odel. Th. four apill aiz.a for 
each of the •• caraoea ue.d in the teat co.puter runa are ahown in tabl. 7-1. 
The very large, large, and a .. ll ai.e. of apills were apecified by the Riak 
Analyeis Advisory Board of the U. S. Coaat Guard. The mediu~aiz.d spill va8 
chosen by ECI t~ be cloee to the geometric mean of the small spill and the 
large 8pill, to provide a 8pill size intermediate between theae two ~idely 
different cases. Since the very large spill differs from the large spill by a 
factor of only two in most cases, the computer test runs used the large, 
medium, and small size8. The large and very large 8~i118 may be expected 
to have a significant effect on the general population (over and above th08e 
directly concerned vith the cargo transport - the shipe' creva, marine terainal 
personnel. and fire and rescue personnel). 

Bel~, ve first take up one computer run and present the results in 
detail, with copies of the actual computer printout. Next the runs for 
LNC, chlorine. and anhydrous ammonia are discuaaed. For these three 
cargoes. the effects of spills of different sizes are compared, and. in 
addition. cne other input vari~ble is varied. For LNC. the wind direction 
vaa chanaed slightly. for chlorine the stability class was changed. and for 
ammonia the time step was varied. Unless othe~ise explicitly stated. in all 
the test runs that follow. the wind is blowing toward 53° at 4 m/s. and the time 
step is 2 minutes for cases where the effects of toxicity are beina considered 
and I minute vhen an explosion or flash fire is expected. All spills are 
located at the center of cell 3. a river or harbor cell. The last computer 
runs discussed are those where pool burning immediately follows the spill. 
Medium-sized spills of LNG. methyl alcohol. and gasoline are treated in this 
vay. The spills of methyl alcohol and gasoline are very difficult to ignite 
because their evaporation rates are so slow. Finally. some important featurea 
of the VH. which have been delineated by these test runs, are discussed. 

Before proceeding to the flrst computer run, a word about the demographic 
data and the grid system i8 in order. The demographic data from 40 census 
tr3cts have been used in these runs, and each census tract has been repreaented 
by a point. For cells which appear from the pattern of streets to have a 
uniform population density, the center of the cell has been approximated and 
used to represent this cell or tract. For cells which include a great deal of 
unpopulated area such as cemeteries, parks. marshes. lakes, etc., these areaa 
have been excluded. and what appears to be the center-of-mass for the populated 
area has been chosen. For irregularly shaped tracts, however, the tract center 
has always been placed within the tract boundarles. 

For these test runs, 50 cells were used. 10 river cells and 40 census 
tracts. The location of these cell centers is shown in Figure 7-1. These 
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LNG 
Liquified 
Natural Cas 

Chlorine 
(CI 2> 

Anhydrous 
Ammonia 
(liquid N1l3) 

Methanol 
(Methyl Alcohol) 
(CH

3
OH) 

Casoline 
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Very 
, 

Large Laue Meet i_ 5-.11 

2 ship tanks 1 ship tank 500 gallo_ 

50,000 II 3 25,000 II 
3 200 • 3 2 • 3 

20,i50 MT 10,375 MT 83 MT 0.8 MT 

1 barge load 1 barge tank 1 short ton 
1,200 short tons 300 short tons 

127m 3 182 m 3 10 .3 0.60 • 3 I 

1.090 MT 272 MT lSMT 0.90 MT 
, 

2 ship tanks 1 ship tank 

20,000 m 3 10,000 11 
3 300 • 

3 10 • 3 

16,340 MT 8,170 MT 251 MT 8.2 MT 
I 

2 ship tanks 1 ship tank 300 gall;-

30,000 II 3 15,000 m 3 120. 3 1.10 • 
23,800 HT 11,900 MT 95 MT 0.9 MT 

2 ship tanks 1 ship tank 2 100g t0D8 
4,000 long tons 2,000 long tons 

5,820 m 3 2,910 a 
3 100 • 3 2.9 • 3 

4,060 KT 2,030 MT 70 Ml' 2.0 lIT 

------------ -- -

TABLE 7-1 

SPILL SIZES (HT • METRIC TON • 103 kg) 
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FIGURE 7-1 

RElATIVE LOCATION OF THZ GRID CELLS FOR THE TEST RUM 
Cells 1 through 10 are river or harbor cells. which 
are assu.ed to contain no people or structures. 
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data were obtailled from census statistics for an actual city. In this 
study. we considered only one phase of a more c~mplete ri8k analY8i8 - it 
was Msumed here that a spill of a certain size ha8 occurred. A complete 
analysis would consider the chances of such a spill taking place. Factors 
such as the number of ships or barges carrying this sort of cargo, their 
capacity, the type of waters which they are navig~ting, the other traffic 
1n these wat~rs, the visibility, currents, tides, and so on must be 
considered in determining the probability that a certain spill will occur 
in a particulal' place over a given period. As this project was to consider 
only the assessment of damage after the spill had occurred, consideration 
of this probability was not addressed. and any realistic appraisal of a 
spill must take the probability of occurrence into account. Therefore 
any analYSis of the damage that may result from the transportation of 
hazardous cargoes by ship or barge cannot be made on the basis of thi8 
study alone. In the development of this model, wherever possible, approxi
mations were made in a manner such that the damage would be overestimated. 
Thus the resulting damage assessments. although credible, may be somewhat 
high. The injury and damage figures which follow must be interpreted in 
this light. 

The Output of 3n LNG Run 

Tables 7-2 a to j present the details of a COllPuter run for a medium-sized 
spill of LNG. Following printing of the properties file (not reproduced), 
the next page of output, Table 7-2a, gives spill and environmental informa
tion. The first column in Table 7-2a contains the number which is 
associated with each variable, and whtch is necessary for understanding 
the computer program operations, anu provides a convenient way to refer 
uniquely to each variable. The sccond column contains an abbreviation of 
the variable name or a brief description of the variable. The third 
column gives the vaiue of this variable, the fourth column lists the units 
of the value given for the variable, and the last column shows the origin 
of the value for the variable. Table 7-3 explains the designation printed 
to denote the source of the value for the variable. 

The values of the variables are generally given in the CGS system. 
The letters N.A. mean that the units for that variable are not available in 
the file of units. If the units column is blank, then the variable has 
no units. The items listed under spill definition data are self-explanatory 
except for variable 2006 which is a flag which is Set = 1 i[ adiabatic wall 
conditions in the tank are to be used and - 0 if isothermal wall conditions 
are to be used. Variable 2015 is the height of the hole above the water 
surface, and variable 2009 is the number of increments to be used in 
calculating the rate of spilling. 

For the environmental data, variAble 2058 gives the direction toward 
which the wind is blowing, in degrees. Variable 2017 is the stability or 
turbulence class, and variable 2014 is the height above the ground at which 
the concentrations are to be calculated. Variable 5022 is the ambient 
atmospheric pressure, and variable 50H is the density of the water (a 
density different from 1.00 might occur due to salinity). Variable 2018 
is a flag indicating whether the spill is restricted to a channel or is 
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radial in nature. Variable 2043 i8 the dlffulion coefficient of the liquid 
cargo in water. Variable 2022 ia a flaa for eryo.anic apilla to indicate 
whether the flux of heat from the water to the liquid cargo pool ia constant 
(flux var • 1) or is limited by the formation of ice (flux var • 2). The 
next five variables are used by the submodel that calculate. the mixing 
and dilut10n in rivera and tidal estuaries. The Manning factor concerns the 
roughness of the river bottom. Variable 2053 is the diffusion coefficient 
nf the cargo vapor in air and i8 eltimated by a subroutine if it il not 
given by the user. 

Selected chemical and physical properties of the cargo are printed 
on the next page, Table 7-2b. Most of these variable names are sufficiently 
explanstory, but variables 1010. lOll. and 1012 are constanta in the vapor 
pressure equation. The vapor pressure equation is of the form 

P _ 10[A-
B 

(T+C) 1 

where P is the vapor pres~ure, T is the temperature, and A, B, C are the 
constants given, respectively, by 1010, lOll, and 1012. 

Table 7-2c shows the page which displays the geographical data. The 
latitude and longitude C01Um!lS originally contained the location of each 
cell center in degrees, minute~ and seconds, but in the sample page the 
degrees column has been omitted. The first colume gives the cell number, 
by which all further reference to the cell is made. The second column 
contains identifying information about each cell. An "R" indicates a river 
or harbor cell. The other numbers may be block number, census tract numbers, 
or some other means of entering demographic information. The ignition code 
has been discussed in Chapter 4. Columns x and y give the location of the 
cell in a coordinate system in which the spill location is at the origin 
and the positive x axis is in the direction toward which the wind is blowing. 

Table 7-2d shows the page containing spill and ignition information. 
Variables 4001, 4002, and 4003 give the amount of cargo spilled, and 
variable 4004 gives the time for the spill to take place. Variable 2038 
is the average release rate, and variable 5027 gives the maximum dimension 
of the pool of liquid cargo on the water surface. This dimension is the 
radius for a circular pool and the upstream-downstream extent for a spill 
restricted by the channel (see variable 2018 in environmental data). 
Variable 5010 is a flag which is set = 0 if the puff (instantaneous source) 
air dispersion model is to be used and which is set - 1 if the plume 
(continuous source) model is to be used. If the user does not specify 
the value of the variable, the VH decides whether the puff model or the 
plume model is more appropriate. 

The first six variables in the ignition data list are self-explanatory. 
Variables 5042 and 5043 give the effective values of the inteasity and 
duration of the flash fire radiation. For an explosion, variable 5044 
gives the mass of cargo vapor which exploded, variable 5045 giveA the 
explosive yield in calories, and variable 5047 gives the yield equivalent 
in (short) tons of TNT. Variable 4019 is the mass of cargo remaining in 
the pool at the time of ignition. In this case, it is zero 80 that no pool 
burn can follow a flash fire or explosion. Thus the last four variables 
which COncern the flame from the burning pool are zero as well. 
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~ Tables 7-2e and 7-2f U.t the concentrationa in the cella (aa ca.puted I, 

at the cell centera) for each tt.e atep. In this ca •• ,the ignition 8ub- ·.:1·! 
routine ha8 calculated that the cloud ignited at 5.63 minute., 80 this ti .. 
la listed in addition to the I-minute tille atepl. Table 7-2e gives the 
eoneentratlon. in kg/al,and Table 7-2f give8 them in parta per mililon ~ 
(by volume). 

Table 7-2g list8 the results of both the flash fire and the explosion. 
For these computer runs, the program wa. altered so that, if ignition 
occurred, the reaults of both were c aputed in the a888 run, which 8sved 
con8iderable computer t!Be. The dl~~ance listed i8 the distance fro. the 
puff center at the time of ignition. Thermal radiation from a flash fire 
was calculated only for those cells in vhich the concentration vas above 
the lover flammable ltmit. Since the vapor cloud ignited at cell 19, the 
first cell 1n its path In this example, there is a non-zero radiation value 
only for that cell. The liquid pool had completely evaporated prior to 
ignition, so there was no pool burnina in this exampl~. 

Tables 7-2h and 7-21 list the damage and injuries which resulted from 
the explosion, first for each cell and then a summary for all cells. 
Table 7-2j shows the analogous information for the flash fire case. 

Results of Test Runs 

The test runs for the five cargoes used to exercise the VH are listed 
in Table 7-4. There are six or more runs for LNG, ammonia, and chlorine, but 
since the clouds resulting from methyl alcohol and gasoline spills dld not 
have high enough concentrations to ignite when they reached the first land 
cell downwind, for these two cargoes only the case where pool burning vas 
initiated immedlately after the spill was run. Methyl alcohol, gasoline. 
and LNG are not toxic. 80 the hazard from them is due to fire or explosion. 
Chlorine is toxic but incombustible, so the hazard from chlorine stems 
from inhalation only. Ammonia Is both toxic and flammable. so all types 
of damage may result. The concentrations of ammonia which result in death 
in a minute or so may be considerably below the lower flammable limiting 
concentration. Ammonia inhalatio~ will cause death in a minute or so at 
concentrations which are below the lower flammable limiting concentration. 
so for the cells on the x axis (directly in the path of the cloud) the 
people are killed by the toxic effects before the explosion occurs. After 
an explosion or flash fire, pool burning takes place if there Is any 
liquid remaining in the pool. No injuries or damage to structures resulted 
from the burning pools because the pool in the center of a water cell was 
more than 1 km from the necrest land cell where the injuries and damage 
were assessed. 

The results for the LNG, chlorine, and ammonia runs are discussed in 
the following sections, and then the three cases of immediate pool burning 
are taken up. FinallY.8 few points concerning certain features of the VM 
are discussed. 

LNG Spills 

The results of the simulations of six spills of LNG are shown in 
Table 7-5. For each of the three sizes of spills. the VH was run with the 
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Designation 
Printed 

DEFAULT 

EST PROP 

CHH PROP 

COMPUTED 

USER 

SYSTEM 

TABLE 7-3 

Source of Value 

Value is missing in the Chemical 
Properties File. 

Value i8 taken from the default file. 

Value ta~en from the Chemi~al Properties 
File is estimated. 

Value taken from the Chemical Properties 
File is an accepted value. 

Value is computed by the program. 

Value is supplied by the user. 

Value is computed by the program and 
will override a user-supplied code. 

DESIGNATION DENOTING SOURCE OF VALUE FOR THE VARIABLE 

The source designation printed indicates the source of the value printed out 
for a given variable. Each value has associated with it a hierarchical source 
code; for a given variable a v3lue with a numerically higher source code will 
override (replace) a value with a numerically lower source code. 
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; t 
Cargo 'LNG Liquefie-J natural gas. I 

Ignit ion Type 

Portion of Evaporated Hass 
Combusting 

Deaths or Injuries 

TOXicity/Injuries 

E 

F 

p 

N 

DNI 

T 

NA 

Ignition $OUrce set to produce au explosion. 

Ignition source set to produce a flash fire. 

Pool burning initiated at the first t1Jle step. 

Ignition not allowed (for 183) or Dot possible 
(for Cl2). 

Fuel cloud did not ignite. 

Deaths or injuries would have occurred but 
the population of the cell vas already 
dead from toxic tnbalatiou. 

Toxic lnjurLes are not assessed in the VM for 
this substance (N83). 
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Wind 

; I Amount Direction 
Case (Hetric (Tovud) 

Nurlber Tons) (.) 
I 

L1 
I 
I 20,750 50 

L2. L3 

I 
20,750 53 

L4, L5 83 50 

L6. L7 83 53 

L8. L9 0.8 50 

I LlO. Lll I 0.8 53 

Ex 1011100 

Structure. 
Portion Explosive with 

Ignition of Mass Yield Strl!cturel Broka 
T1IDe Distance Combustible (Tons of Deaths Injuries Da_ae Window 

(m1n) Cm) CX) TNT) <I> <') (MS) (Il 

4.~ 1,010 12.1 40,700 984 77,542 129.5 29.490 

4.2 1,010 12.1 41,200 1.238 77,753 131.1 29,628 

5.6 1,350 39.2 657 921 1,101 17.0 5.871 

DID NOT ICNITE 
I 

DID NOT IGNITE 
I 

DID NOT IGNITE 
I 

TABLE 7-5 

LNG SPILLS 

Distance is the distance from the spill location to the center of 
the puff at the time that ignition occurred. 

Fluh fire 
Stractlll'a 

Deatb.e Ip1tell 
(I) (11$) 

SJ4 2.2 
, 

617 2.2 
I , 
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wind tovard 50- ~nd then vith the wind toward 53-. Wh~n the vapor cloud 
from the very large spill detonated at cell 19, the resulting explosion was 
calculated to have been immense - equivalent to about 40,000 tons of TNT. 
Such explosions are known to be unlikely; moreover, they are not known to 
be physically possible. Bear in mind that there are few LNG ships in 
operation and few planned compared to the total number of all ships or even 
all tankers operating. These ships will call at few ports and a~e expected 
to be subject to unusual operating constraints in the port calls they do 
make. There are very few ways in which any spill. much less a .ajor spill, 
can occur from such specially designed vessels, and exceptional precautions 
are taken to preclude such an event. Although the probability of such a rare 
event as an LNG spill is difficult and expensive to estimate reliably, it is 
known to be very low relative to the total number of LNG ships (say, 42 to 
85) which will operate in U.S. waters (a small part of their total operating 
time) over the full life cycle of LNG importation (say, 15 to 25 years). 
The next point to bear in mind is tha~ even if an LNG spill were Co occur, 
it is far more likely that the material would burn in the illlDediste vicil'.ity 
of the ship than that a cloud of vapor would disperse away from the Ship. 
Even if the material did disperse, it would enter a populated area only if 
the wind direction carried it to that area rather than away from such all 
area. Even if an LNG vapor cloud were to approach a populated area, it 
appears far more likely that it would be ignited when only the leading edge 
of the cloud was in that area and while the bulk of the cloud was still over 
water. If the cloud were to move over a populated area without ignition, as 
it was warmed by the air and ground. it would tend to rise (at ambient 
temperatures LNG is lighter than air) and to disperse hal~lessly into the 
atmosphere. Even if the cloud were to be ignited while over a populated 
area and before it* natural buoyancy carried it up and away from peorle and 
buildings, it is It.nown that it could burn in a flash fire or deflagration; 
it is not known whether unconfined parts of the cloud could det)n8te. In 
this respect, methane (the major component of commercial LNG) is less 
dangerous than some other hydrocarbon vapors, such as propane or ethylene 
oxide. A possibility that has not been fully researched (and would be very 
expensive to research) is that a detonation from a confined explosion of a 
portion of the methane cloud (see Appendix C5) could accelerate the deflagra
tive combustion wave in portions of the unconfined cloud to supersonic speeds, 
thus producing detonation(s) there. Also, it is not known how much of the 
unconfined cloud would be detonated or how much of the cloud would be 
impacted by the initiating detonation wave. 

Cases Ll and L2 in Table 7-4, ehen, represent hypothetical events which 
may not be even physically possible and which are definitely extremely unlikely 
ever to happen. Why, then, should such cases be explored at all ir: a model? 
If it can be established that even very rare types of accidents will not 
result in major damage, then unnecessarily expensive safety precautions and/or 
scientific research on safety problems can be aVoided. Where major accidents 
cannot be conclusively ruled out, then careful consideration of safety 
precautions, accident probability estimates, and/or further scientific research 
is indicated. Even so, no final dp.cisions can be made on the basis of this 
model alone. If the risks (probability times consequences) are apparently 
comparable to other dangers to the publiC, then deciding factors may be the 
the benefits of an activity and/or cost-effective application of additional 
safety measures. 
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00. f1aal caution is that extenaive scientific research can be tiae
conauaina .. vell a. expen.ive; frequently decisions are tt.e-l~ited .uch 
that it ia unfeasible to obtain all of the .cientific input de.irable when 
it 18 ueeded. All production and transportatlon of ha&ardoua .. terial. 
involve aoae risk; the key qua.tion ls vhether drastic constraints affecting t~e 
.conoaic. of theae .. terials involve even greater risks. 

The realon that th.re vere more deathe for the v.ry large apill with 
the wind tovard 53 0 is that the ignition time varied by two s.conds and this 
changed the yield .lightly. The extra yield was just enough to increa.e the 
.ff.ct in cell 48 fro. 2% dead to 13% dead. As cell 48 ie a very den.ely 
populated cell, thi. account. for the excess deaths in the ca.e where the 
wind wea blovina toward 53 0

• With the wind toward SO·, the flash fire vas 
....... d to have killed 58% of the population in cell 19, and the 
radiation level thera wea hiah enouah to have caused firat-dearee burn. 
on the r ... tnder of the persona in the cell lf thay had been exposed. 

The LNG apills of ..diua 8ize are of intere~t, because of the fact 
that ignition occurred with the vind toward 53· and did not occur vhe" the wind 
wa. toward 50·. In the ca.e which ignited, the center of cell 19 was 21 m 
off the x axi., an~in the ca.e vbere it failed to ignite, the center of 
cell 19 was 95 • off the x axi.. Early in the dispersion of a puff of gas, 
vhen the diffusion coafficients are still 8mall, this difference can be 
enough for the concentration to reach tbe flammable range in one case and 
fall to reach it in anotber. Tbe concentration vas evaluated at 6 minutes 
when the puff center wae only 25 m from the cell center, so adju8ting the 
time step would have no effect on the case which failed to ignite. For 
the neutral stability condition, at 1400 m, 0y is approximately equal to 
6S m thus in one case the cell center was about 0.3 0y from tbe puff center 
and in the ca.e with tbe wind from 50· the cell centet was about 1.5 Oy 
from the puff center, so tbe failure to ignlte 1s understandable. For the 
SO· CB8e, cell 46 was only 30 m from the x axis but vas 3037 ~ from the 
8pill location. an~ by the tlme the puff had traveled that far. it was too 
diffu8e to ignite. The LNG spills of small size resulted in a vapor cloud 
which vas not concentrated enough to ignite at the first downwind cell. 

Chlorine Spills 

For cblorine. the results of seven computer runs are shown in Table 7-6. 
For all three spill sizes, there are results for a vind sp~ed of 5 mls and 
unstable conditions as well a8 for a wind speed of 4 m/s and neutral conditions. 
In addition, the medium size spill was run for a vind speed of 4 mls and 
unstable conditions. With stability class 4 (neutral), the vallles of 0y and 
Oz are smaller than they are for ~t~billty class 3 (unstable), so the 
resulting puff is smaller and more dense after traveHng the same ll1-tance. 
Whether the smaller, denser puff affects more people depends on the size of 
the spill. rable 7-6 shows that the small spill of 900 kg ls 
calculated to have killed 277 peeple and injured over 5000 people 
in the neutral case, bU4 in the unstable case, the more diffuse puff was 
too dilute to cause any deaths and is calculated to have injured only two 
people. For the very large spill, on the other hand, there 1s 80 much chlorine 
that the more diffuse puff la calculated to have caused more deaths as well a8 
more injuries. Even though the concentration is lower near the cent~r of the 
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Case 
NWllber 

Cl 
C2 
Cl 
C2 
Cl 
C2 

Cl 
C4 
C5 
C3 
C4 
C5 
C3 
C4 
C5 

C6 
C7 
C6 
C7 
C6 
C7 

'( 0" ", ... , .... .,.., ...... ":. 

... -. --' .. - _ .. _.--_ ... - -.,_ .. -_. __ ._-

Wind T01l1e1t~ 
AIIount Speed Stability Tt..e Distance Killed Injured 

(Met ric Tons) (ala) Class (Ilin) (taa) <,) el) 

1,090 4 4 10 2.4 921 0 

1 
5 3 8 2.4 1,823 5.734 
4 4 16 4.8 7,328 17 
5 3 20 4.8 10,932 4,943 
4 4 30 7.2 13,628 937 
5 J 24 7.2 18,152 4,946 

IS 4 " 10 2.4 921 0 
4 3 10 2.4 921 0 
S 3 8 2.4 0 921 
4 4 20 4.8 7.327 1 
4 3 20 4.8 1,020 5,768 
5 3 16 4.8 340 6,446 
4 4 30 7.2 9,995 865 
4 3 30 7.2 1,020 6,334 

'If 5 3 24 7.2 340 7,425 

0.90 4 4 10 2.4 277 645 

1 
S 3 8 2.4 0 0 
4 4 20 4.8 277 5,111 
5 3 16 4.8 0 2 
4 4 30 7.2 277 5,748 
5 3 24 1.2 0 2 

- - - . -- -_._- _ .. - _ . - ----
L- _____ 

- -- -- - - ----

TABLE 7-6 

CHLORINE SPILLS 

The various cases for each spill size are listed here in order of distance 
traveled to facilitate the comparison of the effect of wind speed and 
stability class on the effects of the spill. The distance is the distance 
from the s~ill location to the center of the puff for the time listed. 

~ 0 •• - .-.....--.- ..... ~ •• .......-..,·.~.l,.w .... ·~ '" 1 ..... _ ... i-", .. __ ~ ...... ~ ... ~ .01.;"', ... i .. L._ ... ltlllll ... .Id...J......,,",: ..... ' .. , 
'll.1 .. }, , IJ~ ....... d. .• '''''''' ...... , •.• 

~ ~"'r·-·~WlfUJ.1"4ii!.,$S4 

I 

I 

I 

." ... t._.LIr".IM"I·.:'J:_'W~ 



.ore diffuse puff. it is still .are than high enough to cause 100% deaths 
tbere. 10 the .ore widespread puff cauaes fatal and nonfat.! taju~ies over 
a wider area. Because of the large naber of casualtie. asaenled for the 
very large spills of chlorine. it should be .antioned once a;~in that they 
are hypotheticsl and represent only the use of realistic demographic data 
for a theoretically possible incident. 

For the medium-sized spill. one may compare two runs with the S8llle 

stability with different wind speeds and two runs with the same wind speeds 
but with different stability classes. Examination of these three rune in 
detail points out some interesting features of the VM and of atlDOspheric 
dispersion. First, note that at cell 19. 2.4 kID from the spill location. 
the case vith the wind speed equal to 5 ./s has 921 injuries wbereas the other 
cases have 921 deaths. All sl1 the chlorine vas released a8 gas in 17.3 s, 
this 1e not due to any difference in travel tilDe. (The release time is 
17.3 s for all three spill sizes due to the fact that the submodel involved 
[MODI and £VORP] assumes that all the liquid chlorine breaks up into 
individual drops which do not occupy a large fraction of the volume of 
the vater and liquid chlorine mixture.) The difference is due to the fact 
that the puff passes over cell 19 while it is very small, so that the exact time 
at which the concentration is calculated is important. For the 4 m/s. 
stability class 3 case, the concentration at 6 minutes was 312 ppm. At this 
t~ the puff center was at x • 1440 m. very close to the center of cell 19 
at x - 1412 m, y • 95 m. For the 5 mIs, stability class 3 csse. the highest 
concentration calculated was at 4 minutes. vhen the puff center was at x • 1200 m~ 
about 200 m from the center of cell 19. Of cours~at 4.8 minutes the puff 
center was at x • 1440 in this case. but the time step was 2 minutes, so the 
concentration was not calculated then. Thus the smaller number of deaths with 
the wind at 5 m/s is due primarily to the large value used for the time step. 

This artifact in the assessment can,of course,be eliminated by using 
very short time steps or by calculating the factor determining toxic 
lethality (Jendt as explained in Chapter 6) at a given geographical point by 
analytic means. A short time step requires more computer time, 
on which there are economic constraints. The anaiytic calculation of the 
factor determining lethality at a geographical point appeared to be a level of detail 
for which the VH is not ready at this time. The problem is IDOSt severe when 
the puff i8 small shortly after the release of the cargo gas. As the puff 
expands with distance, the problem becomes less severe. Running the VH with 
10 s time steps would have caused the assessment of identical numbers of 
dead and injured for the 4 mls case and the 5 mls case with unstable conditions, 
but the computation time for each run would have increased by a factor of 
twelve. Cost 1s roughly proportional to computation time, so the cost would 
have increased by about Art order of magnitude. 

Comparing the two medium-sized spills which have the same wind speed, 
but diffp.rent stability classes, it is clear that the smaller dense puff 
resulted in more dead but fewer injured. Cells 44, 46 and 26 were close 
enough to the x axis (i.e., close enough to being directly downwind) so that 
the higher concentrations in the neutral stability case caused 100% deaths 
to be assessed, whereas in the unstable case the lower concentrations resulted 
in the assessment of many injuries but only a few deaths • 

. 120 



Anhydroua ~nia Spil18 

The re.ulta of the ...anla run. are shown in Table 7-7. Each of the 
three apill aile. was run with ilDition po •• ib~ at the cell centers t and 
with ignition precluded. In evaluating teat runs in which the 8IDOnia did 
burn. the reader should note that ammonia i. difficult to ignite under 
.ost conditions. however, it will burn or even explode under certain 
conditions. There la no known record of an unconfined ammonia cloud 
explosion. 

The small apill of 8.2 tons caused no toxic deaths and did not 
lanite. Toxic injuriea are not assessed for ammonia, as discussed in 
Chapter 6. When ignition was poasible, the ti.a atep, 6t, waa aet to 1 
.toute aince ignition ususlly occura fairly aoon if it is going to occur. 
With no isnition sources at the cell centers, it vas desirable to run the 
progr .. for 30 minutes so 6t - 2 minutes was used. In Table 7-7, the case 
with ignition possible at 6t - 1 minute is listed first. 

The very large apill of over 16,000 metric tons of anhydrous ammonia 
ignited, not at the first cell in its path (cell 19) but later at 
cell 46. The reaaon for this is the evaporation time and the manner in 
which the puff model treats long release timeS. It took 20.8 minutes for all of 
the a.monia to eac~pe in gaseous form, but the puff 8ubmodel atarts the 
puff moving from ~hP. spill location when the first gas escapes and 
increases the ar~unt of cargo gas in the puff aa it escapes. Thus, as the 
puff moves awF.Y downwind, the mass in the puff increases. In this case, the 
mass in t~_ puff increased fast enough to more than compensate for the 
.~~:.Qing of the puff; the concentration increased from the time the 
puff was near cell 19 (6 m1n~ so that by the time it was close to cell 46 
(12 min) ignition was possible. At the time of ignition at 11.8 minutes, 
7.9% of the spilled mass was combustible. In the case that the ignition 
set off an explonion, this amount of ammonia is equivalent to 4110 tons of 
TNT. Tbe resulting damage is shown L~ Table 7-7. There were no deaths 
from explosive effects because the people in cells 46 and 47, 210 m and 
490 ~respectively,from the blast center, were already dead from the toxic 
vapors. Explosion injuries were assessed as far away as 4350 m at cell 16, 
where one person was calculated to have received injuries from flying 
frasments. Seven buildings 6500 m from the blast center in cell 12 were 
aeaesaed as having broken windows. In the case of flash fire, structures 
were ignited only in cell 46. 

For the very large spill without ignition, it is interesting to note 
that the 2-minute time step resulted in more deaths from toxic vapors 
at 10 minutes after gas release started than the run with 6t - 1. minute. 
but the number of deaths at 11.8 minutes in the one case waa the same as 
the number of deaths at 12 minutes in the other csse. This is due to the 
use of ~t in calculating the dosage. In this example, the concentration 
at cell 47 was increasing so that the VH had, by 11.8 or 12 minutes, asseseed 
all of the outdoors population in that cell as dead. Changing the size of 
the time step does not always have an effect; Table 7-7 shows that for 
the medium-sized spill the number assessed as dead is the same at 10 and 
at 14 minutes for ~t - 1 and ~t - 2. 
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ExDloaloo I 
Structuru I 

with . Flub Fire 
Amount Toxicitx Structural Broken Structure. 

Case Spilled Tiae Diataace Deaths Injuriea DalIla,. Window Ianited ~t 
Number CMetric Tons) (lI1n) (Ima) el) <I) 01$) el) (0) (aiD) 

Al.A2 16.340 10 2.4 1.412 1 
·11.8 2.8 6.726 11.419 68.35 15.720 9.11 1 

Al 16.340 10 2.4 2.177 2 . 12 2.8 6.726 NO IGMITIOlf ALLOWED 2 
30 7.2 18.Ul I 

2 

&4. AS 251 10 2.4 921 DID ROT IClfITE 1 
14 3.4 4.584 

I 
1 

A6 251 10 2.4 921 2 
14 3.4 4.S84 NO I~ITloa ALLOIIED 2 
30 7.2 8.033 

1 
2 

A7. AS 8.2 ANY ANY NONE DID NOT IGIIlTE 1 
I 

A9 8.2 ANY ANY HORE 10 ICIlltIQ1, A1J.OWED 2 
- -.- -~ - - -----

TABLE 7-7 

AHKONIA SPILLS 

No explosion deaths and no flash fire deaths or injuries are listed because 1ahalation of 
toxic ammonia fu.es had killed those people in cell 19 who would have been kJlled by the 
explosion or killed or injured by the flash fire. Toxic injuries are not l1eted because 
toxic InjuTies are not assessed for ammonia (see Chapter 6 and Appendix R). Distance is 
the distance from the spill location to the center of the puff • 
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j-.1 _______________________________ . ______ .. __ _ 

l ... diate Pool lumina - Methanol, Caaoline, and LNC 

Methyl alcohol end laaoline evaporate much .ore alowly than do LNC 
and ...anta, vith the raault that the concantration at the firet downwind 
cell (cell 19) ia so low that even the maximum credible spill does not 
result in ignition. As the puff movea downwind, the amount of vapor it 
contains increasea. but the diapersion coefficients increase 
aa well, and the concentration doe. not approach the lower flaaaable Itm1t 
concentration at later timea either. For these two cargoes, the apill 
location vaa .oved 30 m upwind froe the center of the river cell, and a 
very ahort time atep waa uaed; however, even in theae caaea the concentration 
vas too low to ignite. Finally,the VM was reprogr..aed so that the uaer 
.. y set a flag which indicates that the simulation should proceed iaaediately 
to pool burning after the apil1 i. coaplete. 

The results of runs for medium-sized spills of LNG, methyl alcohol and 
gasoline with immediate pool burning are shown in Table 7-8. The radiation 
given is for cell 3, the cell in which the spill occurred. For these 
spills, the location of the spill was chosen to be the center of cell 3. 
In the radiation calculation, entering a zero for the distance from the 
center of the pool to the observer causes the flux to be equal to infinity; 
thUS, in cases like this, the program removes the observer to a distance equal 
to the pool radius plus 10 m. In the simulation, there are no structures in 
the river cell in which the pool burning takes place, and the nearest land 
cell center is about 1.2 km away; the radiation levels there were not high 
enough to ignite any structures, sO no damage is assessed in each of these 
three cases. 

It may seem strange that the burning time varies so Widely among these 
three cases whereas the radiation intenaity varies very little. This is 
partially due to the ways in which some of the submodels operate. First, 
it is assumed that the pool stops spreading when ignition occurs. Second, 
a simplifying assumption in the calculation of the radiation flux is that 
the flux is primarily a function of the adiabatic flame temperature. 
Finally, the burning rates of large pools (in terms of reduction of depth 
per unit time) were found for these three materials, and the depth of the 
pool was used with these data to give the burning time. Since the total 
energy radiated through a right circular cylinder around the flame is the 
product of the cylinder's area, the radiation flux, and the burning time, 
the amount of energy radiated 1s not calculated in a direct way from the 
energy contained in the sp1l1ed cargo pool. 

Let us compare the results of LNG. which has the shortest burning 
time. with those for methyl alcohol which has the longest burning time. 
The available energy in the pool at the instant of ignition is given by 
the product of the heat of combustion with the mass of the cargo in the 
pool. Thu~assuming that the combustion is complete. one finds that the 
LNG pool contained 3.5 x 1012 joules, whereas the methyl alcohol pool containe~ 
1.8 x 1012 joules. The size of the cylinder around the flame was chosen to 
be such that the radiation flux calculated for cell 3 may be used. In 
these examples, the spill was exactly at the center of cell ~ and the 
radiation level could not be calculated there since this point was inside 
the burning pool. Therefore. the radiation flux was calculated at a point 
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10 • beyond the .da. of the poo~and the cylinder bed • r.diu. 10. are.ter 
thin the pool radiu.. The ere. of .uch • cylinder 11 40,700 .2 for the LNG 
caee, but only 2650 .2 for the .. thyl alcohol pool .ince the .. thyl .1cohol 
pool v .... lier and the fl ... v •• ahorter. Thu., 0.044 x 1012 joule. were 
radi.ted ... y in the LNG c ••• , and 0.71 x 1012 joule. v.re radiated in the 
.. thyl .lcohol c.... Th. tvo c •••• differ in radiated en.rlY. then. by a 
factor of about 16. not the f.ctor of ov.r 200 which on. aiaht a.t if only 
the burn1na ti ... were consider.d. Still, in the .. thyl alcohol c.ae 39% 
of the avallable enerlY 1. c.lculated to have been radiated aw.y. where., 
ln the LNG ca •• thi' f1&ure 1. only 1.2%. The re .. inder of the available 
ellergy in both ca.e. i. convect.d ..,ay. 

The 10US burning tiae calcul.t.d for .. thyl .lcohol re.ults frca the 
lact th.t the pool of aethyl alcohol .pread. more alowly th.n the pool. of 
LBG or __ .oline. Thus,vhen ignition occurred after one tiae step of 60 '. 
the .. thanol pool va. about 2 ca thick, which 1. the reason why the 
.. thyl alcohol burning t1me 1. .0 long. For pools which are less than a 
a111t.eter thick at 19nition, the assumption of no further spread during 
burnilll i. roasonable. Bu~ in the case of aethyl alcohol, this assumption 
aiv ••• pool which ret.in. a radius of 13.7 • for alaDst ~ hour. while it 
burn.. It also re.ults in a burning tias which is much longer than the 
tt.e that it would take the pool to evaporate. as calculated by the HACS 
.ubmdel !l>DR. 

Concluaiona 

Theae test runs show the great range of injuries and damage that may 
result fro. spills of hazardous cargoes. The size of the spill and the 
asterial spilled primarily determine the order of magnitude of the reaults, 
but the wind direction and atmospheric stability also play important roles. 
It is noteworthy that the methyl alcohol and gasoline spills did not evaporate 
faat enough to fora a cloud concentrated enough to ignite at the first grid 
point dovavind. This point was 1400 • away; however, computer experiments 
showed that ignition of the vapor cloud would not occur for distances as 
short as 30 a. The.e results asy correctly simulate phYSical phenomena for 
apill. of this type, but further validation seems to be required. Thus 
further investisation of the experiments and theory relating to this 
problem may be appropriate. 

Becau8e the very larae spills of LNG. ammonia, and chlorine were 
•••••• ed to have killed and injured thousands of people. it should be 
r ... abered Chat in this model approximations have been made in such a way 
a. to aaxiaize the potential damage wherever feasible and that the 
probability of spills this large in a densely populated area has not 
been t.ken into account. 

Ignition 

Since a change in the wind direction of only 3° in the medium-sized 
.pills determined whether or not the vapor cloud would ignite, consider
ation should be given to making the ignition less dependent upon the wind 
direction. At the present time in many case~ the center of the puff must pass 
very closely to a cell center for ignition to occur. This is due to the fact 
that ignition in the VH is possible only at the cell centers at this time and 
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AIIouot AIIount 
in Tank Spilled Pool Radlua na. Reiallt 1lurD1D& T1M 

Cano (HT) (tc') (.) l.) (aD) 

LNG 83 65 50.7 106 0.43 

Methyl Alcohol 95 93 13.7 17.8 117 

Ca80l1M 70 68 37.1 54.9 5.8 

TABLE 7-8 

ntmDlAn POOL IUIlMIRG 

There are DO deatba or iDjur1 .. fr. the pool burnina becaue it 1a ........ tbat 
there 1& DO reddat populat1oD iD tbe river or harbor ceU vhere tbe pool 
burniDa cccurei furtbanore. tbe aeareet Iud cell 1a far eaoup .,.., chat 
the radiation fr. tM pool cloea DOt ca .... aDJ 1Djuriu or tbe 1pttioD of .,., 
etructur .. tben. t'be radiat10D flux 1e c:alculateel at • poiDt 10 • ...,«81 the 
eel,. of the pool. 
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that th •• e are rather coar.ely .paced with re.p.ct to the puff .1.. durina 
the early .ta ••• of disp.r.ion. A quick .olution to this probl .. would b. 
to .ubdivide the cen.ua tracts pra •• ntly in u... Thi •• hould .olve the 
ianition problem, al well a. making the a •• e .... nt r •• ults Ie .... rkedly 
dependent on ... 11 variat1~nl in direction. 

For the long run, a more sophisticated .olution may be in order. One 
.uch aolution would be to a •• ian an ipition probability, which would have 
the unit. of llarealtime, to each cen.u. tract or subdivision thereof. 
Thus the product of the ignition probability with the area in which the 
cOlleentration is in the combustible ranae would have the units of l/t1JDe. 
Por each time ate~ th1a product would b • .ultiplied by the duration of the 
tiM .tep and added to the .um of similar products frOil prevlDu8 t1llle 
at.pa. Thia.ua would incr .... with each time step, ,and,when a threshold 
value. such a. one-half ia reach.d. ignition would occur. This _thod 
would more realiatically simulate both slow-moving clouds hanaing over an 
area with sparsely di8tributed ipition sources. a8 well a8 clouds which 
move quickly over an area in which ignition aources are dense. 

Resource Distribution 

The fact that the VM currently treats the resources in each cell as if 
they were all located at the cell center makes the assessment of damage 
dependent on sli8ht chanses in the spill location or the wind direction, 
or both. This is due directly to the coarseness of the grid of cells. 
Census tracts are often more than 1 km across and are less than 500 m 
across only in the most densely populated areas. Althou8h the use of 
whole census tracts as cells has been adequate for this developmental 
work, subdivision of census tracts will be necessary if the development 
of the VH proceeds much further. 

IdeallY,the resources would be described in a grid system which has 
a scale smaller than the horizontal diffusion coefficient of the air dis
persion model for the conditions prevailing at th~ time ~f interest. 
Since the dispersion coefficients differ widely with the stability class 
and distance, no single scale can be ideal for all conditions. For the 
most stable conditions within a few hundred meters of the source, the 
horizontal dispersion coefficient is less than 10 m, and cells on this 
scale are computationally infeasible; even so, consideration might be 
given to makin8 the cells smaller along the river Qr harbor than they are 
a kilometer or so inland. 

Time Step Selection 

The test runs have shown that the VH. at its current stage of develop
ment. is sensitive to the choice of time step under certain conditions. 
rf development proc~eds, this could be addressed by a number of actions. 
An increase in the density of the cells and a more sophisticated treatment 
of the ignition problem will largely resolve the current situation in 
which the concentration of the puff at the cell center is not evaluated 
durin8 the time that this concentration is near its maximum; however, it 
may be necessary to introduce an internal limit in time step duration and 
to use a short time step for the early stages of the dispersion and a 
longer time step later on. These procedures will also remedy the problem 
for to.dc gases where the concentration is not evaluated for representative 
values. 
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Validation 

Extenaive validation of the VK by reference to actual accidental spilla 
of halardoua materials has not been feasible. The large disasters happen 
only infrequently and are usually not well documented. Smaller spills. on 
the order of the medium size or smaller. happen more often, but they too 
are usually not well documented and. fortunately, they commonly occur in 
rural areas. Moreover. upon close examination. almost every accident 
se ... to have features which make it atypical. 

For example. consider the case of the freight train derailment in 
Crete, Nebras~in February of 1969 (36). In some respects this case is 
ideal for study since the accident involved a substantial amount of ammonia 
(Ill .3) and uccurred near the center of town. On the other hand. the 
accident took place at 0630 when the temperature was very low (-lS.SOC) 
and there was no wind. Thus very few people were out of doors. and all of 
the houses were tishtly closed. These conditions contributed to the fact that 
only 6 persona were killed and 28 seriously injured from ammonia inhalation 
in this accident. 

The Phase I submodels could be validated individually or as a group 
by field experiments. Some work of this type has been performed and more 
is currently underway; however. the cost of large-scale field experiments 
is high in resources and time. The Phase II submodels are generally based 
on extrapolated animal experiments. In some instances, reports of accidents 
have contributed to the evolution of assessment procedures. Nevertheless, 
in any event the validation of Phase II submodels by planned experiments 
is ethically unacceptable. 

The cost of runnins the VH will vary depending upon the computer 
system used and the scenario simulated. The test runs were made on an IBM 
360/65 computer. RunninR times were Renerally between 15 and 35 CPU seconds. 
Typically 1000 to 2000 lines of output were produced. The typical cost of 
a run was between three and eleven dollars. A cost of five dollars was 
averase. 

Closure 

The examples in this chapter were presented to allow the reader to see 
the type of information obtained by running the VH and to judge the 
reasonableness of the results in view of the approximations inherent in 
the development of the VH. Neither the probability of a spill nor the 
probability of any other factors has been considered in the VH, since it 
is a damage asseasment, ~ a risk assessment tool. The probability of 

[36J u. S. Department of Transportation, National Transportation Safety 
Board. Railroad Accident Report (Chicago, Burlington. and Quincy 
Railroad Company. Train 64 and Train 824. Derailment and Collision 
with Tank Car ExplOSion, Crete. Nebraska. Feburary 18. 1969). 
U. S. Department of Transportation. Washington, D.C., February 24, 
1971. Report No. NTSB-RAR-71-2. 
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the event. comprisina a simulation scsnario, a. well a. the validity of 
the approximation. and assumptioD. made in the course of VH development • 
• hould alway. be borne in mind when the test runs are contemplated, 
interpreted, or discu8.ed by the reader. 
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CHAPTER 8 

SBNSITIVITY ANALYSIS 

Plan of the Analxsis 

The eoneept of sensitivity analysis has been extensively discus.ed in 
the literature related to control systeme and other physical syatems (37. 38). 
Although the theoretical concepts considered are relatively sophisticated. 
aiaplifieation can be made to apply these methods to a sen.itivity analysis 
of the VM. 

art 

Typically one considers a system with n output variablas. Yi. i • 1. 
2 •.••• n.and with m input variables. Xj. j • 1. 2 •••.• m. Then we may write 

to represent the functional dependence of the n output variables on the m 
input variables. 

Consider now the differential change in one of the output variables, 
~Yi' By the chain rule we have 

dYi • afi dX + afi dX + ~ 1 aX2 2 

The factors, afi/aXj, are usually termed the sensitivity coefficients and 
give, for small changes in the input variables, a measure of the effect on 
the output variable. 

For a detailed sensitivity analysis, each of the sensitivity coefficients 
must be considered and its variation over the range of the several variables 
must be determined. One way to summarize the output variation would be to 
consider functions such as 

gj 

which gives the "change in arc length" generated in the n dimensional space 
of output variables by incremental changes 1n the jth input variable. 

In the present stage of the development of the VH, such a rigorous sensi
tivitv analysis is considered to be: (a> too detailed, exacting, and time 
consu~ing considering the priorities of other tasks in the program and (b) too 
abstract and devoid of physically tenable measures to assist the USCG. Therefore, 
a simpler, le8s sophisticated, less conventional form of sensitivity analysis 
has been chosen. 

[37] Radanovic, L. (ed.). Sensitivity Methods in Control Theory. 
Pergamon Press, New York. 1966. 

[38] Tomovic. R. Sensitivity Analysis of Dynamic Systems. McGraw
Hill. New York, 1963. 
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In this modified analys1s, a equare grid with a uniform density of 
population and struetures was us.d. Therefore, input variables such as spill 
location and wind directio~whlch chanse only the location but not the mag
nitude of the damage, should have no effect. This is true as long as the 
ar.a in which the damage or injuries occur always falls within the grid, 
and a. lona as the mesh of the grid is small with respect to the size of 
the damage mechanism. 

For the .enaitivity analysis computer test runs, a IS x 15 grid with a spacing 
of 500 m was set up. Each grid point represented 1000 people (all assumed to be 
outdoors) and 100 structures. The spill took place at the central point, 
And the wind was in the positive x direction (toward the east). For 
a distance of 1 km. the horizontal dispersion coefficient for the puff is 
less than 10 m for the very stable condition and about 8S m for the unstable 
condition. Thus the grid spacing is not small with respect to the size of 
the puff at this distance. SO the wind direction and spill location will 
influence the damage assessment. ConSider, as an example, the case of a 
toxic las with stable atmospheric conditions. The cloud will be small and 
concentrated, and the Wind will carry it down the x axis ditectly over each grid 
point along the axis, killing all of the people at each point. If the release 
point is moved half a grid space to the north (in the positive y direction), 
the wind will carry the cloud down the corridor between the grid pOints, and 
no deaths at all may be assessed. This effect. due to changing the spill 
location, is completely artificial and results from the coarseness of the 
grid. In theory, or for an infinitely fine mesh, the wind direction and 
spill location have no influence on the damages assessed for a resource 
which has a uniform density. Therefore, since a grid spacing smaller than 
the size of the puff is not economically feasible, and since the wind 
direction and spill location do not affect the damage assessment for a very 
fine mesh, the apill location and wind direction are not changed in this 
analysi~even though they will affect the assessment due to the coarseness 
of the grid. 

The plan for these computer runs was to vary only the size of the 
spill, the wind speed, and the stability class, but it became necessary to 
vary the time step in certain cases as well. The puff model was used for 
all runs, and the time step was 1 minute unless otherwise stated. As 
methyl alcohol and gasoline evaporated so slowly that they would not ignite, 
and since these cargoes are not currently treated as toxic in the VH, the 
senSitivity analysis test runs were made only for chlorine, anhydrous ammo
nia, and liquefied natural gas (LNG). For each carg~ the standard or reference 
run was a medium-sized spill with neutral stability and a wind speed of 4 m/s. 
After this reference run had been made, six other runs were made, and in 
each of them only one parameter varied from the reference case. The stabil
ity was changed to more and less stable conditions, and the wind speed was re
duced from 4 to 2 mls and then increased to 10 m/s. Finally. the size of 
the spill was changed to the very large size and then to the small size. 

Results 

1. Toxic effects 

The results of the runs which concentrated on the toxic effects are 
given in Table 8-1. Since there were only 7 cells downwind of the spill 
on the x axis. the 7000 dead for the first (reference) ammonia run repre
sent the maximum number that can be killed unless the puff is large enough 
to affect the cells off the x axis. Had the grid been larger and the 
runa extended for a longer period of time, the casualties would have been 
greater since this spill was causing 100% deaths when it reached the edge 
of the grid. The puff is less dense and more widely distributed in the 

130 

.. -



I 
! 

------- -- .-------~ - .-----~----_. 

Wind 
AIDount Speed Stability Dead Injured 

Carlto Orr> (mJs) Class (I) <I> Notes 

NH) 

'r 

Cl2 

... ~ 

251 
251 
251 
251 
251 
251 

16,340 

8.2 

15 
15 
15 
15 
15 
15 
15 

1.090 
0.90 

4 N 1,000 
4 U 4 
4 S 1,000 
4 N 1,000 
2 N 7,000 

10 N 2,949 
4 N 13,042 

4 N 2,115 

4 N 7,000 
4 U 4,580 
4 S 3,000 
4 S 1,000 
2 N 1,000 

10 N 3,000 
10 N 6,000 
4 N 1,000 
4 N 3,865 

TABLE 8-1 

SUMMARY OF TOXIC EFFECTS 

Reference case 
t • 1.8 min. evap 

l1t • 1 min. 
Lethalities in 
off-axis cells 

0 Reference case 
2,460 

850 l1t • 1 min. 
a fa - 20 sec. 
0 

924 fit - 1 min. 
0 t.t - 20 sec. 
0 

3,135 

For these runs, a square grid with cells seo m apart was used. Tne wind 
blew in the direction of the positive x axis, and the time step was 1 
minute unless otherwise indicated. Each cell contained 1,000 people 
outdoors and 100 structures. A square grid structure comprised of 15 x lS 
cells was used with the spill always at the center, so there were 7 cells 
downwind of the spill. The stsbility classes are denoted as follows: 
Naneutral, U-unstable, and S-stable. 
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una table case. and the concentratione juat baraly reached the lethality 
threshold. (No injuries are asses8ed for a.aonia, as discussed in 
Chapter 6.) The medium-sized ..aonia pool takes 7.8 adnutes to evaporate. 
so the puff 1s IDOre thall halfway down the x .xia before it cont.ins the 
entire amount of the spilled cargo. Thu. the v.por cloud did not cont.in 
.11 of the spilled ammonia when it passed over the fir.t grid points; this 
partly explains vhy very few deaths were a8.essed with unstable condi
tions,since the concentration at the center of the puff i. lower than with 
other stability conditions. Use of the puft model, as described i~ Chapter 
3, requires that the vapor liberated at later time. be added to the puff at 
its downwind position. without passing over the intervening area. This 
anomaly i8 produced by the lack of an extant air dispersion model co treat 
cases between instantaneous and continuous relea.e.. The results for the 
unstable case were not affected by the value of the time atep. 

The ca.e. with atable conditions and the slow wind speed caused 1001 
deaths on the x axis as might be expected. The low number of •••••• ed fatal
ities in the fast wind speed case i. due to the use of a time step of I 
minute which is too large for a wind speed of 10 m/s. Although thi8 run reported 
no fatalities in the first cell downwind because the puff center was 100 • 
away when the concentration waf calculated, a short run with a time st.p of 
10 s found 89% dead for this cell. Since the evaporation is completed just 
before the puff leaves the grid, and the run with At· 1 minute calculated 100% 
dead when the puff center was at the center of the sixth cellon the x axis 
at 3 minutes, it is clear that if the time .tep had been 50 8 to insure evalua
tion of the concentration when the puff center was exactly at each cell center, 
the number of fatalities would have been over 6000. 

The very large spill caused over 13,000 deaths because it was so big 
that the puff was capable of causing toxic concentrationa in the cell. adja
cent to the x axis. The first cell off the axis to have deaths a •• e •• ed was 
at x - 2 km. and che cells at 3.0 and 3.5 km had 100% fatalities. A8 the eva
poration took almost 21 minute. for this 8ize 8pill. fatalities would have been 
caused for at least 10 km downwind if the grid had extended that far. The 
small spill caused con8iderably fewer deaths than did the reference cae., 
which i8 to be expected. 

The medium-sized chlorine spill is les8 than one tenth the ma.s of the 
medium-sized ammonia spill, but chlorine is much more toxic than ammonia, 80 

the chlorine spill 18 also aS8e8serl to have killed everyone on the x axi •• 
The unstable case resulted in 4580 death., many more than the ammonia spill 
with unstable conditions. The difference is primarily due to the fact that all 
of the chlorine evaporatel in only 17.3 I, .0 that the entire ma ••• pill 1. 
present 1n the vapor cloud when it reaches the first grid point. The .table 
case was asaessed to have killed all peraon. in cella on the x axil only if 
a time step of 20 s is used. With At • 1 minute, the a •• e •• ment wa. much 1 •••• 
For the case with the wind at 10 m/s, even with 6t • 20 s, the cell center 
was 100 m from the puff center for the first cell, which wa. too far. With 
At • 10 s, 25 s. or 50 s, 100% in all the cells on the x axis would have been 
assessed as killed. Even the small spill of less than a ton of chlorine 
killed almost 4000 people. A run with an extra long grid showed that the 
reference case was capable of 100% lethalities more than 7 km downwind on the 
x axis. 'Chere were no deaths in the cells adjacent to the axis, but there 
were some injuries. 
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To aua up, the toxic deatha ahow a greater dependence on atability 
cl .. a than they do on vind apeed, a result vhich vas expected. This 
a.a~. that the length of the time step is reduced as the wind speed 
t. incre .. ed, otherwise too infrequent evaluation of the gas concentra
tion vill result in inaccurate assessment of the injuries. Por the 
medium-sized spills of chlorine and ammonia, the unstable condition 
resulted in many fever casualties than did the neutral condition. For 
a very large spill, however, this may not be the case. 

2. Effects of Explosions and Fires 

The results of the sensitiv:ty runs for the flammable cargoes being 
conSidered, LNG and ammonia, are shown in Table 8-2. In the case of 
ammonia, the concentration levels necessary to cause death in a couple of 
minutes or less are below the lower flammable limit concentration, so 
the inhabitanta of the cell at which the ignition occurs are already dead 
before the explosion or flaah fire occurs. Thus there are no injuries or 
deaths from the explosion or flash fire for a~nia in the ignition cell. 
And the very largc spill is the only ammonia spill which causes a large 
enoush explosion to affect people outside the ignition cell. 

The slow rate at which the ammonia evaporates is the reason that the 
vapor cloud failed to ignite in three of the medium-sized spills. Igni-
tion did occur in the stable case vhere the puff is smaller and more con
centrated and in the slow wind case where more of the liquid was able to 
evaporate before the puff reached the first cell downvind. The very large 
spill is interesting in that it did not ignite at the first cell downwind, but 
did ignite at the third cell. This was due to the continued evaporation of the 
ammonia as the puff moved downwind. The increase in mass countered the in
creaaing size of the dispersion coefficients and caused the concentrations 
on the x axia to increasc with time. 

The failure of the LNG spills to ignite for the unstable mixing condi
tion and the amall spill is not unexpected. The case with stable conditions 
resulted 1n a smaller .. xplos1on than the reference case because the smaller 
values of tha dispersion coefficients allowed less of th~ methane to be 
in the flammable concentration range. In the low wind speed ca8e a8 in the 
reference c.s~ evaporation was complete and no liquid pool remained when 
the cloud ignited at the first d~~wind cell. In the high wind speed case, 
however, ignition occurred when the evaporation was little more than half 
completed; consequently, even though a larger portion of the vapor exploded. the 
resulting blast was less powerful than the one in the reference or low wind 
speed cases. Note that the blast in the very large spill case treated here 
1s much smaller than it was in the test cases with an actual grid of 
census tracta. This i8 due to th~ fact that here ignition occurre~ about 
310 m from the apill location, whereas in the case reported in Chapter 7 
the puff moved just over 1000 m before ignition. This extra movement allowed 
time for additional LNG to evaporate, and for the cloud to disperse more widely, 
10 the portion of the methane in the range of flammability was greater. 

The LNG apill for the 10 m/a wind did not ignite with the usual time 
Itep of 60 I. A value of At such as lv s, 25 s. or 50 ,which causes 
the concentration to be calculated when the puff center is exactly at the 
first grid poin~ does result in ignition. With At • 60 s. the puff center 
and cell center did not coincide at an evaluation time until 5 minutes after the 
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Ex )los10n nash Fire 
Wind Toxic Structural Fraction of Yield Structures 

Amount ~~ StabiHty Deaths Deaths Injured Damage Mass E~~10ding (Short Tons Deaths Ignited 
iMT) Class (,) (I) ") (I) (I of TNT) (I) . (,) 

*151 4 " 7.000 DID NOT IGNITE 
Z51 4 U 4 DID NOT IGNITE 
Z5l 4 S 1.000 I 100 2 3.5 0 
251 2 " 1.000 100 8 52 0 I 

251 10 N 2.949 010 NOT IGNITE 
16.340 4 N 3.000 6.550 I 593 8 1.020 25 

8.2 4 N 2.175 DID HOT IGNITE 

20 I 
, 

I 

*83 4 N 1,000 125 13 215 10 25 
83 4 U DID NOT IGNITE 
83 4 S 1.000 0 100 3 54 0 0 
83 2 N 1.000 20 125 13 215 10 25 
83 10 " 1,000 10 112 25 159 19 25 

20.750 4 N 1.000 28.456 958 8 2.500 183 25 
0.8 4 N 010 NOT IGNITE 

I 
*Reference test runs. 

TABLE 8-2 
SUMMARY OF THE EFFECTS OF EXPLOSIONS AND FLASH FIRES 

The gr1d and abbreviations used are described in the caption to Table 8-1. 
For the explosions of ammonia. all those people who were in a position to 
be killed or injured by the explosion had already been assessed as dead 
from toxic effects prior to ignition. For the ignition of structures by 
f~ash fire. only 25 structures in the cell in wh1ch ignition occurs are 
set on fire because the program assumes that only 251 of the structures tn 
a cell are ignitable 1n this fashion. 
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apill when the puff center w .. at the aixth cell downwind of the apill location. 
At thia ti .. , the concentration at the center of the puff vas not great enough 
to cauee ianition. (It ia not true that the puff center and the grid point muat 
coincide for ignition; however, when the fual concentration is above the lower 
fl...able limit only near the center of the puff, then the center of the puff 
auat come very close to the ignition source if ignition is to occur.) 

Su.aa!y and Conclusions 

It ia clear that, of the three parameters varied, the size of the spill 
had the greatest effect on the damage assessed. This vas partially obscured 
in the case of the very large spills of toxic cargoes because when the vapor 
clouds from these spills leave the grid, they have concentrations far above 
that needed to cause death in a fev minutes. The small spills of the toxic 
aubstances caused many fewer fatalities than did the medium-aized spills. The 
small spills of the flammable cargoes also caused many fever deaths than did 
the medium-sized spills, but here one of the primary reasons vas the failure 
of the vapor cloud to ignite. Unlike the toxic case, for flammable materials 
the relationship of input parameters to damage caused was discontinuous, with 
the discontinuity occurring at the ignition threshold. The small spills did 
not result in clouds dense enough to ignite at the first grid point, so there 
is no damage from fire and explosion for these cases. 

Of the remaining two variables, the stability class had a more marked 
effect than did the wind speed. In the toxic case, the number killed was 
lower for unstable case atmospheric conditions than for the reference case 
with neutral stability. For ammonia, changing to unstable conditions almost 
eliminated the fatalities. For chlorine, the reduction vas less pronounced. 
The effects of stable conditions do not show up as well in this sensitivity 
analysis because of the small number of cells downwind from the spill loca
tion. A note of caution is in order, however. For the very large spills, 
the change from neutral to unstable conditions may result in more deaths 
and injuries. This is due to the fact that an increase in dosage above the 
lethal level has no effect. For a big spill in which the concentration 
might be above the lethal concentration in the cells adjacent to the x axis, 
fewer people may be assessed as killed if the lethal concentration of toxic 
gas is contained near the axis and does not extend to the adjacent cells. 
Since the populations of the cells on the x axis are all killed anyway, 
increasing the concentration there will have no further effect. 

Finally, we come to the variations in wind speed. For the materials 
which evaporated before the puff reached the first grid point with the 10 
m/s wind, the wind speed had no effect on the damage assessed as long as 
the time step vas reduced accordingly. For cargoes which took longer to 
ignite, the increased vind speed could mean the difference between ignition 
and no ignition. For ammonia, for axample, the release of the gas was 
slow enough 80 that only for the 2 m/s case was the concentration high 
enough to ignite when the puff reached the first grid point. It should 
be pointed out that the wind speed and the stability condition are not 
unrelated. The most stable atmospheric conditions are invarial, ~ 1 associated 
with calms or very light vinds. Thus, specification of strong winds &nd 
stable conditions is not realistic. 
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CHAPTER 9 

THE HISTORICAL SURVEY SUBTASKt 

This chapter describes the work performed on the VH under the 
hiltorical lurvey subtaak. This lubtalk cODlisted mainly in relearching 
and compiling data about unconfined vapor cloud explosions, data that 
would be helpful in the development of the VH, but that might not be 
readily available. Ongoing relearch activities and plans related to VH 
development were also surveyed. 

In the following tex~Section 1 presents a summary of the major 
fiDdingl of the historical survey subtask. Section 2 is a review of 
private sector safety research and development plans relevant to the 
development of the VH. Section 3 is a listing of respondents interviewed 
or contacted. In addition. Appendix F contains a detailed account of 
fourteen case studies of accidental explosion incidents. In the fol
lowing tex~numbered cases (such 4S Case F.9) refer to the descriptions 
provided in Appendix F. 

1. OVERVIEW 

This section presents an introduction to and a summary of the major 
findings of this study, as well as a discussion of the major data gaps 
and recommendations for filling them. 

1.1 Objectives and Scope of the Study 

This study was undertaken to seek real world verification of the 
predictions of the VM. by collecting available data on actual 
vapor cloud fires and explosions. 

The initial thrust of the investigation was to viSit private. mostly 
industrial. organizations which had experienced or investigated actual 
vapor cloud explosions and to ask for access to their data. It was 
known that 80me such studies existed but were largely unpublished. Such 
studies are typically not published, because the details intrude too far 
into areas the organizations consider private and confidential. Never
theless, it was expected that the strictly safety aspects of internal 
reports would usually be shared in face-to-face conferences where confi
dential information could be kept private. 

It turned out that some very instructive studies were indeed obtained 
in this fashion, but overall a disappointingly small number of really 
usable case studies were found. A number of commonly-listed "gas" ex
plosions. upon review, turned out to have occurred inside a reactor or 

tThe historical survey reported in this chapter was performed under 
contract to Eel by Dr. John A. Brown of John Brown Associates. Inc., 
Berkeley Heights, New Jersey. 
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in.ida a building and were not at all the unconfined vapor cloud eventl 
of interest here. Some companies would talk only under seal of privacy, 
and their data could be used only to enhance the per.pective on the 
reportable cases. A few companies would not talk at all. 

But mostly, the detail desired simply does not exist. Industrial 
disasters have seldom been investigated in anything like the detail 
laviahed on, say, an airline disaster. Industrial emphasis is placed 
on proximate causes and on prevention of recurrences, and relatively 
minor attention is paid to such elements as the exact amount of fuel 
participating in an explosion or the resulting damage profiles. Recon
struction of industrial explosion disasters in detail comparable to that 
provided by the VM would require a vastly greater investigative effort 
than private organizations are willing or able to mount. 

In the end, only two industrial explosion case studies were se
lected for presentation herein, and this study was extended to include 
the more numerous and better-documented studies of transportation
related vapor cloud accidents. In all. nineteen visits and interviews 
were carried out, and fourteen case studies were selected as suffi
ciently instructive for inclusion in this report. Lessons learned are 
summarized in Section 1.2. and the cases are reported in detail in 
Appendix F. 

The existence of several previously unlisted industrial explosions 
was discovered during the course of investigations supporting this 
study. but visits to the investigators of these explosions could not be 
arranged in the time remaining between discovery of the incident and the 
termination of this program. They are listed in Table 9-1. It is not 
recommended that they be pursued. The two case studies presl~nted herein 
are by far the most detailed of those seen, and even they are sketchy by 
VM standards. Conferences with numerous respondents with first or second
hand knowledge of the unexplored cases indicate that further ease studies 
are not likely to add materially to the picture. 

It must not be inferred from the remarks on privacy that important 
safety data are being withheld in any significant number of cases. They 
are not. Details impacting litigation and liability were sometimes with
held, but every resF'ondent saw to it that the key safety information wal 
made available, even if permission was not given to use the actual case 
study or to cite the source. 

TABLE 9-1. ADDITIONAL MISHAP INCIDENTS MENTIONED 
DURING INTERVIEIJS AND RECOMMENDED FOR SPECIFIC 
EXPLORATION WITH THE RESPECTIVE RESPONDENTS LISTED 

• "Vapor cloud 800' x 200' x 20'" -- Cities Service, Lake 
Charles, La., "1967 or 68", 

• Ethylene oxide tank car -- Dow Chemical, Midland, Mich. 

• "Several incidents" 

• Butadiene explosion 
7 Sept 70. 

PPG Industries, Lake Charles, La. 
Union Carbide. Texas City. Texas, 

• Isoprene plant explosion -- Goodyear. Beaumont, Texas, 
27 Nov 74. 
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1.2 'iDdiall and Gen.ral Conclu8ions 

Th •• xtraction of guantitativ. laneralizations from records of such 
capricioul .ventl aa accidental fires and explosions should be approached 
with extr ... caution and vith application of extremely wide confidence 
It.its, but a nuaber of clear qualitative conclusions do emerge from this 
study. 

As explained in Chapter 4, the VH models the combustion of the vapor-air 
cloud as either a deflagration, producing no significant overpressure. or 
a detonation. producing a shock wave of potentially destructive overpressure. 
Thi •• trict dichotomy between deflagration and detonation is based on the 
cl ... ical Chapman-Jouget theory of combustion waves. As mentioned in 
Chapter 4,more aodern studies indicate the possibility that deflagration 
(8ublonic) combustion may, under certain circuostances, produce damage
generatinl. finite amplitude blast waves. In this Chapter. the terms "explo
sion" and "blast" are used to refer to damage-causing overpressures without 
regard to the nature of the combustion (deflagrative or detonative) which 
gave rise to the overpressures. Thus "deflagrative air blast" refers to 
an event causiug explosion damage but thought to originate from deflagrative. 
rather than detonative. combustion. 

The Results of Vapor Cloud Ignitions Vary Widely 

The consequences of vapor cloud ignitions range from a huge but 
limple fire tbrough deflagrative air blasts to true gas detonations with
out any apparent way to make confident predictions. Fireballs ranging 
up to hundreds of feet in height and diameter are almost universally re
ported, and about half the incidents involve air blasts which break win
dows and strip metal sheets from nearby buildings but do not strip leaves 
from tree. or shatter heavy structures. Detonations are rare; the four 
reported herein form a disproportionately large sample from the popu
lation. They are over-reported because their disproportionate destruc
tlvenes. Re. attracted more attention and more detalled reporting than 
have the re8ults of the lesser deflagrative blasts. Spills studied 
ran,ed fro. a few thou.and pounds of hydrocarbon to more than 100,000 
pound •• but there vas no visible relationship between the s1ze of the 
spill and any tendency to deflagration V8. detonatiun. No clear trigger 
8echaois. for detonation was identified, either: two of the cases were 
attributed to bumin, under confinement; another is thought to have been 
a ca.e of bum in, to detonation in the open; and the other case is 
thou,ht to have been initiated by the shock wave from an exploding diesel 
eDliM. 

Probably neither the upper nor the lower end of the damage spectrum 
has b.en found. The largest spill on which a report ... as found was 
approxt.ately 100,000 pounds, which is still far less than the half 
.illioo or so barrel. of LNG carried by some of the larger ocean-going 
tanker.. Calculations by Burge •• et al. [391 offer hope that flammable 
spill cloud. aay have a maximum .ize limited in each case by diffusion 
and .ixing rate.; but the maximum blast possible -- if there really is 
.uch a limit -- ha. not b~en established. At the other end of the scale, 
... 11 .pills have received little study because they do little damage; 

[391 Burg •••• D., J.N. Hurphy. H.G. Zabetakis. and H.E. Perlee. Volume 
of flammable mixture resu1 ting from the atmospheric dispersion of 
a leak or .pill. To be submitted to the Fifteenth Symposium (Inter
national) on Combustion. The Combustion Institute, 1974. 
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and there is a widespread fe61inl that many of thea are never even re
ported at all. 

It say be that the overvhelminl majority of all apills fail to 
ignite. That would be conaiatent with the reluctance of cheaical plant 
operators to install pilot 111hts to insure the immediate ignition of 
spills and to prevent the Irowth of vapor clouds, but data on the point 
are not at hand. 

Devastation is Uever Total 

One of the most strikinl featurea of aerial photos of disaster areas 
such as Crescent City (case f.9) or Decatur (Case F.3) is the apparent 
no~lcy of the Bcene. Houses and cqAmercial buildinls all look intact, 
automobile. are parked normally all alonl the street., tree8 and shrub
bery look untouched, and no smoke or flame i8 in evidence. Using high 
magnification. one can see broken windows and an occasional wrinkled 
roof; but one has to look hard. Damage there surely is. but the community 
is not destroyed as it is by, say, a tornado. 

Moreover. most of the damaged buildings are repairable at relatively 
minor cost. In fact, they typically get repaired, and the people go on 
living in them. Even in Decatur. where 67 residences were posted as 
unsafe, 90% of the damage was termed "minor. II It was typified by 
broken windows and loose ceiling tiles, not by collapsed buildings. 

The damage that does occur is distributed very unevenly. One house 
will suffer severe structural damase while the adjacent house is vir
tually untouched. Some windows in a siven wall will be broken, whereas 
others in the same wall are intact. even deep within the general window 
breakase zone. The damage counts and the claim mapa do not sive a clear 
picture of this. because they concentrate on the damaled buildings and 
do not list the much 14rger numbers of essentially undamaged buildings 
interminsled with them. 

The spottiness of blast damage i8 a puzzling but typical festure of 
explosions. It does not seem to be due to variations in the strength of 
the structures. but rather to random fluctuations in the strensth of the 
advancing blast wave front. No one has yet wadeled that In detail. 

There is Seldom Severe Blast Damage Beyond Half a Mile 

For spills of up to about 100,000 pounds of fuel, there appears to 
have been little severe blast damese at distances of more tLan about 
half a m11e: 

Case No. 

F.2 

F.4 

F.l 

F.S 

F.) 

F.6 

ns _ 

Approximate amount 
of fuel spilled 

5,000 lb. ethylene 

27,000 lb. vinyl chloride 
monomer 

100,000 lb. cyclohexane 

100,000 lb. propylene 

117,000 lb. propane 

130,000 lb. propane 

140 

Approximate 
limit of severe 

blast d~ Location 

1500 feet Longview, Texas 

1500 feet Climax, Texas 

1/4 mile Fl1xborough, England 

1/2 lIile East St. Louis, Illinois 

1/2 lIile Decatur, Illinois 

2 miles Franklin County,H1ssouri 
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The exception of ea.e F.6 wa. a rare detonation rather than the usual 
deflagrative blaat, and it i. the only case of its kind so far known. 
Since it did happen, two .tles .tght be taken as a more conservative 
lta1t; but half a .tIe i8 the .are typical limit. Another exception is 
the occurrence of caustics -- the focusing of blast waves, by atmospheric 
inha.ogeneities such as temperature inversions. back down into an anom
alous area of .evere damage well outside the general area of severe 
d ... ge. However, caustics are usually an order less severe than the 
central daaage area, and they do not seriously invalidate the general
batton. 

Since the data are few, the above conclusion should be reviewed in 
the light of each new incident as it occurs. One should also keep in 
.ind Burgess' point (40) that the size of a flammable or detonable 
cloud 18 a stronger function of wind and weather than it is of the size 
of the spill. Nevertheless. the severe blast damage ~~tually observed 
ja actual explOSions has usually not exceeded about half a mile. lbe 
half mile damage limit may not hold for the more destructive detonative 
combustion cases. 

The Central Fireball is Deadly 

All. the cases studied, plus a number of others which were not 
detailed enough for inclusion here, featured an enormous fireball which 
mayor may not have been accompanied by a blast. In several cases 
(notably Cases F.13 and F.14). people were enveloped in the fireball, 
and they were almost always killed. The few who survived were severely 
burned. Buildings which were enveloped in such fireballs were ignited 
and usually burned to the ground. Fence posts and telephone and power 
poles were charred. and wires were melted. 

The fireballs also radiate enormous amount of thermal energy and 
can ignite fires hundreds of feet beyond their edges. Report after 
report tells of firemen severely burned or farced to seek shelter hun
dr6ds of feet from fireballs, and a firemen's training film cited in 
eaee F.11 warns that firemen have died from burns received as far away 
as 250 feet from large fireballs. In Case F.8, paint was blistered 600 
feet from a fireball. In Case F.12. the paint on a fire truck was 
scorched and plastic light components were warped 300 to 450 feet from 
a fireball, and a bystander was burned 600 feet from the fireball. In 
Caee F.lO, a fireman 1600 feet from a fireball had to stop work and 
cover his bead with his coat. 

It has 80111etime8 been anticipated that "flash fires" in stoichio
metric fuel-air clouds would be so evanescent that little if any damage 
or injury would result from them. This study cannot address that point, 
but the real vapor cloud fires analyzed in thiR study all exhibited 
intensely hot, deadly, central fireballs. It would appear that such a 
fireball is an inherent feature of any spill large enough to raug~ 

[40] Burgese. D.G., and H.G. Zabetakia. Detonation of a ~lammable 

Cloud Following a Propane Pipeline Break -- the December 9, 1970 
Explosion in Port Hudson. Missouri. U.S. Bureau of Mines, Washington, D.C., 
1973. Report No. RI 7752. 

141 

. ; 

:~ 

, . 

, 

j 

j 



.' '. 

__ ., .................. , ........ ""--....... ""'P""- .... - :::;~ _-~ ___ "".4ii24C-.,_, ... :¥ __ ............. "4._ ... ;-..,... "'" _ ...... -...',"". __ 1I!'4.-. -"" ...... .,., .... __ .. 

conc.rn. M Bur •••• hae il1u.trate4 1D ... uta.. (40J, the vapor 
eloud frOil alar.. fu.l .p11l .hould coulat of three cOIlcntric son •• : 
an imler aoo. too rich to hurn, a .hall ".r.in the co.poaltlOil 18 within 
the upper ~. lower fl.-bl. or explo.i". ltalte. .... eM r •• t of the 
world where the co.poe1Uoa 18 coo 1 .. to bum. lpitioa could occur 
only within the fl .... bl. ah.ll, and the fl ... would trav.l ou~ard to 
the lean liait and inward to the rich It.1t. At the rich l~t. the 
flame would atop and continue to bum th.r. a. a diffu.ion fl... at the 
interface between the rich cloud and fre.h air brouaht in by turbulence. 
Pireballa do fon. The cloud of heated ... would be ezpected to rise 
like a balloon, and fireballs have been reported with heiaht. of up to 
1,000 feet (Caae P.9). 

In the context of the vtLthe combustion of that portion of the vapor
air cloud p~ea1xed between fl .... ble limits is modeled. However the 
turbulent diffusion flame resulting from the combustion of the rich por
tion of the cloud, which is believed to produce the deadly fireball. is 
not treated at present in the VH. This phenomenon is extremely complex 
and to be modeled would have required more time and resources than were 
available. Furthermore the great damage potential of this mechanism, as 
indicated herein, was not known at the time that the fire and explosion 
models were formulated. 

A Firestorm Hay Follow a Large Gas Explosion 

In World War II. one of the most fearsome effects of firebombings 
was the widespread fireston which sometimes ensued. A around fire of 
sufficient extent creates an overwhelming updraft which draws in high 
winds from all directions. The resultinK flaming whirlwind depletes the 
0XYKen of the air, and it i8 said that more people died from suffocation 
than from burns in World War 11 firebombings. 

Something of that sort happened in Case F.6. "In the seconds fol
lowing detonation, a fires ton was observed to 'roll' in a generally 
east to west direction -- up the sloping terrain toward [the) highway" 
[40]. A footnote explained "fireston" as: "That ill, a diffusion flame 
with very hi~~ winds which consumed the remainder of the propane." 

In a sense of course, every billowing fireball is a small fire
storm; but we are talking here about the much worse ~ firestorm 
that results from the coaleSCing of many fireballs or the burning of a 
very larse vapor cloud. Case F.6 is the only example encountered wherein 
a firestorm was specifically mentioned; but it was also the largest fuel 
spill encountered, and the incidence of firestorma would be expected to 
increase with the size of the spill. Thu8 an increase in spill size may 
change the p08sible class of events that follow from a spill, rather than 
just changing key parameters in a fixed set of consequences. 

Exploding Tank Segments Can Fly up to Half a Mile 

If an accident bwolves liquefied fuel gas tanks enveloped in a 
fire, still another hazard mechanism exists: the internal pressure in 
the tanks builds up to the bUlsting point. and the tanks rupture ex
plosively. They not only then release enoraaous quantities of hot gas 
to make a fireball, but the tank segments fly off like rockets for 
distances up to half a mile, inflictina impact damage where they land 
and setting new, spot fires there. In Case F.9, exploding LPG tankear. 
hurled blazing segments up to 1750 feet into the heart of Crescent City 
where they s .. shed building8 and set fires. In Case F.10, the same 
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thina happened in the center of Laurel. Miaai88ippi. It happened in the 
sinale-tanktruck fire of Case F.12 on the New Jersey Turnpike. The over
pressure .afety valvee on such tanks are not adequate to relieve the 
exce •• pressure and prevent the explosions. It 1s truly a rocket effecti 
long. cylindrical, tank sesments fly farther than shorter segments and 
much farther than random fragments hurled by the rupture explosion. 

This hazard 1s an important one. because such tanks are to be ex
pected where gaseous fuels are being handled. The effect where a tank 
hits is comparable to that from wartime demolition and incendiary bombs. 

1.3 Data Gaps 

This study, althou8h instructive. haa raised as many questions as it 
has answered. One wants more detail on the cases analyzed. one wants 
more csses. and one wants information on larger explosions and on marine 
spills. 

The case studies found in this survey have typically had dis
appointingly little detail on damages and injuries. They have been heavy 
on the dollar value of damages and on numbers of deaths, because those 
data fulfilled the purposes for which they were made; but they have been 
relatively light on the fine details needed to break new ground in the 
understanding of explosion effects. The more recent case studies -
particularly those by the National Transportation Safety Board -- have 
contained more detail as awareness of its value has emerged; but one 
needs much more yet. One can find map plots of buildings made unsafe. 
for example; but one also needs to know just what kind of damage made 
each one unsafe, and which side of the house faced the blast. One also 
needs to know the condition of the adjacent houses which. being unmen
tioned, were presumably not ~ch damaged. One needs an actual count of 
broken windows, house by house and street by street. One needs to know 
how many houses were in a given area as well as how many were damaged. 
One needs similar detail on injuries. 

Much of this detail is gone forever. but much of it could still be 
reconstructed by sifting through raw insurance and newspaper archives. by 
8tudy of the stacks of record photographs which were made in 80me cases 
and of city maps. and by field work at the explosion site. Such in
depth studies were far beyond the resources provided for this program. 

One wants more cases, to test the tentative conclusions drawn from 
the ones analyzed, and yet the data scatter seen thus far make one 
doubt the value of simply more of the same. There are more industrial 
explosion cases Sitting in people's files, but their collection is not 
strongly recommended unless t~ey can be studied in much greater depth 
than was possible on this program. 

One would like data on larger explosions (both deflagrative and 
detonative explosions). This study found and analyzed explosions of up 
to 100.000 pounds of fuel (about 50 HT ~ 83 rn3), but data on a million
pound blast resulting from a spill would add perspective (l million 
pounds ~ 500 MT ~ 830 m3). Theoretical considerations suggest that the 
blaat damage would by no means increase proportionately, but the point 
needs confirmation. 
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One would 11ke data on apills which dld not re.ult in ignition. 
blcauae thlY ouaht to contain clues on how to prev.nt ianition. Such 
Iventa are not major accident., of cour •• , and .eldom .et much attention. 
The unianited Pensacola spill of hot cyclohaxane i. a fortunate ex
ception in that some detail was recorded and in ita frightening similarity 
to the Flixborough spill which did ignite. It would probably repay 
deeper study even at this late date. One would also like to know -- if 
only for perspective -- how many nondisastrous spills there are per year 
in comparison to the number oi disastrous ones. 

Further Studies that Appear Worthwhile 

Although there are more industrial and transportation explosion 
case. which could be collected, a further canvass is not strongly recom
mended. The chances are that they would just be more of the same and 
would not add greatly to the picture. It would be far more productive 
to go back and reinvestigate selected. already identified accidents in 
much greater detail. and the following cases are recommended. 

• The June i974 cyclohexane explosion at Flixborough 

This explosion is fresh enough that it is still under 
intensive study. and much of the physical evidence is still 
available. It is one of the largest disasters in terms of 
dollar value of damage. and it offers an unusually dense grid
work of damage effects to indicate ranges of effects. It is 
uniquely instructive in that it appears to have involved a 
rare open-air detonation. and in that it can be compared to an 
almost exactly similar spill that did not ignite. The European 
investigation appears to be impressively thorough and would 
provide an unusually cQmplete picture. 

• The July 1972 propane explosion in Decatur, Illinois 

This exp10sion is still under investigation by the National 
Transportatirn Safety Board, and their file of observations and 
photographs is unusually extensive. It is fresh enough that 
local memories and records will still be vivid and accurate for 
still more detail. It is accessible for on-the-scene, street
by-street review of the patterns of damage and injuries. Oc
curring as it did in a densely built, urban area, it offers a 
rich lode of damage data with valid, side-by-side comparisons 
available. 

• The 1944 LNG spill in Cleveland. Ohio 

This accident is thirty years old. so there is nothing 
fresh about it; but by the same token there is also no longer 
anything sensitive about it and existing data ought to be 
freely available. Morever, it was investigated by Zabetakis. 
of the Bureau of Mines, which suggests that the record will 
be thorough and comprehensive. It is also of interest because 
it was a large spill of LNG in an urban area. 

144 



r 

2. 

• The 1969 LPG tankcar explosions in Laurel. Mississippi 

This accident is recommended partly because of the unusually 
larae number of buildings suffer ins damage and partly because 
of the existence of a very tantal!ling claims map at Southern 
Railway.. Two different kinds of claims are plotted on it with
in a radius of about five miles. but no one was found who remem
bered what they werel The information could doubtless be re
covered from Southern's files, and their claims office has 
offered generous cooperation. The map also does not indicate 
the density of undam4ged buildings, but this too could readily 
be reconstructed from local information. 

PRIVATE SECTOR SAFETY RESEARCH.AND DEVELOPMENT PLANS 

Literally ~ planned, p=ivately sponsored, explosion safety 
research and development programs were found in the course of this 
survey. The study was not exhaustive of course, but five of the largest 
fuel and chemical companies were included. and four major R&D companies 
who have been actively attempting to market such programs were included; 
and it is unlikely that so large a sample would fail to uncover any 
significant programs under consideration. Respondents interviewed on 
the point included: 

Fuel and chemical companies and associations: 

• Exxon Chemical Company USA 

• El Paso Algeria Company 

• Institute of Gas Technology 

• Texas Eastman Company 

• Monsanto Company 

R&D compan1.es: 

• Calspan Corporation 

• Science Applications, Inc. 

• Systems, Science and Software 

• Aerotherm-Acurex Corporation 

Some commercial companies have been contemplating safety R&D pro
grams, but their managements are currently taking the position that 
safety R&D is not a proper unilateral activity. They point out that any 
useful results therefrom would be instantly shared with the community 
rather than being used to advance the company's competitive interests, 
and that therefore such R&D is not a proper use of funds derived from 
one company's earnings. In the same breath, though, they go on to say 
that they would consider joining in, and contributing to the funding of, 
multicompany safety R&D programs, perhaps at the trade association 
level. 
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There is precedent for such joint R&D. Trade associations such 
as the American Gas Association and the American Petroleum InRitute have 
sponsored R&D on common problema. using members' funds, for many years, 
and their work is well known. There are less formal associations, too. 
For example, an Ad Hoc Committee of 25 major chemical companies was formed 
in 1971 under the leadership of W. H. Doyle, then of Factory Insurance 
Association and since retired, to support work on the effect of water 
sprays on the burning of flammable gases. This work ha8 been completed 
and will soon be published, probably first at an AIChE LoS8 Prevention 
Symposium. Two members of the Steering Group were interviewed by the 
writer; and it i8 the writer's opinion that this Ad Hoc organization, 
or one descended from it, could be induced to support additional safety 
R&D, given some meritorious proposals and assurance of broad partici
pation. 

Ideas for safety R&D abound. A detailed report on ideas which have 
not crystallized into plans is beyond the scope of this study, but they 
include the following. 

• Modeling of the formation and diffusion of gas clouds. 

• Modeling of deflagrative explosions. 

• Determination of the TNT equivalent of large gas explosions. 

• Study of cloud control and flame suppression. 

• Study of ignition limits and extinguishants. 

• Analysis of gas container vulnerabilities. 

• Modeling of fireballs and radiation fluxes. 

• Development of pool fire models. 

• Study of transition from deflagration to detonation. 

• A more quantitative understanding of caustics. 

• Study of the electrostatic ignition of gas clouds. 

• Study of flame arrestors. 

• Res~arch on atmospheric stability factors. 

• Research on maximum cloud and fireball size. 

In the course of the present study, the writer was shown a number 
of proposals and capability documents on the above sub1ects. lhey were 
mostly "not for citation" and none of them was scheduled for early 
implem<!n t C\ t iun . 

The American Gas Association has a recommended plan based on an 
industry-wide poll of LNG research needs, both foreign and domestic. 
It recommends over S5 million in safety R&D. A detailed analysis of the 
plan is beyond the scope of this study, but the chart that follows 
illustrates its general outlines. 
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AGA LNG Reaearch Plan. (After Sarka. (4111-

The Plan 11 available from AGA, and a review of it wal publilhed at the 
Fourth InternatiOPal Conference on Liquified Natural Ga. in Algierl on 
24-27 June 1974 [41). 

With res'.:arch ideal aplenty and with potential co-sponlore not 
unwilling to participate on a team balil, what 18 mainly needed ia aome 
leadership and the selection of .l limited number of apecific projocu. 
Some seed funding would probably be needed to attract indultrial funding, 
but the molt prelling need il for organization. 

[41J Sarkes, L.A. A survey of LNG technological need. in the USA - 1974 
to beyond 2000. Presented at the Fourth International Conference on 
Liquified Natural Gas, Algiers, 24-27 June 1974. 
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3. RESPONDENTS INTERVIEWED 

The following ~ndividU818 and organizations were canvas8ed and 
interviewed as to their accident experiences and R&D plans. 

• Exxon Company USA. Houston, Texas 

Personal visit. Discussion of gas spills in Exxon facilities and 
possible R&D programs. 

• El Paso Algeria Corporation, Houeton, Texas 

Telephone interview; a vhit eould not be scheduled due to host'. 
travel commitments. No spill incidents on record and no R&D plan •• 

• LP Gas Administration, Oklahoma City. Oklahoma 

Personal visil. Search through files of investigations of local 
gas spills and resulting fires and explosions. 

• Monsanto Company, St. Louis, Missouri 

PerHonal visit. Discussions of cyclohexane spill. like Flixborough. 
'~pread of gas clouds, and ad hoc committee safety R&D. 

• ProfeHsor Roger Strehlow, University of Illinois 

Personal ViHit. Discussions of EaBt St. Louis and Decatur explosions, 
NTI Htud1es, calculation of TNT equivalents and further information 
sources. 

• In~t1tute of Gas Technology, Chicago, Illinois 

Telephone !nt~rview, following a visit to the Washington office. 
A Chicago visit could not be scheduled. No accidents on record 
and no R&D plans. 

• Texas Eastman Company, Longview, Texas 

Personal visit. Discuasions of ethylene cloud explosions and water 
sprays. Range of blast damages. 

• Cal span Corporation, Buffalo, New York 

Personal visit. Search of clipping tiles of accidents. Discu •• ion 
of potential R&D programs. 

• Systems, Science' Software, Ls Jolla, California 

Per~onal ViHit, telephone interview and corre*pondence. Dilcul.ion. 
of industry R&D plans and S3 proposals. Literature exchang •• 

• Science ApplicationR, Inc., La Jolla. California 

Personal visit plus an escorted visit to Env1ro Control. Di.
cussion of R&D programs. 
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• Aerothera Division of Acurex Corporation, Mountain View, California 

Telephone interview plus evening conference at JANNAF-AlAA meeting. 
Safety R&D proposals. 

• Bureau of Mines Explosive Research Center, Pittsburgh, Pennsylvania 

Telephone interview plus correspondence. Diacussions of gas 
explosions and specific incidents. References to additional 
contacts. 

• Naval Surface Weapons Center, Dahlgren. Virginia 

Personal visit, with Coast Guard personnel. Discussions of Navy 
data on cloud travel and instrumentation. Introduction of Coast 
Guard to Navy coaputerlzed data base. 

• Exxon Research and Engineering Company. Florham Park, New Jersey 

Multiple telephone interviews. Discussions of explosion in Bsyway 
facility not for citation because in litigation. Discussions of 
past aafety R&D on LNG. 

• American Gas AsSOCiation, Washington, D.C. 

Telephone interview; visit could not be scheduled. Discussion of 
Cas Industry Research Plan - 1974-2000. 

• National Transportation Safety Board, Washington, D.C. 

Study of fil.s on recent accidents still under investigation and 
collection of issued reports. Discussion of characteristics of 
accidents and eyolosions. 

• Hr. W. H. Doyle, retired, fOl1Derly of Factory Insurance !'\~dociation 

Telephone interview; visit could not be scheduled in time available. 
Chairman of the 2S-company, ad hoc committee th,t sponsored the 
study of water sprays. 

• Southern Railway System, Washington, D.C. 

Personsl visit. Further details on the Laurel, Mississippi, tank 
car explosions. 

• Federal Railway Administration, Washington, D.C. 

Personal visit. Additional details on Climax, Texas, vinyl chloride 
tank car explosion. 

• Mr. D. H. Slater, Cremer and Warner, Consulting Engineers, London, 
England 

Correspondence. Additional details on the Flixborough cyclohexane 
explosion. 
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The following additional respondents were listed for interview, but 
visita could not be arranged in the time remaining for this study. 

• Naval Weapons Center, China Lake, California 
• Stanford Research Institute, Mealo Park, California 
• Dow Chemical Company, Midland, Michigan 
• Factory Mutual Research Corporation, Norwood, Massachusetts 
• Bglin Air Force Base, Florida 
• BuMines Enforcement and Safety Administration, Washington, D.C. 
• Air Force Office of Scientific Research, Washington, D.C. 
• National Fire Protection Association, Boston, Massachusetts 
• Cities Service CompBny, Lake Charles, Louisiana 
• PPG Industries, Lake Charles, Louisiana 
• Union Carbide Company, South Charleston, West Virginia 
• American Petroleum Institute, Washington, D.C. 
• American Chemical Society, Washington, D.C. 
• Manufacturing Chemists Association, Washington, D.C. 
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CHAPTER 10 

CONCLUSIONS AND RECOMMENDATIONS 

Conclu81ons 

The primary conclusion of this study is that the concept of the 
VH is feasible for use in risk analysis, The material required to 
operate such a model. viz., the input data and the predictive sub
models, is either available or attainable. Although some aspects of 
the modeling are not at the highest level of sophistication, the VM 
yields results that appear to be consistent with the historical survey 
of actual accidental spills. Technical details of conclusions drawn from 
the operation of the VM are given in Chapters 7 and 8. Some of the more 
8ignificant conclusions are listed below. 

• The injuries and damage resulting from the detonation of a vapor 
cloud are highly dependent upon the exact nature of the air disper
sion. This dependence upon the spill characteristics (location of 
spill, rate of gas release) and the atmospheric conditions (temper
ature. Wind, stability) is a realistic reflection of the complexities 
of the actual world and is not considered to he an inaccuracy or 
quirk in the modeling used. 

• The injuries resulting from the release of toxic gas into the air are 
highly dependent upon the nature of the air dispersion, just as in the 
case of explosion. This is a realistic aspect of the simulation. 

• In general the parameters that are input to the VH have a certain 
level of importance in determining damage; three such parameters. 
listed in descending order of importance, are: 

(1) spill size 
(2) stability class 
(3) wind speed 

~ For flammable and toxic cargoes th~re is a spill size below which 
the VM does not assess any damage even though some may occur in 
reality; this minor anomaly is primarily the result of usi.lg 
in the VM a grid cell system of finite spacing. 

The simulation shows that for each flammable cargo spilled under a 
given set of environmental conditions, there is a critical spill size such 
that spills smaller than this do not cause any damage. This occurs because 
by the time mass has gone from the spill into the air in a large enough 
amount to cause damage, the fuel-air cloud is too diffuse to ignite. That 
is, this critical size is that for which the evaporation rate is slow 
enough relative to the dispersal rate, that the fuel concentration is never 
above the lower flammable limit except within a few tens of meters of the 
spill site. This aspect of the simulation is only qualitatively correct. 
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In the real vorld,the damale-causing potentisl of a spill decreases as the 
apill si&e decr .. ses, but it does not necessarily go to zero. The finite 
aize of the grId cella with their associated ignition points and the 
li~tations on the correct application of the Phaae 1 submodels only on 
geolraphlcal scales over tens of meters cause the simulation to predict 
zero damege for spills below a certain size when, in fact, a small damage
causing potential could be present. 

Si~larly for each toxic cargo spilled under a given set of environmental co~
ditions, there 18 a critical spill size such that spills smaller than this 
are not capable of causing significant injury. This occurs because toxic 
material is dispersed to below an injurious concentration level at distancaa 
close to the spill. That ia, the evaporation rate is slow enough relative 
to the dispersal rate so that the concentration is never above the threshold 
for inhalation injuries except vithin a few tens of metera of the spill aite. 

Recommendations 

Recommendations are given for improvements to specific submodela, 
aapects of aubmodels, overall model architecture, and data sources, 
collection, and analysis. Improvements to the VH should be considered in 
view of (1) need, and (2) feasibility. The need for an improvement is 
determined by the magnitude of changes in output produced by making the 
improvement. The greater the change effected, the greater is the need. 
The feasibility of an improvement is determined by the facility, both 
technical and financial, with which the improvement can be made. Improve
ments, which are more tenable technically and lower in cost, are more 
feasible. 

On this basis recommendations arising from this study may be grouped 
in four categories. 

(1) 

(2) 

(3) 

Recommendations for improvements of greatest need without regard 
to feasibility. These improvements will have a large effect on 
the output of the VH. 

Recommendatinns for improvements 
and unquestionable feasibility. 
significant effect on the output 
and financially feasible. 

of lesser, but significant, need 
These improvements will have a 
of the '1M and are both technically 

RecommendationA for improvements of questionable significance or 
feasibility, but not both. These improvements are either (1) of 
significant effect. but questionable feasibility. or (2) of 
questionable significance, but unqueslionable feasibility. 

(4) Recommendations for inlprovements of questionable signiflcanl z and 
fe'lsibility. 
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The dear.e to which any of the.e t.prov ... nta can be iaple.eftted I., of 
couree, laraely depeQdent Oft the ..aunt of reaources, t~ and level of 
effort, that ia allocated. In addition, hovever, improvement8, espe
ctally to specific sapect8 of .adelina and to overall aodel structure, 
are further constrained by factor. inherent to the VM. 

• lmprov ... nta requirina an exteneive increa.e in the a~nt of 
data input are undesirable aince an exorbitant cost for data 
collection, aanipulation, and coaputer atorage vil1 make uaage 
of the VM t.practical. 

• Laprov.-enta requiring an exteneive increaae in coaputer running 
tt.a and/or atorage requir.-enta vill .ake operation of the VM 
too expaneive to be ueeful; the uee of certain very accurate, 
but coatly. finite difference models fs therefore precluded. 

Within the context of theee constrainta, reco ... ndationa for further 
work to !aprove the VM are listed belovo 

Recommended Improvements of Greatest Significance: 

(1) The VM vi11 be modified to ASsess deaths and injuriea suffered 
by indoor sheltered populations due to all relevant damage 
mechanisms. Consideration vill be given to the varying degrees 
of srielter afforded by different types of structures. For 
injury caused by inhalation of toxic gases.asseaament of injury 
to the indoor population will involve considerationa of seepage 
of the toxic substance into structures. 

For injury cau~~d by explosion, assessment of injury to the 
indoor populat .on will involve the degree of shelter afforded 
by a rarticu1ar buUding type and also the degree of shelter 
afforded by the placement of the people in the building. 

Injury to persans inside buildings 8ti a result of flash fire 
or pool burning 1s much 1es8 likely to occur as a primary 
damage mechanism than injury to sheltered populations from 
explosion or toxic 8ubstancea. 

The treatment of death and injury to people inside structures 
is feasible and will have a significant effect on the damage 
calculation performed by the VM. 

(2) The damage assessment models should con~ider secondary (non
immediate or not direct) damage mechanisms; for example. a 
spU1 of flaDll\able liquid ignitr!s producing a moderate fire 
hazard. but this spill-based fire ignites a nearby petroleum 
refinery producing fires and explosions th~t cause calamitous 
damage. 
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() An effort ahould be made to restructure the VH and the re
required submodels to allow simulation of phenomena actually 
occurrins simultaneously as Buch. Thus. for example. spillins. 
evaporation. and air dispersion are currently modeled a. a 
sequence of e~ents, even thoush all three may happen at the 
sa. tille. Rest!.'ucturlna Phaae 1 of the VH in this way appears 
to be feasible, althouah not neceaaarily eaay. Por certain 
siaulations, a quite different picture will result if events 
are modeled siaultaneoualy inatead of sequentially. 

(4) The IIOveMnt of vulnerable resource populations with ti_ of 
day. season of the year, and other factors should be researched 
and lIOdeled to aive a IIOre realistic description of the re
.ources at risk. For exa.ple. the ceneu. tract data currently 
used give low population densitiea to co..ercial 
etc •• even thoush the population density in 8uch locations can 
be very hiah at selected times. It appears to be fea8ible to 
account for population shifts caused by work, recreation, and 
travel. Shifting of the vulnerable resources will, of course, 
strongly affect the damaae aS8essment. 

(5) An alternative to locating the lanltion sources at discontinuous 
points (cell centers) should be considered. A treatment Is 
desired which would consider ignition potential as a true function 
of area. rather than the current treatment which considers 
ignition sources to be concentrated at the center of a arid 
cell. By describins ignition sources in a manner other than 
locating the sourcea 3t discrete sites (the cell centers), a 
more realistic assessment of time to ignition and distance 
between igt.it1on point and spill may be obtained. Such a 
treatment of ignition sources is feasible and is expected to 
have a significant effect on damage asse8s.ent results by 
changing the time for ignition. 

Recommended Improvements of Definite Feasibility and Significant Need: 

(1) The flash fire should be modeled so that damase beyond the 
flame location iR allowed. The calculation of radiation 
levels at locations distant from the flame is definitely 
feasible. Some sources report significant damage to both 
personnel and property at locations moderately fsr from fires. 

(2) Modeling should be added to permit accurate treatment of sub
surface spills. The release of cold. soluble chemicals 
underwater is of special interest. Such modeling is definitely 
feasible. The ability to treat this additional class of 
spills will enhance the utility of the \~. 
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(3) The VM should be .odified to treat the inaestion of vater 
eontainina toxie eoneentrations of pollutant. Bati .. tin. a 
speeific level of injury or percent of population injured is 
not p08sible sinee the quantity and rate of inge8tion are 
highly vadable and unpredictable. What ie required is 80_ 
indication of the toxic hazard presented by a given concentra
tion of spilled aubstance. One possible approach is to 
estabUsh levels of hazards. The VH should be 1BOCliUed to 
inform the user when and where these hazard levels exist in 
the vater body. This .odification is deftnitely feasible and 
viII .ake the output of the VM sisnifieantly .ore useful. 

(4) The VH should incorporate a better treatment of the ignition 
of structures. A more precise .. thod to account for shieldin. 
fro. thermal radiation should be devised. The eurrent criterion 
that 25% of the struetures are ianited in a cell subject to 
radiation sufficient to cause ignition should be replaced by 
a criterion that has a variable percentage ignited and the 
percentaae ignited is to be calculated on the basis of physical 
principles. This improvement i8 feasible and will significantly 
affect the damage assessed to 8tructures. 

(5) Further toxicological considerations are required so chat 
additional toxic substances may be treated by the VH. Since 
the additional toxic 8ubstances may be other than irritant 
gases, the assessment procedures used for the added substances 

(6) 

(7) 

may differ from those used previously for NIl] and e12• The 
additional toxicological considerations are fea8ible and will 
enhance the applicability of the VH. 

The water mixing model should be expanded to include water 
mixing and reaction. Such modeling is certainly feasible. 
but separate modelu may be required for each class of reactions. 
The inclusion of this modeling in the VH viII increase the 
number of substances for which spills can be simulated. 

The capability to treat spills of dissolvable solirls, liquids, 
and ~ses should be added to the VH. The treatment of sub
stances with finite solubilities is feasible. The ability to 
simulate substances of this type will enhance the value of 
the VM. 

(8) Advantages may result from treating the population density of 
vulnerable resources in a continuous rather than a discrete, 
cell-based manner. The use of discrete cells requires that a 
greater number of smaller cells be used in order t~ obtain 
greater accuracy for a simulation over the sa.e geographical 
area. Since the damage simulated is often highly localized, 
only part of the detailed ~~ta base, maintained and used at 
considerable cost, is actually requir~d for a given simulation. 
It is feasible to treat vulnerable resources in a manner such 
that the geographical area impacted by damage is defined and 
the vulnerable resource data for that area only are retrieved. 
Such a change in the treatment of vulnerable resou~ce data 
will make the VM more precise and more efficient. 
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(9) Co~tational efficiency may be increased by the use of look
ahead techniques. Preliminary calculations may be made to 
estimate the region imp4cted by damage mechanism. Detailed 
calculations and data retrieved need only be performed for 
the region estimated to be affected. Savings 1n computer 
time and cost will result. Such look-ahead techniques are 
certainly feasible. 

(IO) The VH should be modified to model the heating, rupture, and 
release of pressurized cargo in a fire. These phenomena could 
result in significantly different damages than release of a 
cargo without ad .. 'itional heating. The modeling is feasible. 

Recommended Improvements of ~estionable Feasibility or Need, But 
Not Both: 

(I) The analytical and experimental background applicable to 
"the roUing fireball." The roiling fireball seems to be 
the very rich, but gas phase, portion of a flammable vapor 
cloud that results in a burning process significantly 
different from the diffusion flame described by the pool burning 
model or the combustion of the premixed cloud described by the 
flash fire model. The roiling fireball should be investigated 
to determine whether and how this phenomenon might be modeled 
because as suggested by the historical survey, this may be 
a significant damage mechanism. The roiling fireball is 
distinguished from the flash fire by: (l) combuation in the 
flash fire is rapid, compared to combustion in the fireball; 
and (2) the burning mixture in the fireball is rich and is 
supported by turbulent diffusion, whereas the burning mixture 
in the flash fire is premixed within flammable limits. It 
is recognized that this phenomenon may also induce significant 
overpressures. Significance is moderate to great; feasibility 
ia questionable. 

(2) The VM should be modified to treat damage caused by the 
inhalation of toxic combustion products. Although some 
limitations of the ability to treat injury from toxic com
bustion products may not yield to analysis, the model should 
be modified at the very least to inform the user of the 
existence of this damage mechanism. Significance is moderate; 
feasibility, questionable. 

(3) Injury by asphyxiation should be addressed. Although an 
extensive effort in this area is not envisioned, some means 
of determining the seriousness of this damage mechanism is 
desired. The assessment approach should take into account 
the time varying concentration of the asphyxiant. For sub
stances which exhibit both asphyxiant and toxic effects (e.g., 
dichlorodifluoromethane), the problem of combined effects 
needs to be addressed. SignificancE' is indeterminate; 
feasibility, definite. 
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(4) The air dispersion model should be made more realistic by 

incorporaU.ng the ability to treat the arbitrary time variation 
of source strength and source location. Significance is 
unknown; feasibility, definite. 

(S) The pool burning submodel should include a more realistic 
treatment of simultaneous spreading and burning. Feasibility 
is definite; significance is unknown. 

(6) The VK should be modified so that the release and misration 
of heavy insolubles on river beds can be modeled. Feasibility 
1s definite; significance is unknown, since heavy insolubles 
would appear to offer less of a threat to people and property 
than other classes of substances. 

(7) The effects of water wave action and of wind on the spread 
of a surface spill should be considered. Feasibility 1s 
definite; significance, unknown. 

(8) The air dispersion model should be extended to include the 
dispersion of reacting chemicals. Feasibility is definite; 
significance is questionable, since spills of relatively few 
cargoes would seem t~ result in the air dispersion of a 
reacting substance. 

(9) Air dispersion by gravity spreading in calms should be modeled. 
Feasibility is definite; significance, unknown. 

(10) Micrometeorological effects, and meandering effects. presently 
treated analytically. should be implemented in the computer 
models. Feasibilit~ is definite; significance. unknown. 

(11) Inatead of computing damages at a given sequence of cell 
centers. techniques capable of yielding isodamage c~ntours 
would be. in some respects. more appealing. Feasibility is 
definite; significance. unknown. 

(12) Buoyancy consider3tions should be incorporated into the air 
dispersion modeling. Feasibility is definite; significance. 
unknown. 

(13) Consideration of topological features should be incorporated 
into the air dispersion models. Feasibility is definite; 
significance, unknown. 

Recommended Improvements of Questionable Feasibility and Need: 

(1) The eft~ct of explosion on the liquid spill should be con
sidered; it is conceivable that streams of flaming liquid 
could be sprayed long distances by a vapor cloud exploding 
over a spill. 
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(2) The aaaeaament of damaae from inhalation of toxic fumea should 
consider that the toxic concentration varies in apace and time 
in a stochastic manner; the receptor response to these concen
tration variations may be different from the currently modeled 
response to an average concentration. 

(3) Further consideration should be given to the significant ways 
in which diffuse explosions differ from conventional explosions, 
both in physical characteristics and in damage phenomena. 

(4) The effects of precipitation should be assessed. and modeled 
as required, for the air dispersion, surface spreading. and 
water mixing sub~dels. 

Recommended Improvements to Data: 

The following are data items that may be available from investi
gations of accidental spills and are useful for improving the VH 
modeling; in all cases it is desired that the data gathered be as 
precise and complete as possible. These recommendations are included 
at the direction of the Risk Analysis AdVisory Board of the USCG. 

1. In the case of damage from toxic materials: 

A. Source and Spill Development Data 

1. Chemical and physical nature of the spilled substance 
2. Quantity spilled 
3. Local weather conditions prevailing at the time of spill 

a. wind speed and direction } each as a function of 
b. temperature height. if available 
c. inversion characteristics 
d. humidity and precipitation 

4. Visual or photographic observations of the travel of a 
visible toxic cloud 

B. Receptor Data 

1. Best possible estimate of population at risk 
2. More precise definition of: 

a. nature of effects on receptors 
b. duration of effects on receptors 
r. severity of effects 
.~. treatment provided affected receptors 
e. stDte of health of receptors prior to incident 
f. age of receptors 

3. Effects on nonhuman receptors - animals and plants 
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II. In the case of damage from fire and/or explosion: 

A. Source and Spill Development Data 

1. Chemical and physical nature of the spilled substance 
2. Quantity spilled 
3. Sequence of spillage and ignition 
4. Data 

a. wind speed and direction } each as a function of 
b. temperature height, if available 
c. inversion characteristics 
d. hUID1dity and precipitation 

5. Observations of cloud size and travel before ignition 

B. Receptor Data 

1. Damage maps 
a. location of dead and cause of death 
b. location of injured and severity of injuries 
c. location and severity of physical damage 

2. Extensive photography 

Closing Remark 

The listing of such a large number of recommendations was intended 
to point the way toward areas related to the VH for which additional 
effort is believed to have the greatest potential for benefit. This 
list of recommendations is not, nor is it intended to be, an indictment 
of the VM. To the contrary the VH, in this its first stage of d~velop
ment, is believed to be a useful, practical tool for use in the risk 
analysis of marine spills. Further development of the VM will make 
this already functional tool more useful, DOre precise, and more widely 
applicable. 
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APPENDIX A 

PHASE I FLOW CHARTS WITH NARRATIVE 

This appendix described the Phase I Vu~nerability Hodel (VH) flow diagrams. 
In general, available submodels from HACS are used wherever po~sibl~. Where 
submodela are still to be developed, they are so indicated. 

The inadvertent release of all or a portion of a hazardous cargo iA 
characterized by many quantities, most of which are listed in the attached 
symbol list. In addition. many quantities describing the ambient air 
and water conditions must be given. The cargo may be either solid. liquid. 
or gas, or a combination of gas and liquid. (This last condition will 
usually be the case for a tank containing a fluid under pressure or at 
reduced temperature or both.) The puncture, rupture or vent may occur 
above or below the water line, so we must consider the possibility that 
the cargo will escape in three different phases and that it may escape 
into air or into water. 

Because of the ir extremely rare occurrence, the followihg possibilities 
are not considered. 

1. A fluid cargo is being transporte~ at less than ambient air 
pressure. 

2. The fluid cargo is such that it changes to the solid state 
(freezes) upon contact with ambient conditions (air or water). 

3. The cargo is lighter than air in its liquid or sclid phases. 

Because the vent will almost always be within 15 m of the water surface 
(~ z) we assume the following: 

a. For the case of a gas v~nting into water, no si8nifi~ant advection 
by the current will occur before the gas reaches ~he water SUI face. (This 
assumption Is reasonable because the rise of the gas to the watp.r surface 
will be very fast compared to the advection processes being cOllsidered.) 

b. For the case of a liquid venting into air. no significant advection 
by the wind will occur before the liquid reaches the water surface, and no 
significant evaporation of the cargo will occur in the time it takes the 
liquid to reach the water surface. (This assumption is also reasonable 
because of the relatively short time required for the liquid to fall to 
the surface. The exception would be a rupture in a tank holding a liquid 
cargo under pressure. which results in a founLain of the liquid ~argo, 
directed upwards. This is er.tremely unlikely. however, as a rupture in 
the top of the tank will result in the escape of the cargo in gaseous form 
in virtually every case. and a rupture in the side of the tank below the 
gas-liquid inter~ace would result in a fountain di=ected primarily in the 
horizontal direction.) 
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Tho! flow chart 18 entered at the top of chart I, at "SPILL". The 
first thing that must be done is to enter the many quantities needed to 
describe the cargo, vessel location, ambient conditions and the puncture 
or rupture. For so~ common cargoes, the physical and chemical properties 
such as critical point temperature, viscosity, concen~ration at lower 
flammability limit, and molecular weight may be obtained from the HACS 
Properties File. But other quantities such as the tpmveratur~, pressure 
and amount of the cargo will have to be supplied by the user The differ
ence between the two types of information needed is distinct. The prope~ties 
of a cargo are inherent, and will not change from spill to spill, so they 
may be stored in the computer memory once lind recalled when needed. The 
quantities wh ich the user must supply each time are O,IIIJSe which may vary 
with the spill, such as location of the spill, size of the vent, and the 
ambient conditions. 

With this information available, the first task is the calculation of 
the rate LI escape of the cargo, and the phase of the cargo which escapes. 
For a tan~ containing both gas and liquid phases, the height of the vent 
Zv would have to be compared with the height of the phase change of the 
gas-liquid interface zpc. Further, if the vent is located below this 
interface, the ~scaping cargo may change from liquid to gas when sufficient 
cargo has escaped to lower the interface level to the vent level. Generally 
the vent or puncture area will be given, and the rate of release calculated, 
but the user may stipulate an instantaneOl!S releasc. A solid spill must be 
assumed to be instantaneous at this time, as there is no extant subroutine 
to calculate rate of a solid spill. Fo~' liquids and gases, the HACS/CHRIS 
model is being used. This model takes the tank walls to be either isothermal 
or adiabatiC, and for the venting of a gas, the subroutine uses either 
choked (sonic flOW) or unchoked (subsonic flow) equations as appropriate. 

At this point it might be mentioned that the tie-points 1 through 8 
represent intermediate conditions, which might be called mpta-stable states. 
The cargo may exist, of course, in three phases or states -- gas, liquid 
or solid. Since cargo spills upon land are outside the scope of this study, 
the cargo can be in the air. in the water, or it can occupy space at 
the interface between the air and the water. This last case is considered 
worthy of separate treatment because the spre~d of the cargo will be Sig
nificantly different in this case than it wiil in the other two cases. The 
three cargo phases and the three locations le~d to nine possible combinations, 
but the case where a gaseous car~o is in the wat~r is considered too 
transient. This first ~hart, then, treats the escape of the cargo and 
its rapid transition to one of the eight intermediate states. The states, 
represented by tie-points 1 through 8, are not nccessarily the final dis
position of the cargo, but states in which the cargo remains for several 
minutes at least. This is long enough that transport of the cargo by 
diffusion, the wind, or the current 'l(fJSt be considered. The processes 
on chart I, on the other hand, generally take place in sever~l seconds, so 
that adv~ction during this period may be ignored at this time. 

GASEOUS RELEASE 

For the case where all or part of the escaping cargo is in tile gaseous 
ph:,se, tbe flow diagram on chart 1 1s followed to the left, to point GI, 
wh~~e different paths are followed depending upon whether the vent is above 
or below the water. In the former case, at G2 we determine whethur some 
of the escaping gas wiE condense to the liquid phase, forming a mist or 
fog comprised of droplets of t:le carglJ. 
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The escaping gas has been assumed to have expanded to the ambient ."ir 
pressure, Pat by 8 throttling process. without mixing with the air. If 
the g8s is Lonsidered to be a perfect gas. in such a throttling process 
the final temperature of the gas is the same as its initial temperature, 
and the expanded gaa will be superheated and dry. The gas at the eJge of 
the cloud will soon come to equilibrium with the air temperature, however, 
and condensatiQn of the ca~go will occur there if the va?or pressure of the 
cargo at the ambient air temperature is less than the air pressure, that is, if 
Pvc(Ta) < Pa • 

If it is determined that liquid drops of the cargo form n mist, the 
portion of the cargo in each phase is calculated (at G3), and for each 
quantity one proceeds to specific models through tie-points 1 and 3. In 
thp. case that no mist forms, all the escaped cargo is in vapor for~, and 
at G4 it is asked whether the gaseous cargo is heavy enough so that it 
lIIixes only slightly into the ,air and primarily floats upon the water 
surface. This is an unlikely ~ase, but it is possibl~ fo~ exotic gases 
or [or very cold gases. If 'he gas mixes with air, we proceed to chart 2 
through tie-point 1. It the gas is very dense, one proceeds to chart 3 
through tie-point 2. 

Returning to Gl, in the case where the gas is escapiug below the water 
line of the vessel, at G5 we calculate the amount of the escaping cargo 
which goes into solution as the gas bubbles rise to the surface. The portion 
going into solution i3 treated as liquid in water, through tie-point 4 to 
chart 5, and the porticn remaining A~ a gas escapee to the surface. For 
this gas at G6, we ask if it mixes into the air or remains at the inter
face. and proceed to tie-points 1 or 2 accordingly, a~ in the case of an 
escape of gas directly into the atlllosphete. At the pres~nt tillie, the 
calculation of the portion of the cargo going into solution has not been 
consid~red, and we temporarily assume that all the escaping g;IG reaches 
the wat~r surface. It should be pointed out that it is not possible for 
the water pressure to force the escaping gas into liquid phase. If the 
water pressure outside the puncture were great enough to liquify the gdseous 
cargo, then thp. water pressure would force wate~ into the cargo tank while 
liquifylng the cargo in the tank, and very little cargo would escape. 

LIQUID RELEASE 

If the escape rate calculation indicates that some or all of the cargo 
escapes in liquid form, one proceeds to Ll where the vent height, Zv. is 
compared with the height of the water surface, z-O, to determine whether the 
leak is above or below the water. If the liquid cargo is escaping into air, 
we assume that it reaches the water surface without advection or loss, as 
discussed above. Next, at LJ, we determine whether the liquid floats or 
sinks. ~f it sinks, we have the liquid 1n w~ter case, anu proceed to 
chart 5 through tie-pOint 4. 

For the case in which the liquid cargo eacapes uncerwater, at L4. it i~ 
asked whether the r.argo floats or sinks. As in the CDfe where the cargo was 
released into the air, th~ original temperature of the Cdr~o in the tank is 
used 1n calculating the density of the cargo, for it is assumed that a 
spill of sufficient mass to be of interest will take s·)me time to come to 
ambient temp~rature, and the temperiiture change of the! cargo is considered 
on the flow charts which follow this first one. Most cargoes will have a 
density at least 10% different from that of water, but in the ra~es where 
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they do not, the water temperature and salinity may be used to calculate 
the density of the water more precisely. If the liquid cargo sinks, we 
again proceed to tie-point 4. If the cargo floats, one considers that 
csse further through tie-point 5. 

SOI.ID RELEASE 

The case of a spill of a hazardous cargo which is in solid phase has 
been given B lower priority than the case of a cargo in a fluid state. 
Therefore many of the calculation subroutines are in undeveloped condition, 
but the decision pathway~ are fairly clear regardless. There is currently 
no routine available to calculate the rate of a solid phase spill, so it 
will be declared to be instantaneous. The spill rate calculation for solid 
cargoes may be developed later as time and interest dictate. Since a cargo 
consisting of fist-sized chunks will spill at a very different rate from a 
cargo consisting of grains about the size of sand grains, the spill rate 
calculation will have to take into account the size range of the particles 
which make up the cargo. 

Having decided that all or part of the spill is solid, at Sl the 
decision is made as to whether the puncture is above or below the water 
line of the vessel. If the cargo escapes into air, at 52 we wish to calculate 
how much of the cargo is carried away by the wind, and how much falls to the 
wat~r surface. At present this subroutine haR not been designed, ~o it is 
assumed that all of the escaping cargo falls to the watp surface. This will 
be inaccurate ~nly for a cargo consisting of very fine particles of a light 
material when a high wind is present. 

The cargo having fallen to the water surface, at S3 it is decided 
whethe o, the particles float or sink. One then oroceeds to follow the case 
of solid in water in m~re detail on chart 8 through tie-point 7, or the 
solid on water surface case on ch~'t 9 through tie-point 8. If the solid 
cargo is escaping below the water line, at S4, the density of the cargo is 
ascertained, and in the case that it sinks, one proceeds to tie-point 7. If 
the cargo particles rise to the surface and float, one should calculate the 
portion lost by going into solution during the brief period it takes the 
particles to reach the water surface. This has not been implemented yet, 
however, so currently there is no such loss, and all the escapin~ car~o 
arrives at the surface and is treated later through tie-point 8. The route 
to the liquid in water case thrologh tie-poine 4 is shown, however. 

GAS IN AIR 

For the case of a gaseou~ cargo escaping into the air, the detailed 
events are followed on chart 2 through tie-point 1. Fir~t the air tempera
ture, stability or mixing characteristics, and wind velocity are used to 
calculate the dispersion of the cargo. At rresent this calculation assumes 
that all the escaping cargo has been released instantly. This model has 
been discussed in some detail in chapter 2 of this report, so we proceej 
to the de~ision at Gil on the reactivity of the cargo. This infurmation 
will come from the properties file. or will be entered by the user for 
cases of unusual spills where the properties file does not have this infor
mation. For many, if not most, of the hazardous cargoes, the r.argo 
will be reactive. 
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At Gl2 on the basis of flammability limiting concentrations and ignition 
temperatures, it .\~ decided whether the situation is such thllt combustion 
i. possible. If it is, ~t is next determined whether an ignition source 
is present. and if so we ptoceed through tie-point 9 to the fire and 
explosion mod,·l. which is di!Jcussed in detail elsewhere in this report. 
If the gaseous ~argo is not combustible, or if it has not been ignited. the 
path followed is to Gl3 where a series of calculations determine what 
reactions will take place, how much heat is liberated. what reaction 
products are formed a.ld at what rates. This model is stUl in the germinal 
stage. Finally, the spread and dispersal of the reaction products must be 
determined. While the Q?thods to be used f.or this are much the same as 
for the dispersal of the (~rgo originally, the use of these ~eth~ds to 
trace the spread of the red(tion products has nOt been implemented at this 
time. This wl1l be l-.ecessary 3t SOme point, for there are a numher of 
cases, thoueh nct very co~on, where the resction products are more toxic 
or dangerous than the original cdrgo. 

GAS ON WATER SURFACE 

The case for a heavier-than-air gas resting on the water su~face has 
not been programmed at this time, but on chart 3 the calculations _hich 
should be performed are indicated. For the case of a gas that is heavier 
than air primarily because of its low temperature. the calculation of the 
spread of the gas should be simila~ to the calculations used to determine 
the spread of a cryogenic liquid, and should present no major difficulties. 
The rate of heat input to the gaseous cargo should also have much in cornman 
with the flow of heat to a cryogenic liquid ~pi11. As the cargo attains a 
deusity not too different from that of air the cargo can be expected to 
mix into the air, and with this rate calculat~d, at G21, one then goes to 
the gas-in-air calculations. which have just been discussed. Wh~le the case 
of a gas which owes its very high density to its very low temperature will 
be more common, the case of gases which are inherently much heavi~r than 
air, even at ambient temperature &nd pressure may also be treated by this 
model. As 1n trle case of a cold gas, the spilled cargo will eventually 
disperse into the air, but the rate of such a dispersal will depend not 
upon the rate of wanning of the gas, but primarily upon the wind spef!d and 
local turbulence conditions. The calculation at the top of chart 3 
should conSider t~~s type of loss into the air as well as heat tranafer 
and gravity-induced bpreading upon the water surface. 

LIQUID IN AIR 

Chart 4 takes up the cas~ of a liquid in air - a mist or fog whose 
droplets are composed of the cargo in liquid phase. The dispersion calcula
tion will be the same as for the dispersion of gas in air, with the addition 
of a subroutine to calculate the loss of the cargo in llquid phase due to 
evaporation and rainout. Rainout may occur either due to the iLlcClrporation 
of the drop~ into existing precipitation, or when the density and size of 
the drops allows thp.ITI to grow 1n size While decreasing in number u,ltll the 
surviving d~ops fall due to their own weight. The increase of the number of 
drops might be precipitated by a reduction in the termperat~re in the cloud, 
which would reduce the vapor pressure of the cargo. and lead to more cClnden
sation. 
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In most cascs, however. evaporatiun will reduce the amount of cargo 
in the liquid phase. The mixing of the originally concentrated cargo 
plume with ever larger amounto of air during the course of dispersal is the 
cause of this. The amount of cargo per unit volume in the plume will have 
to be more than the air can absorb at saturation in order for mi~t droplets 
to form. Toe mixture of th~ original volume of the spill into a larger 
amount of air will increase the amount of cargo that the air can hold in 
vapor phase, 90, in th~ Dbsence of a marked temperature decrease during the 
spreading of the plume. evaporation of the droplets can be expected. 

After the calculation of the rates of phase change for the cargo. at 
LIl, the portion evaporating is treated through tie-point I, and the portion 
raining-out is treated through tie-point 3 or 4 depending upon the density 
of the cargo in its liquid phase. The cargo remaining in liquid phase is 
next assessed for its combustibility at L12. If it is combustible, and if 
it ignites, then one proceeds to the ffl'e and explosion model through tie
point 9. If the cargo is incombustible or is not ignited. one proceeds 
to the evaluation of toxicity, air pollution, re~uced visibility (which 
may be a navigation hazard). and other damage. 

LIQUID IN WATER 

Chart 5 takps up the case of e liquid in water - entry from the main 
flow chart by means of tie-point 4. Since the behavior of the spilled liquid 
will depend on whether it mixes with water or not, the immediate question 
concerns the cargo's miscibility. A miscible liquid will mix into the water 
and disperse much like a gas dispersing into air. An immiscible liquid, on 
the other hand. will maintain its own separate identity and stay 9p.parate from 
the water. If lighter than water, the immiscible liquid will remain on thl' 
surface snd that possibility is treated through tie-point 5. Here only 
tmmis~ible liquids which have a density greater than that of water ar~ 
considered. They will, of course, sinl to the bottom, and there, if the 
current is strong enough, and the cargo is not too heavy and viscous, sig
nificant transport of the immiscible cargo along the bottom may occur. Thus 
the transport of the spilled liquid will be considerably different for the 
immiscible spill than it is for the miscible spill, and different calculations 
are indicated at L22 and L23. 

The consideratiuns of boiling of the liquid spill and of reactions are 
not significantly dependent upon the miscibility of the spill, so no 
differentiation has been shown h~re. If the liquid has a boiling point l0w~r 
than the water temperature, all of the spill will eventually escapc into the 
air. and this path is indicated by the left branch from the decision point 
at L24. If no boiling takes place. the possibility of reactions is considere~, 
at L26, and the gaseous reaction products escape from the water ~nd are 
treated through ti~-point 1. The unreacted cargo and other reaction ~~oduct8 go 
on to produce water pollution and possibly toxicity hazards. 

LIQUID ON WATER SURFACE 

For a liquid floating on the surface of the water, the development of 
the spill is continued on chart 6 through tl~-point 5. This Lase is 
presently programmed and running in abbreviated form because common hazardous 
cargoes such as gasolinp ~uJ liquified natural gas fall into this case, and it 
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was given top prio~ity. After determining whether the cargo is miscible 
or not, at L3l, the spread of the cargo is calculated. At L34 it is 
determined whether the spreading miscible spill boils at ambient con
ditions. If so, one proceeds to the gas in air model after calculating 
the rate of gas formation at L35. If the spill does not boil, the cargo 
may still pass to the gaseous state by evaporation, so this is considered 
at L36, and the possibility of reactions is also considered at this time. 
The portion of the cargo evaporating and the gaseous reaction products go 
to the gas in air model via tie-point 1. For the portion of the spill 
remaining on the water surface, some may be lost by going into solution 
in the water, but this calculation is [,ot available yet, so it is assumed 
that all of the spill which does not evaporate or react remains in the 
pool on the surface. At L37 we ask whether this pool can burn, and if 
so whether it is ignited. (Ignition would normally occur from an explosion 
or flash fire resulting from the spread of the cargo in vapor phase.) 

For the liquid which does not mix with \"ater. at L43 it is determined 
whether this liquid boils at ambient temperature. If the answer is yes 
(as it would be for a liquid natural gas spil~, !or example) at L44 the 
rate of escape of the cargo in the gas phase is calculated, and the consid
eration of the problem shifts to the gas in Air model. If the spill does 
not bOil, loss by evaporation is calculated at L45 (this would be the case 
for gasoline), and the escaping gas is again treated by the gas in air model. 
Reactions are considered at L45 for the unevaporated portion remaining. The 
possibility of fire is considered at (4) for the pool of cargo and/or reaction 
products floating. 
SPILL OF SOLID CARGO 

The case of a spill of a solid phase cargo is taken up on charts 7, 
8, and 9 depending on whether the spill has come to be temporarily in the 
air, on the water, or in the water. We have excluded from consideration 
the possibility that a solid cargo may be combustible if it is in the water 
or on the water surface. While these possibilities do exist, they are 
extr~mely rare, and other considerations have higher priorities. The case 
that ~ solid cargo suspended in the air (in small particles) may explode 
or burn, is explicitly considered, however, since substances usually 
harmless, such as wheat flour, have caused explosions when the conditions 
were right. 

The calculation of the spread of fine particles of the solid cargo in 
the air, reached through tie-point 6, on chart 7 is much the same as the 
dispersion calculation used for the spread of a gaseous cargo, with the 
additIon that the loss of cargo due to fallout (with or without cgglomera
tion) and the rainout must be considered. For a solid in water (chart 8), 
the calculation of transport in the water will be much like that for an 
immiscible liquid, except that the settling rate will be different. The 
loss of the solid cargo through reactions and solution are next considered 
at S22. For liquid and gaseous reaction products, and the portion of the solid 
going into solution, the further consideration proceeds through tie-points 1 
and 4 as appropriate. Chart 9 takes up the last of our 8 possibilities, the 
spill of a solid phase cargo which floats upon the surface by the water. After 
a calculation of the spread and transport of the cargo by winds and currents, 
S31, the rates of disappearance due to sublimation, going into solution, and 
reactions are calculated. Liquid reaction products and cargo going into 
solution are treated by the liquid in water model through tie-point 4. and 
tt.e gas~ous reaction products and sublimed cargo go to the gas in air model through 
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tie-point 1. None of the calculations for a solid spill has been 
programmed at present, but the knowledge needed for many of the 
subroutines i8 available. 
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SYMBOL LIST FOR FLOW CHARTS WITH NARRATIVE 

x, y, z Cartesian coordinates 

+z is in the upward direction, z-O at tha ~Eter surface 

+x is in the direction toward which the wind is blowing 

t: time, t-O at the commencement of the spill 

subscripts: c 
s 
a 

cargo 
spill 
air 

w water 
G gas phase of the cargo 
L liquid phase of the cargo 
S solid phase of the cargo 

Cargo information supplied by user 

T c 

p 
c 

S 
C'. 

z pc 

V 
c 

M c 

Temperature at which the cargo is stored 

The pressure above ambient air pressure at which the cargo is stored 

State of cargo (gas, liquid or solid) - for a cryogenic or pressurized 
cargo a code will indicate whether the cargo is partly liquid and 
partly gaseoue 

Height of the phase change (liquid-gas interface) for a fluid carg~ 
which exists in the tank in both phases 

Volume of _argo potentially affected 

Mass of cargo potentially affucted 

Comment: If only one of a number of tanks or holds on a vessel is ruptured 
or punctured, Vc and Mc are the v~' ~ and mass of the affected tank. Note 
that Vc and Mc will not necessaril Je equal to the amount spilled. The 
nature and location of the puncture may preclude all of the cargo in the 
tank from escaping. 

Pc Density of cargo 

Comme~t: Ve. Mc ' and Pc are inter-related, and all three need not be given 
in most cases. From Tc and P~. and other known constants, Pc can be calcu
lated for a liquid ::>r gas. and thenc:e Mc if Vc is known. which will usually 
be the case. for 8 solid cargo, PI: will "e the density of the individual 
grains or chunks. and Me ; ,1cVe because the packing fraction will have to 
be taken int~ account. b~t ill most cases Mc will be known and Ve will not 
be needpd. 

173 



r 

I 
! 

i 
i 

Cargo information obtained from the properties file 

Tb Boiling point of the cargo at atmospheric pressure 

Tf Freezing point of cargo at atmospheric pressule 

TFP Flash Point temperature 

XL Xu Concentration of the cargo in gas phase at the Lower and Upper 
, Flammability limits 

Pv Vapor pressure, as a function of temperature 

Solubility 

m Miscibility 

Spill informa~ion supplied hy user 

Mass or Volume of spill for an instantaneous spill 

A 
v 

Area of puncture, rupture, or vent - needed only if the spill is not 
instantaneous 

Height of puncture, rupture, or vent 

Comment: If the spill is not to be instantaneous, then the spill rate as a 
function of time may be calculatpd from the area of the vent and the cargo 
con.jitions. 

Information about Ambient Conditions supplied by the user 

T Air Temperature 
a 

P Air Pressure a 

H Relative Humidity 

v Wind vector a 

S Atmospheric Stability Class 
a 

TW Water Temperature 

Vw Current vector 

N Salinity - may be needed to calculate the water density 
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APPENDIX Bl 

MODIFICATION OF THE GAUSSIk~ PUFF ~roDEL 

Since the Gaussian puff model is primarily intended for use with low 
concentrations, when applied very close to a large source the unmodified 
Gaussian p~ff equation may give a concentration of the vapor-phase cargo 
which is greater than the density of the pure cargo vapor at ambient at
mosphpric pressure and temperatu~e. This is not physically possible, of 
course, and the computer model has been modified to preclude such a con
centration b~Jng given. 

In the case when the unmod~~ied Gaussian puff equation would give a 
concentration greater than pure cargo at ambient conditions, what 1s 
actually present i~ a glob of nearly pure cargo, surrounded by a volume 
in which the concentration decreases fro .. l the density of pure gaseous 
ciirgo towards zero. 1" is reasonable to assume that the concentration 
decreases in a Gaussian manner from the surface of the glob of pure 01.' 

nearly pure cargo. 

To treat this :'V:l.thematically, let us first transform from the physical 
x,y,z coordinate system into one qhich is DCbled by the diffusion co
efficients: 

x-Ut x' .. -0--' 
X 

Y' = J.-. 
a ' y 

z' = (B1-1) 

where U is the wind speed. Since the point of liberation of the gas is 
at the water surface, z=G, in this coordinate system, let th~ glob be a 
hemisphere centered at x'=y'az'''O. Let us take the radius of this hemi
sphere to be R', and assume that it is pure cargo-gas. If Cp is the 
oensity of the cargo in gas phase at ambient temperature and pressure, 
and (r')2 • (x')2 + (y')2 + (z')2 is the square of the distance from the 
center of the puff to the observation point in the new coordinate system, 
t,len the cGn.::entration C at x' ,y' ,z' will be 

C .. C... i f r' < R' .. 
(Bl-2) 

if r' >R' 

The term (r' - R')2 in the exponent is the correct distance factor, 
but it appears unusual. It is clear that the Gaussian function ~~penrls on 
the square of lhe distance from SOme point. line, or surfQce. Th~ usual 
Gau]sian diffusion equations are written with respect to ~ point (puff 
mode') ,')r a line (plume or continuous source model). Ir. these c~qes. the 
d~~tdnce from the 'I-'oint or line may be conveniently expressed in the 
G~u~slan coordinate system, by the familiar equationa. Here, however, 
W~ have a case where it is the distance from the surface of a sphere 
which is important, and this is expressed cnnveniently only in spherical 
coordinates. 
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The reader familiar with the diffusion equation or time-dep~ndent 
heat flow problems may have noticed that (Bl-2) is not the solution 
to 

with 

c • C for r ~ r1 p 

C • 0 for r> rl 

(81-3) 

} at t • 0 (Bl-4) 

which is the rigorous statement of the problem of the ~ispersion of 
material Which forms ~ sphere at t • O. (The equation for the diffusion 
of particles is identical to the eq~ation for the transfer of heat by 
conduction, and the thermal problem ar.tedates the diffusion problem, so 
the treatment in many books is in terms of heat flow. Analytic solutions 
to the dtffusion equation for a number of simple cases may be found in 
standard texts such as Kreyszig [Bl] or Landau and Lifshitz [B2). 

While this problem could be solved for the concentration as a 
fllnction of time and space for the early period of the puff I s dispersal, 
the problem of matching this solution to the Gaussian puff solution at 
a llter time when the puff model is appropriate would remain. This 
matching would require shifting from the solution to (81-3) to the 
empirically determined Gaussian puff concentration over In arbitrary 
period of time by means of interpolation of spline functions. To make 
a smooth transition, the macching would be quite co~plex. Sin~e the 
Gaussian puff should need modification to avoid unrealistically high 
denSities only for a short time after the puff begins dispersing, this 
complication wa& not considered worthwhile. The chosen solution (Bl-2) 
approximates the cheoretical solution to (Bl-3) well enough for the 
use the VM will make of it, and the transition to the Gaussian puff 
distribution 1s trivial. 

Further. the tYF~ of flat-topped profile of concentration as a 
functiO[1 of raHal distance which (Bl-2) gives, is 1n accordance with 

---------
[B1) Kreysz1g, E. Advanced Engineering Mathematics. John WIley & Sons, 

Inc., New York, 1967. (See Section 9.5 and 9.6) 

[B2) Landau, L.O., and E.M. Lifshitz. Fluid Mechanics. Pergamon, 
London, 1959. (See Chapter 5 and 6.) 
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ether work. Figure Bl-1 shows a proftle calculated by Lind [83], which 
clearly shows a region of conRtBnt concentration. ~hile this concentration 
19 not 100% as it is in (Bl-2), it is clear from the figure that very 
close to the spill a concentration close to 100% would occur. Lind's 
method of calculation is based upon that used by Esso, which was experi
mentally verified [B4]. 

In equation (Bl-2), R' marks the boundary between the hemisphere of 
pure cargo vapor and the region in which the vapor is mixed with air. 
The vAlue of R' is determined by the necessity of conserving mass: 

~ -Iff Cdv - If I C(ddVv' ) dv' • IIf C(o 0 0 )dv' 
all all all x Y z 

(81-5) 

space space space 

where dV • dxdydz, and dV' • dx'dy'dz' . 

It may seem that the concentration used sh0uld be converted to the 
primed coordinate system, but this is not ne~~ssari1y the case. It is 
incorrect to transform the limits of integration, the unit volume, and 
the concentration or density. However, one may define C' .. C~a,.<:lz to 
be the neW density if one so desires*. 

(B3] Lind, C.D., Explosion Hazards Associated with Spills of Large 
Quantities of Hazardous Materialll - Phase 1. Report No. CG-D-30-7S, 
United States Coast Guard, Dept. of Transportation, 13 O~tober 1974. 

(841 Feldbauer, G.W., et a1. Spills of LNG on Water - Vaporization and 
Downwind Drift of Combustible Mixtures. Esso Research and Engineering 
Company, Report No. EF.61E-12 (Released by the American Petroleum 
lnst., Re 6Z)2), March 1973. 

* That this new integral is correct may be demonstrated by a simp~e 
example. In the x,y,z system let th~ density be some constant 
value, Co, in a rectangular region with slides Ox,0y,Oz, respec
tively, and zero outside this region. Clearly: 

o 
jY 

o 

Taking care to 
system we have 

1 1 
M • f f 

o o 

transform the limits of integration. in the x',y',z' 

1 
J CoOxOyozdx'dy'dz' s CoOxOyO~ 

o 
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It will be easiest to do the integral in spherical coordinates in 
the new coordinate system so equation (81-5) becomes: 

2n Tl/2 

M - f f 
<p'-o e~-o 

00 

f 
r'-o 

C (000) (r')2 x y z ~'n 6 ' dr'd8 ' d¢l' 

wher~ the integral over a' only goes fcc::i1 0 to n/2 because the gas can 
-~ly occupy the +2 half-space. 

The ¢' and 8' integrals ~3n be done at once, leaving 

M 
(J 0 0 x y z 

- 2T1 

Let the second inteFral above be denoted by A Cp ' and we have 

!'( 
'" 2nC 

t.:' ) 3 + 2iTAC 
C'x 'JyCJl. P 3 p 

The integral A is evaluated by making the substitution s = r' - R'; 
2 

(Bl-6) 

(81-7) 

(Bl-8) 

00 

f 1 
A • exp (- -

R' 2 
(r' _ R,)2) (r' )2dr' 

<X> S 

J e- 2 (52 + 2sR ' + (R,)2) ds 
o 

2 2 2 
s 

00 
s 

00 
s 

00 - "2 - 2 
f 2 ds + 2R' f 2 

ds + (R ') 2 ( 
ds (131-9) .. ~ e s e ) ~ 

0 0 a 

- (1I)1/2 + 2R' + (R ' / (_~)1/2 
2 2 

The second of the three intet:rals in s is trivial, a:-,d the other two are 
tabulated definite integrais.* With the integral A ~valuated, from (Bl-8) 
we have: 

which is a cubic equotion in R'. 

2 
s 

ooJ 2-2 
*It may seem odd that seas:: (_;~ 1/2 f e 

o 0 

2 
s 
2 ds, but sur:h is 

indeed the case. 'This may be proved by int"~rati'ln hy p.nts. We have 

(c(lnt'd) 
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(R I )3 + p(R,)2 + qR' + s = 0 

(B}-l~) 

In use. at each time step the concentration at the center of the puff 
is calculated by the usual Gaussia~ puff equation: 

(Bl-12) 

If this concentration does not exceed Cpt the usual Gaussian puff equation 
is used. If this concentration exceeds cpt then equation (81-11) is solved 
for R'. and then'the concentrations are calculatp.d from equation (81-2) 
with: 

*(cont'd) 

d (fg) df f5!9. as • - 9 + ds ds 

ct> CD 

[fg] - f (df) gds. 
0 0 

ds 

df 
(J) " -

ds :: 1. Thus f s~e 

0 
s2 .., 

which gives J 
2 - 2" s e 

0 

and 5 i nee ; ~ (fg)ds 

52 

5!9. let ds = se 2 and 

s2 s2 
2' ds 

- 2' ct> 
:: [-se ] 

s'l 
0 

00 

ds f 
- 2 

ds. :: e 
0 

:: fg, f 
o 

a> 

f Q.9. ds = 
ds 

f = s, th~n 9 :: 

52 
a> 

2' )ds f {-e 
0 

Both these integrals are evaluatpd in tables of definite integrals, 
1/2 

and are equal to (~) (For example, see integr'als 423 and 426 on 

p. 304 of [BS). ) 

(SS) C.R.C. Standard Mathematical Tables. 11th ed. C. D. 

(Bl-13) 

and 

Hodgeman (Editor-in-Chief), Chemical RubLer Puhliehing Company. 
Cleveland. Ohi0, 1957. 
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In the case that 8n explosion or flash fire occurs while the puff 

is still 80 close to tt.e source that the unmodified Gaussian puff model 
gives unrealistic values for the concentration, the VH must be able to 
calculate tha amount of cargo vapor which explodes or burns for the modi
fied distribution we have been discussing. In Appendix C it Is shown 
that the mass which will explode or burn will be giv~n by 

51 Ss 
H .. 

e J f f CdV + J / f PCdV 

where Su is 
5s is 
Sl is 
Cu • 
Cs • 
Cl 

and where 

P 0.21 
- NO 

5s Su 

the surface on which C = Cu 
the surface on which C = Cs 
thi! surface on which C ~ Cl 
the upper flammable limiting concentration 
the stoichiometric concentration 
the lower flammable limiting concentration 

(~ - 1) 

(Bl-14 ) 

(Bl-15) 

is the fraction of the fuel which burns when the mixture is richer than 
stoichiometric. NO is the number of moles of oxygen consumed for every 
mole of fuel burned. 

As before it will be ea~iest to work in the primed coordinate system 
(equation Bl-l) and in spherical coordinates in this syste~ (equation Hl-13). 
In this coordinate system the surfaces of r.onstant concentration will be 
spheres. Let 

r' .. radius of the u surface on which C Cu 
, 

rs .. radius of the surface on which C Cs 
, 

r l • radius of the surface on wilich C = C1 

Values for these r~dii may be obtained by setting C equal to CUt CSt or 
C1 in equation (Bl-2). (5i~ce pure fuel vapor cannot burn - there is no 
oxygen present - Cu must be less than Cpt and we need only c~nsider the 
region in which r' is greater than R'.) Th~ values for the radii are 
easily obtained: 

r' ;: R' + (2£n(Cp/Cu»1/2 
u 

r' • R' + (2in (Cp/Cs» 1/ 2 (Bl-l6) s 

r' 1 R' + (Hn(Cp/Cl»1/2 

So with (81-2) and (81-15), equation (B1-14) may be written 
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M -e 

21r 'n/2 r' [O.2~ C [_(r';R')2J~ f / t (l-exp 
~'·o 8'·0 r'-rti NO V 

a a a (r,)2sine'dr'de'd~' + x y z 

n/2 
f 

e'·o 
(r'_R,)2 ~ 

Cp exp [- -2--- ) a a a (rTsine'dr'de'd~' x y z 

(Bl-l7) 

The transformation used to obtain this expression is analogous to the 
one used to go from (Bl-5) to (B1-6). And here also the ~' and a' 
integrals can be done at once giving 

He 0.21 ---NO 

(Hl-18) 
r' 2 r' 2 .Q.d 

NO fs (r'-R') 2 ex£, (- -- ) (r') dr' + 
2 f1 (r'-R') 2 exp [- -- ) (r') dr' , 2 

r~ rs 

Now the first integral is trivial and giveR (r,)3/3. The other two 
int~gra1s may ~e done by considering integrals of the form 

b 

I - f 
a 

2 9
2 

s exp (- 2" )ds (B1-l9) 

which we treat by integration by parts. With dg/ds • 9 exp (-9 2/2) and 
f(8) • s, then g(s) = -exp (-e 2/2) and df/ds = 1. Since 

o ~ 
f ds 
8 

we have 

b 2 

b 
fds • [fg) 

a 

8
2 

dE - gds ds 

2 b 

(Bl-20) 

b 2 
J 8 eX}J (- 2 )ds .. [-s exp (- !. )] 

2 J - exp (- ~ )ds 
2 a 

• 8 exp 

Now let 
80 .... e have 

A -
r' 
/

s 

r' 
u 

a a 

8
2 

b
2 b 2 

f s (- - ) - bexp (- - ) + exp (- - )ds 2 2 2 

(BI-21) 

a 

8 .. r' R'; then r' III S + R' and (r,)2 • s2 + 2sR' r (R,)2 

2 r'-R' 2 
exp [- (r'-2R') ) (r,)2dr , .. fS S 2 2 pxp (- i )[s +2sR'+(R') )ds (BI-22) 

r~-R' 
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" 
Let a - r~ - R'. b - r' s - R', and c • ri - R'. Then (81-22) becomes 

b 2 
2 b 2 b 2 

A • f s + 2R' f s (R,)2 f 8 (81-23) 
s p.xp (- - )ds s exp (- - }ds + exp (- 2" )de 

2 2 
a a a 

USing (81-21) this becomes 

2 b2 b 2 
a s 

A • a exp (- - ) - b exp (- '2 ) + f exp (- 2' )ds 
2 a (81-24) 

2 b2 b 2 

2R' (a exp 
a (R,)2 J s 

+ (- - ) - b exp (- - )] + exp (- - )ds 
2 2 2 

a 

The similar terms may be combined to give 

2 2 b 2 

A • (1+2R') [a 
a - b exp (- k ») [1+(R,)2] f 8 (81-25) exp (- "2 ) + exp (- "2 )rl;; 

2 a 

Now the remaining integral has an integrand which differ~ (rom the normal curve 
of error only by a constant, and the normai curve of error, ~(x), is related 
to the error function, erf(t) by 

t t -1/2 x2 
t f ~(x)dx • f (2n) exp (- 2 )dx • 1/2 erf(~2) (81-26) 

o 0 

The error function is a tabulated special function, and we may express the 
integral A in terms of it by using the identity 

b b a 
f f(s)ds a f f(s)ds - f f(s}ds 
a 0 0 

(81-27) 

and so we have 

2 b2 
A a (1+2R') [a exp (- 1 ) - b exp (- 2 )] + 

(81-28) 

+ (l+(R,)2] (.:!!)1I2 (erf (2...) - erf (ra ,,)] 
2 /"2 .. 

Bu~ r~ was defined by 

( ' , )2 b 2 

C C [- rs-R ] c ( ) s ~ p exp --r-- • p exp - 2 
(81-29) 

and r~ and ri ... ere defined in an analogous ~.lOer so we have 

(81-30) 
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The third integral in (81-18) is the same as the second integral except 
for the limits so we have, by analogy: 

+ [l+(R ' )2] (2:)1/2 ( (c ( b 2 erf ;-2) - erf ;-2)] 

and the mass exploding or burning, from equation (81-18) can finally be 
written as: 
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APPENDIX B2 

GAUSSIAN PLUME AIR DISPERSION MODEL 

In cases where the liberation of the cargo ill vapor phase takes a long 
time. it is more appropriate to use a Gaussian plume model (continuous source 
model) than a Gaussian puff model (instantaneous source model). The question 
of how long the gas release time should be in order to use t~e plume model 
is discussed in chapter 4 and the following section of this appendix. 

The Gaussian plume model is discussed in chapter 5 of the CHRIS documenta
tion (86). and equation (B2-l) below is essentially equation (5.2) from 
p. 54 of this work. The CHRIS documentation does not discuss the possibility 
of the vapor release rate varying as a function of time. Equstion (B2-1) 
allows for this possibility. but as programmed the model uses an average 
release rate which is not a function of time. The reason for this limita
tion in the program is twofold: first. if an explosion or flash fire occurs. 
the amount of fuel which explodes or burns must be found by integr3tion of 
the concentration distribution between given concentrations. Not only is 
this much easier for the case where the release rate is constant. but the 
various subroutines make no provision for storing the ~elease rate as a 
function of time. so a number of HACS subroutines \oo--uld have to be modified 
if the average release rate was not used. Se';ond. some of the HACS sub
models which treat the release of cargo vap~c do not calculate a release 
rate as a function of time. but output on1t the amount of vapor released 
and the time at which the release is complete. 

The Gaussian plume model is undefined when the wind speed is zer~. 
Since this is the case. and the plume model is not appropriate for use when 
the wind speeds are low, the VM uses the puff model w .... enp·;.;L t.h~ wiud speed 
is below 2 m/s. 

The details of the calculation are as follows; let: 

C • the concentration of the cargo in vapor phase. 

x. y, z -
t -

the pOSition of the observer (or the cell center) in a coordinate 
system in which the origin is at the spill or vent location 
(which is assumed to be at the water surface) and the pos1tive 
x axis is in the direction toward which the wind is blo .... ing. 

the time at which the concentration at x,y,z is to be calculated. 

t o. when the vapor release begins. 

t - x/V - the time at which the cargo vapor observed at x,y,z 
at time t would have escaped or evaporated if the wind speed was 
steady at V and there was no diffusion in the x direction. 

(86) Raj. P.K., and A.S. Kalelkar, Assessment Models in Support of the 
Hazard Assessment Handbook, A.D. Little, Inc., Cambridge, Hass., 
January 1974. Dept. of Transportation Report ~o. CG-D-65-74, 
JiTIS AD 776617. 
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time at whid: the gas vellting or evaporation is complete. 

• the rate of liberation of the cargo in gaseou~ state. 

• the diffusion parameters In the y and z direction, respectively. 
They are functions of x and of th~ !!tlll0spheric stability, of the 
Form axb . 

the wind speed. U 1s taken to be a constant. 

It is clear that Fe should be evaluated at time tv, since the rate 
of vapor liberation at the pool or vent at the same time that the concen
tration is being measured many hundreds of meters or many kilometers down
wind is irrelevant. What is relevant is release rate at tv, since the time 
it has taken the vapor to travel with the wind from the origin to x is just 
x/U. 

If lhe conditions are suitable for use of the plume equation as opposed 
to the puff equation, the concentration is given by 

C(x,y,z,t) a 
Fe 1 .:L 2 1 z ~ nUa 0 exp [- - ( ) - - (oz) for 0 < tv < te 

y z 2 0y 2 
(82-1) 

C(x,y,z,t) = 0 for t < 0 aOld tv> te 
v 

where Fe is evaluated at tv' In this equation it has been assumed that the 
gas is released at the water surface and a factor of two has been incorporated 
to account for the reflection about the zeO plane, i.e., for the fact that the 
gas escape5 into the positive-z half-space. 

Next we consider how much of the cargo vapor which is dispersing in a 
Gau~sian plume ~ill explode or burn in a flash fire. The basic assumptions 
are that no fuel will burn where the concentration is less than the lower 
flammable concentration, and that no fuel will burn where the concentration 
is above the upper flammable concentration. ~Iere the concentration is 
between the stoichiometric concenttltion and the upper flammable concentration, 
it is assumed that all of the oxyge~ will be co~sum~d, but that not all of the 
fuel will bp. consumed. This as~umption is discussed in detail in appendix C. 

In addition to the item~ defined above, let: 

= concentration or density of vure cargo vapor at ambient atmospheric 
temperature and pressure. 

C stoichiOMetric concentration. 
s 

Cu upper flaMmable concentration limit. 

Cl lower flammable concentration limit. 

ti time 0f ignition. 

xi'Yl'Zi = coordinatp.s of ignition source. 
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• coordinate of the sour~e-end of the plume: 

NO • number of moles of oxygen consumed per mole of fuel. 

Me • mass of cario consumed in flash fire or explosion. 

P • portion of f~el ~urned when the fuel concentration is greater than 
stoichi01lletric. 

Let us begin by finding an expression for the curve in the yz plane 
where C - Cs •. The concentration is given by 

(B2-2) 

Where the factor of two in the numerator comes from the assumption that 
the source is at z-O, and the escaping gas can only go into the positive-z 
half-space. With C-Cs • rearranging (B2-2) we have 

(-L)2 z 2 Fe 
a + (0 z ) I. 2 In (nuo (] C) 

y y z 8 
(B2-3) 

This is the equation for an ellipse. The mathematics will be simplified 
if we transiorm to a coordinate system in which we have a circle rather 
t~an ellipse. Let 

(B2-4) 

If r' • R~ on the circle in the primed coordinate system where C-Cs • then 

(R,)2 Fe 
s - 2 In (nU(] (] C ) 

Y z s 

Likewise, Ri given by (Ri)2 • 2. In (nuoF~ C ) 
Y z 1 

is the radius of the circle on which e-cl. and R~. given by 

, 2 (Fe 
(Ru) - 2 In nU(] (] C ) 

Y z u 

is the radius of the circle on which C-Cu. 
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Now the iraction of fuel consumed when the fuel concentration is 
greater than stoichiometric is 

p 0.21 
-~ 

C 
( ~ - 1) 

C 

as discussed in appendix C. 

(B2-6) 

The mass of cargo vapor which explodes or burns in a flash fire is 
then 

x e 

C • Cl 
II Cdyd z + 

C .. Cs 

(B2-7) 

where the limits on the y and z integrals are the curves on which t.he con
centr3tion is equal to Cl. CSt or Cu' The y-z integrals will be most easily 
done in the pcimed coordinace system in plane polar coordinates. The first 
integral is 

CaCl C-Cl O'''R' 1 +n/2 
Fe 

~2 
= • II Cd d If 

C-C 
y z 

C-Cs s 

Co 0 d'd' If y z y z o' .. R' 
s 

--,---=- e 
¢!--IT/2 lTU Y z 

2 0 0 r'dr'd¢!' 
y z 

But 

" (R,)2 (R' ) .. 
Fe s 1 

a- le- 2 -e --2-
U 

with Ri and Ri given by (B2-5) we have 

C=C s 

Fe 
Cdydz = U 

Using (B2-6) the second y-z integral in (B2-7) is 

.. 

C=Cs 

PCdyd z co If 
CaCu 

+'IT / 2 R' s 
0.21 If If ~O 

0.21 
NO 

(C p-C) 0 0 d' d ' Y z Y z 

R' s 

C (J 0 
P Y z 

r'dr' - ff 
-n/2 r''''R' r'=R' u u 
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Fe 
lTUO 0 

y z 
-JLl2 

e 2 

(B2-8) 

(B2-9) 

(B2-l0) 

(J (J r'dr' J dd>' 
Y z 
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In this expression, the ~' integral and the r' integral are trivial, and 
the second r' integral 1s similar to the integral evaluated in (E2-8) and 
(B2-9), we we ~ave 

C-cs 

Jf PCdydz -
(0.21 ) 

NO 
lTO 0 Y z 

C-C u 

Thus (B2-7) becomes 

L~t 0 y 
.. axb • Oz .. cxd , tl-en 

Xi 

(R' ) 2 - (R 1)2 

[Cp ( s 
2 

u ) - (Cu-C s ) ] 

~ - lTA f f 
xib+d+l_xeb+d+l 

acxb+d dx - lTA ( ) ac b+d+l -

where 

A • C -Cl + 0.21 
s - NO 

(B2-11) 

(B2-13a) 

(B2-13b) 

In practice, all the quantities in (52-13) will be known at the time it is 
calculated that the ignition oc.curs, except Rs and R,',. These quantities may 
be calculated from (B2-5), however. In the CHRIS/HACS models, Oy and Oz are 
not always given by an expression of the form axb . However, in most cases 
the plume will not be more than several km long when it is igniteo, and 
expressing 0y and Oz in axb form for such a range of distance is an acceptable 
approximation. 
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Appendix B3 

SCALE ANALYSIS 

Consideration of the lengths and ~imes which are characteristic of air 
dispersion enables one to coma to some useful conclusions. Scale analysis 
is used in this section of appendix B to show that the advection of a gaseous 
cargo by the wind will be much more effective in spreading the gas than will 
eddy diffusion alone. and it is used to indicate how a suitable time step 
might be chosen. and how to decide whether the plume or puff model is the 
more appropriate. Finally. it is shown that certain spIlls are too small 
to be treated accurately by the VM. 

Let us define the following scale quantities: 

L • 100 m • horizontal scale of surface roughness. 

V • 30 m • vertical scale of surface roughness. 

H - 3000 m • scale of distance over which a hazardous condition 
might exist. 

U·S ro/s • typical wind speed 

K - 1000 nt /s • horizontal eddy diffusivity on the scale of H. 

tr • dUI~tion of gas release. 

From these basic parameters we may derive several other quantities: 

th • H/U - 10 min • transport time for scale length H. 

tk • H2 /K. 2.5 hr • diffusion time for scale length H. 

tl • L/U • 20 s • transport time for the scale length L. 

In fluid dynamics it is customary to characterize the roughness 
of a surface by a representative length. Most surfaces. over which 
a fluid may flow. have surface imperfections of a random nature. In 
a pipe the surface roughness 1s caused by scratches, pits, and pro
tuberance~ on the inner surface. For atmospheric flows the surface 
roughness is caused by topological features of the ground. In an 
urban area the vertical scale of surface roughness would be approxi
mately the avcrage height of the buildings. The horizontal scale of 
surface rougr.ness would be close to the average distance between 
indivirlual buildings or between groups of adjacent buildings of similar 
height. The surface roughness lengths have been taken to be character
istic of an urban area, for this is the area in which a spill would be 
most objectionable. For grassland or the open sea, the parameters L 
and V would havp values about 1/100 of the values used above. The 
value of K. the horizontal turbulent diffusion coefficient, 1s taken 
from the data of Richardson as presented on p. 93 of [87). 

[B7) Slade, D. H., ed. Meteorology and Atomic Energy. U.S. Atomic Energy 
Commission, TI0-24l90, 1968. 
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The quantities above are representative values, and only give the orders 
of magnitude involved. This is sufficient for the problems addressed here. 
For example, comparison of th and tk indicates the relative importance of 
1IIiTd advection and turbulent diffusion in dispersal of a substance in the 
atllll)sphere. For almost any wind speed above zero, the transport by the Wi',ld 
1IIil1 be more important in spreading the material than will diffusion. F~r 
any scale distance H and wind speed U, the ratio of the wind transport tia~ 
to the diffusion time is given by the dimensionless ratio K/H/U. For the 
values used abo~e, this ratio is 1/15. 

Choice of Time Stee 

The choice of the time step to be us~d in the air dispersion submodel 
of the VH must be based on the scale of the problem as well as the compu
tational and cost factors. Only the input from scale considerations are 
considered here. Because the air dispersion model is not intended for \lse 
on the scale of the surface roughness, a time step. 6t. on the order of tl 
is not appropriste. Although the VH will function perfectly well for a~y 
size ti~ step. the use of a time step as small as tl or smaller may easily 
lead one to make unwarranted inferences about the accuracy of the VM. 
There 'is little if anything to be gained by the use of time steps less 
than tl' 

On tile other hand. the V!i is intended for use on the scale H, and is 
reas\)nably accurate on s\,;ch a scale. To get some detail on events on l:h1s 
scale, At must be chosen smaller than tho There are no definite rules. but 
typically one might choose 6t to be between thllO and thiS. Interpretation 
"'ill be ealliest if At is an even number of convenient units. For the scale 
distances And wind speed listed above, th - 10 min, 80 either At - 1 min or 
At • 2 cin would be reasonable choices. To follow a cloud of toxic gas 
over long d.lstances. one might wish to increase At some\.l,\at. 

Plum~ Model or Puff Hodel 

The characteristic times defined above are useful in determining 
whether the plume or the puff model is the most appropriate. Clearly the 
puff model is inappropriate if the time of gas release is as long or longer 
than the time needed to travers~ the scale of ~istance over which daD~ge 
may reasonably be expected. Thus if the time over which gas is released, 
t r , 1s greater than tho the plume model should be used. It is also evident 
that the puff model is called for if tr is less than tl' For the case 
where tr is between t1 and th' there is no obvinus dividing line between 
the cases for which the plume model 1s appropriate and the cases for ",hich 
the puff model 1s appropriate. The line might well be drawn in the region 
between 3tl and th/3. however. If At 1s chosen to be about th/lO. then the 
plume model may be specified if tr is greater than 3At or SAt. 

Lower L1m1.t of Applicability 

For a spill to be capable of causing damage. and also to be validly 
treated by the VM, it must exceed a certain size. When the vapor cloud 
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from a small spill is concentrated enough to be ha7.ardous, it may be smaller 
than surrounding structures, and so the air dispersion 8ubmodel will not 
predict its motions and spreading correctly. If, wl,l!n the cloud has ex
panded to a size such that the air dispersion submodel will treat it ade
quately, the concentration of cargo vapor is so low that the event i3 no 
longer of interest, then such a spill is too small to be considered by the 
VH. If the glob of vapor which is of interest is considerably smaller toan 
the scale of the roughness of the surface, then this glob, if near the sur
face, will be inaccurately treat£d by the air dispersion models. Since 
vapors are no longer a threat when considerably elevated, the VH treats only 
vapors near the grounJ or water surface. 

The scales L and V above were chosen for urban areas. For suburban 
areas, these scale lengths must be reduced by a factor of 2 or 3. For open 
fields or the sea surface, reduction by a factor r.ear 100 1s in order. 
Since most of the vulnerable resources are concentrated in urban areas, 
the lengths used above were chosen. 

It is clear from the way in which the gaussian models were developed, 
and from observations of the eddies around buildings, that a glob of vapor 
which is much smaller than the buildings among which it is found will not 
be treated accurately by the VM. It {ollows then, that a glob of vapor 
with a radius of LI10 • 10 m is one for which the VM is inapplicable. Since 
we are interested in spills and vapors near the ground, let us consider a 
hemisphere of radius 10 m, which has a volume of 2100 m3

• 

An idea of the minimum amount of material for which the model is 
applicable can be obtained by calculating how much of the substance this 
hemisphere would contain at some lower significant concentration. For flam
mab1c substances this concentration is taken to be the lower f1~b1e 
limiting concentration, also known as the lower flammable limit. For toxic 
substances, the concentration which causes immediate irritation haa been 
used as the significant concentration. 

As a rough estimate of the lower limit of the amount of a cargo which 
must be spilled in order for the dispersion model to be applicable, the 
amount of the cargo necessary to create a hemisphere of radius 10 m with a 
uniform concentration at th~ significant level has been calculated for each 
of the primary cargos. The results are given in Table B3-l. 

This table is interpreted as follows: For the case of LNG, it takes 
53 gallons to create a hemisphere 10 m in radius at the lower flammable 
concentration. A hemisphere this small cannot be treated accurately ~y the 
VM in an urban area hecause of the size of the surrounding buildings. If 
the cloud were to expan~ to a size which the VM does treat accurately, then 
the vapor would be so diffuse that it could not ignite and the danger of 
explosion or fire is not present. Thus, a spill of 53 gallons • 0.20 m1 o~ 
LNG is too small to be t~eated by the VM. 

Since the volume of a hemisphere is ~roportional to the cube of its 
radius, a spill of 53,000 gallons s 200 m is necessary to create a hemi
sphere of radius 100 m at the lower flammable concentration. This hemisphere 

203 

.b.tt_ ...... ___ ... _____ . ________ .............. _. ___ . __ _ 



is on the same scale as the surface roughness, and therefore represents the 
order of magnitude of the spill large enough to be treated adequately by th~ 

VM. Between 0.20 m3 ard 200 m3
, the air dispersion submodel becomes more 

and more applicable as the size of the spill is increased, but no definite 
line can be drawn to separate a region of applica~ility from a region of 
inapplicability. 

Thus the volumes in the two righthand colwlI~ of table B3-l represent 
spill sizes for which the VM is not applicable. 1he VM is certainly appli
cable for a spill of 1000 times as much cargo as iisted in these columns, 
however, and for spills between these two sizes the VM must be applied with 
caution. 
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TABLE 83-1 

Volume of Liquid for the Five Priority Cargos 
Which Is Necessary to Create a Hemisphere 

of Radius 10 m at the Significant Concentration 

Significant Mass in 
Cargo Concentration Hemisphere Volume in Liquid Phase 

kg m gallons 

LNG 5.3% 80 0.20 53 

Methyl Alchohol 7.3% 210 0.27 71 

Gasoline 1.4% 130 0.19 50 
---
Ch'.orine 45 mg/ml 0.084 0.000056 0.015 

-
Anhydrous 700 mg/m l 1.5 0.0018 0.48 Ammonia 

.-
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APPENDIX Cl 

IGNITION SOURCE CONSIDERATIONS 

As a further refinement to the fire and explosion modeling it has 
been suggested that gradations within the classes of ignition sources be 
considered. Such gradations would permit the user to Rpecify at a given 
location a type of ignition source that would be capable of igniting 
some flammable materials bu: not others. 

The approaches to implementing some type of ignit~on source gradation 
in the VH is based on a soraewhat '.lr • ...:onventic~.sl use of the ...:oncept of 
flashpoint. According to one standa~·d text: 

Fhsh I'oint of a liquid is the lowest temperature 
of the liqul~ at which it gives off vapor sufficient 
to form an ignitible rdxture with the air near the 
surface of the liquid or within the vessel used. By 
"ignitibl.e mixture" is meant a mixr:ure within the 
flammable range (between upper and lower limits) that 
is capable of the propagation of flame* away from the 
source of ignition when ignited. Combustion is not 
continuous at the flash point. This term applies 
mostly to fla~ble liquids. although there are certain 
solids, such as camphor and naphthalene, that slowly 
sublime (change from a solid to a vapor) at ordinary 
room temperature and therefore have flash points while 
still in the solid state. [C-lJ 

*By "propagation of flame" is h'2're meant the spread 
of flame frv~ layer to laye~ independently of the 
source of ignition. A gas or vapor mixed with air in 
proportions below the lower limit of flammability may 
burn at the source of ignition, that is, in the zone 
immediately surrounding the source of ignition, 
without propagating (spreading) away from the 90urce 
"f i gil it ion. 

Thus flashpoinr is seen LO be a property of the flammable substance; 
flashpoint is related to two more fundamental properties of the substance, 
viz. the limits of flamw~bility and the dependence of vapor pressure on 
temperature. Nevertheless flasltpoi'1t gives a measure of the ease by 
which a particular substance may be ignited. The lower the flashpoint. 
the easier it is to ignite the ~aterial. 

Since flashpoint is a conunonly accepted measure of flammability, it 
seems reasor.able to "turn-the-tables" and use tlashpoint as the basis for 

(C-l) Pire Protection Handbook, p. 4-8 ff. G. H. Tryon, ed.-jn-chief. 
National Fire Protection Association, Boston. 1969. 
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a measure of ignition source strength. 

At the present time it seems undesirable to perform the data prepara
tion and modeling required to characterize real-world ignition sources, 
their ability to ignite a certain hazardous cargo, and their distribution 
spatially and temporally. Instead a less detailed model, that is mor~ 
easl1y developed and used, is desired. Again the user shoul~ be able 
to keep all para~ter8 of a simulation fixed except the type of flamma
ble substance and have an ignition for one substance, but no ignition 
for another. Basing the ignition source strength on flashpoint permits 
the user to have this capability. PO·oTerful ignition sources will ignite 
all combustible materials; weak ignition sources will only be able to 
ignite very flammable substancps, 1.e. those with very low flashpoints. 

One approach to providing such gradations would be to designate an 
ignltion temperature for each ignition source. Those materials (generally 
flammable liquids) that have a flashpoint less than or equal to the given 
ignition temperature would be ignited (provided of r.ourse that the vapor-
air mdxture had a concentration within the ignitable range). while those 
materials with a flashpoint above the given ignition temperature would not 
be 19nited. This rather unconventional applicatio(l of the concept of flash
point is primarily an attempt to allow the "ser to specify ignition sources 
of different strengths; thub two simulations having the same input data, 
except for the type of substance spilled, will yield ignition in one case 
but not in the other. Flashpoint, of course, is a material property en
compassing a set of physical and chemical parameters such as volatility, 
ignitibility, specific heat, and vapor density. The use of flashpoint 
to characterize ignition sources is recognized to be an artifice without 
a clear ~henomenological basis. However, it does allow the user of the 
VH, albeit in an artificial manner, to vary the strength of the ignition 
sources specified. Another approach to providing gradations of the fi~e-type 
ignit~on source would be to characterize ignition sources on the basis 
of the standard classifications of flammable liquids. Table Cl-l shows 
the ICC and NFPA classifications for flamms: Ie liquids. An igni~ion 
source givell a certain level designation would be capable of igniting all 
those substances whose flashpoints fell within the limits for that level 
and would be capable of igniting all those substances whose hazard level 
was greater. For example, using the NFPA classificati.on an ignition 
source designated IIX)derate could ignite methyl alcohol (flashr;oint .. +65°F, 
within the moderate range) as well as gasoline (flashpnint = -50°F, within 
the high range); however, it would not ignite spirits of turpencine 
(flashpoint - ~5°F, within the slight range) nor would it ignite olive 
oil (flashpoint - 437°F, within th~ combustible range). 

For the Vulnerability Model, the NFPA classification of flammable 
substances is used as the basis for ignition source differentlation. The 
flashpoint of fla~ble substances is ~ot currently included in the proper
ties file; consequently this information will be provided as i:lput data 
until the properties file is revised. Guidelines will be provided to the 
user suggesting which type of ignition source to use depending on the land 
use or some 0ther indicator of human activity. For computerization the 
ignition sources are denoted by a single digit code as indicated in 
Table Cl-2. An ignition source designated by "0" means no ignition regard
less of the flammability class of the spi:led substance. 

208 

.---. .... _--_._-------- --------- --



... ----~------.----.-----

For ignition source codes 1 through 4 ignition will occur provided 
the flashpoint of the material spilled is less than or equal to the upper 
bound of the NFPA range indicated. This relationship between ignition 
source code and the flashpoint of substances subject to ignition is given 
in Table Cl-3. If the sign of the code is positive, then the ignition 
source is understood to cause conflagration only; i.e., the flash fire 
subwodel 1s to be selected. If the sign of the code is negative, then 
the ignition sourCL is understood to cause detonation; i.e., the explosion 
8ubmodel is to be selected. 
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Code 

0 
1 
2 
3 
4 

ICC: 

flash point fire hazar.:! 

< 80°F hiSh 
80°F-350°F moderate 

> 350°F slight 

NFPA: 

flash point fire hazard 

< 20 0 r high 
20or-70°F tDOdera te 

70°F-200°F slight 
> 200°F combustible 

TABLE C1-1 

CLASSIFICATION SYSTEMS FOR FLAMMABLE LIQUIDS [C-2J 

NFPA Classification 
Flash point of Fire hazard of 

substances ignited substances ignited Ignition potential 
by the source by the source of the source 

-- -- none 
< 20°F high low 

20°F-70°F moderate moderate 
70°F-200°F slight high 

> 200°F combustible all combustibles 

TABLE Cl-2 

NUMERICAL DESIGNATION OF 
IGNITION SOURCE STRENGT" USED IN THE VM 

Ignition 
Source Flash point of Spilled Ma tel' lal 
Code hnitlon No Ignition 

0 none all 
1 r.p. < 20°F F. P. > 20°F 
2 F.P. < 70 0 r r .P. > 70 0 r 
3 F.P. <20v'r F.P. ;. 200°F 
4 all combustibles .on}x_ non-combustibles 

TABLE C1-3 

RELATIONSHIP BeTWEEN IGNITION SOURCE 
CODE AND FLASH POINT OF SUBSTANCE IGNITED OR NOT IGNITED 

[C-2) Dangerous properties of induRtrial materials, 3rd ed., p_ 198. 
N.I. Sax, ed. Van Nostrand Reinhold Co., New York. 1968. 
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APPENDIX C2 

CALCULATION OF THE AMOUNT OF FUEL CONSUMED 

Three ways of calculating the mass of fuel consumed were considered. 
An upper bound on the quantity consumed is provided by as;3uming that all 
the fuel at a concentration above the lower limit of flammability burns 
complet~ly; i.e. 

where 

IDel f C(x,y,z) dT 

Vl 

C (x,y,~,t) .. the concentration of the fuel (kg/m3) 
dl element of volume 

(C2-l) 

VI the region enclosed by the surface, C (x,y,z,t) - KL (lower 
explosive limit·) 1n the half-space z 2: o. 

A sec~nd estimate of the quantity of fuel consumed Is obtained by 
assuming that all the fuel at a concentration between the upper and lower 
flammability limit is consumed; for this case 

f C (x,y,z,t) dT 
Vz 

(C2-2) 

where Vz is the region enclosed by the two surfaces, C (x,y,z,t) .. KL and 
C (x,y,z,t) .. KU (upper expll'sive limit) on the half-space z2:0. 

A lower limit of the quantity of fuel consumed is obtained by assuming 
(1) only fuel at concentrations within the flammability range is consumed 
and (2) the fuel is not necessarily consumed completely, but is consumed 
only to the extent that sufficient oxygen is present. Thus, for this caRe 

where 

f C (x,y,z,r) d: 
V) 

+ f F(C) C(x,y,z,~) dT 
V4 

V3 • the region enclosed by the surfaces C (x,y,z,t) = KL and 
C (x,y,z,t) .. Ks (stoichiometric) in the half space z2:0. 

V4 • the region enclosed by the surfaces C (x,y,z,t) "' KU and 
C (x,y,z,t) .. K in the half space z > O. 

s -

(CZ-3) 

and F (e) is a weighting function giving the f:acti0n of the fuel present 
that enters into the combustion reaction. That is, if the fuel-air mixture 
is richer t~an stoichiometric then we desire to compute the weighting 

Although some authors distinguish between flammable and explosive limits 
of concentration, many other authors, !ncl~ding several standard references 
do not. Certainly for many cases of diffuse vapor c:~uds the distinction 
may well be impossible to make. ThereforE', for the purposes of the VM, 
explosive and flammable lilnits are taken to be identical. 
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F (c) • Me 
Mp 

Me 
and Mp 

• the mass of fuel consumed 
• the mass of fuel present. , 

(C'l-4 ) 

These masses are, of course, proportiol)al to the number of moles in ellch 
category, L e. 

where 

nc = number of moles of fuel consumed 
np - number of moles of fuel present 
Mf = molecular weight of the fuel. 

Then the mass fraction consumed can be written as, 

F (C) _ nc 
Op 

(e2-Sa) 

(C2-Sb) 

(C2·-6) 

The combustion reaction of the fuel can always be written in the form. 

1 mvle fuel + L moles 02 ~ reaction products. 

Since air is 21% oxygen by weight, if one mole of fuel requires L mole] of 
of oxygen for complete combustion (i.e. a stoichiometric mixture). then one 
mol~ of fuel will require (L/0.21) moles of air. Phrased another way, 
eac~ mole of reacting air will consume (0.2l/L) moles of fuel. Hence the 
number of moles of fuel consumed, nco can be related to the moles of air 
present in the rich mixture by, 

• (C2-7) 

where. 

na a number of moles of air present in the rich mixture (all the 02 
is presumed consumed). 

Thus the mass fraction is written as, 

F (C) (C2-8 ) 

The quantitie~ ns and np represent the number of moles of each component 
pre~ent 1n the two-component fuel-air mixture. The total number of moles 
present 1s given by, 

n II + (C2-9) 

212 



b 

.... "' ... ""'.,~""'l··' ... " 

, -' 

: ~ 
whp.re , 

n • the total number of moles in the two component mixture. 

Now assuming that the perfect gas law holds for the fuel, the air. and the 
mixture of the two, we may write for a system containing hypothetical fuel only, 

where 

p • 

p • 

T -
R -
Pf -

PfRT 
J.lf 

the total pressure 
the te1llperature 
the perfect gas law constant 
the density of the fuel at temperature, T, and pressur~, P 

(C2-10 

But the perfect gas law may also be WYitten, for an· elemental volume V of 
the mixture as, 

(C2-11) P 
nRT • V 

or 

PV n - RT 

hence by the use of equation (e2-10), where identical temperatures and pressures 
are assumed for the mixture and the system containing only fuel, 

n - (C2-l2) 

Now for an ele~ntal volume of the mixture the mass of fuel present is 
gi en by, 

Mp • CV (C2-13) 

hence the number of moles present is given by, 

~ 
CV 

np • • 
Hf 

(C2-ll.) 

Rearranging equation (C2-9), 

ua • n - np 

* Also note that 

Vpa 
n - Ma 

This is a consequence of Aragandro'a Law. 
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and substituting equations (C2-12) and (C2-l4) in the result yields, 

• CV 
- Hf 

v 
• - (Pf - C) Hf 

(C2-lS) 

Note that when C·Pf the mixture is pure fuel and the number of moles of air 
as given by equati~n (C2-l5) is zero. Using this result and equation (C2-14) 
the mass fraction, as given by equation (C2-8) can be written as. 

V Hf (Pt - C) 

CV F (e) • 

Hf 

or (Cl-16) 

F (C) • 

Now that the weighting function, F (C), has been d~~ermined the third 
estimate, me) (the estimate ultimately used) for fuel participating in 
rapid combustion,can be computed. 

wherE. 

Thus equation (C2-3) becomes 

0.11 
L 

V4 is the volume of region V4 . 

r CdT] (el-17 ) , 
v4 

To simplify the treatment of the volume integrals that occur in equations 
(C2-1), (C2-1), and (C2-l7), only surface spills will be considered. This 
is consistent with restrictions already made in this program. Furthermore, 
the general behavior is expected to be the same regardless at what height 
the spill occurs. For a surface spill, the concentration according to the 
CHRIS model is given by, 

where 

2m 
C(x,y,z,t) = 3/2 -----(2TT) 0 0 0 x y z 

exp (x-Ut)2 ~ z2 
[ ~ 2 + ~ + z;;rl La 0y 0 x z 

(Cl-IS) 

0x,Oy,Oz = the variances of the Gaussian concentration profile jn t~e 
respective directions (m) 

m • the total mass of spill in the vapor phase 
x,y,z, D coordinates 
U - wind velocity 
t - time 
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By performing the coordinate transformation, 

[-L-) • r sin e sin ~ 
Oy 

[__..z--..] • r cos e 
Oz 

(C2- .. 9b) 

(C2-l9c) 

the volulbe 1·.ltegrals bounded by surfaces of constant concentration can be 
transformed to a more convenient form. Thus, for example, for equation 
(C2-l) we get. 

where 

2m IrL 
e-r2h r2 dr 

mel· (2 IT)l/2 
o 

[2 tn (2m ) )1/2 
(21T) 3/20" OJ OzKL 

and KL • concentration at the lower explosive limit (kg/m3). 

If the quantity 

2m 

(C2-20a) 

(C2-20b) 

is less than one, the logarithm is negat~ve; i.e. there is no real solution 
for TL. What this means physically is that the variances (Ox,Oy,Oz) are 
so large that the concentration everywhere in the vapor plume is less than 
KL. For such a case the exploding mass ie obviously to be taken to be zero. 
On the other hand when the variances are small (this is the case soon after 
the time of release of the vapor), rL becomes very large. In such a case 

rL 2 
I J e -r 12 r2 .I r a .!. for I 

(2'rr) 11 2 u 2 rL» 
o 

so that me I ~ m. 

In other words almost the entire n~ss of vapor released burns or 
explodes. Since the exploeive yield of spills never spems to be greater 
than 10 percent of the total yield available from all the material spilled[C3j, 
the approximation given by IDe! may grossly overestimate the yield. The 
overestimation will occur at timea soon after the spill when most of the 
mass is still undiffused and therefore contained within the lower explosIve 
limit contour. Therefore, me is rejected as a suitable approximation to the 
mass of vapor that enters in the explosive reaction. 

[C3j Brown, John A. A study of the growing danger of detonation in 
unconfined gas cloud explosions. John Brown Associates, Inc., 
Berkeley Heights, New Jersey. December 1973. 
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The second estimate of exploding mass given by equation (CZ-2) gives 
more reasonable answers; however this estimate also seems to give values 
which are generally too high. Thus equation (C2-~) becomes, 

2m 
• (Zn)l/2 

where r L is given by equation (25-b) and 

• 

and KU m concentration at the upper explosive limit (kg/m3) 

Equations (CZ-20b) and (CZ-2Ib) may be combined to yield, 

(CZ-21a) 

(CZ-2Ib) 

(C2-22) 

From equation (CZ-2Z) it is clear that the integration limits in equation 
(CZ-2Is), viz. rL and rUt are not independent. In a sense me2/m. the fraction 
of available mass that this estimate gives as exploding, can oe treated as a 
function of the lower limit of integration rU. with the explosive limits ratio, 
[KU/KLJ a parameter. For any given rU the integration interval (hence meZ/m) 
is increased as the ratiO, [Ku/KLl. is increased. This is what one would 
expec~ physically. 

If rl' is taken to be very large. rL is also very large and the integral 
is small. The case of rU large corresponds to times soon after the spill 
when very l!ttle mass is contained in the region between the explosive limits. 
As stated prp~iously. whenever the argument of ~he square root in equations 
(eZ-ZOb) and (CZ-2Ib) is negative the radius, ru or rL, is to be set equal to 
zero. Thus for very diffuse vapor clouds both ru and rL approached zero. In 
that case the 1.ntegral also zero. Thus the estimate me2 has the desirable 
property that very rich or very lean vap/)l" clouds both tend to have small 
explosive yield. while at some intermediate point the explosive yield is 
maximum. This behavior is ~hat is expected to occur. 

It appears that the largest yield is obtained when rU = O. Values of ITIeZ/m 
a~e plotted as a function of KU/KL in Figure C2-1. Values of KU/KL for four 
flammable substances of special interest are given in Table C2-l. As shown in 
Figure C2-1. when KU/KL is large (e.g. for acetone KU/KL = 32) nearly the entire 
mass of vapor is within combustible limits. Even for subst~nces less perni~ious 
than acetone. for example, methanol with KU/KL = 5. more than 6070 of the 
vapor explodes. This estimate gives yields which are several times more 
than the five to ten percent of mass spilled that has been observed. Con
sequently it seems appropriate to use the lowest estimate. me3' 

By using the transformation of coordinates given by equations (C2-l9). 
eq'Jiltion (C2-17) may be rewritten as • 
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Ammonia 

Gasoline 

Methane 

Methanol 

TABLE C2-1 

1.563 

5.429 

2.642 

5.00 

RATIOS OF UPPER EXPLOSIVE LIMIT 
CONCENTRATION, KU, TO LOWER EXPLOSIVE 
LIMIT CONCENTRATION, KL, FOR FOUR SUBSTANCES 
OF SPECIAL INTEREST. 
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!lie) 
m • 2 [S(rL)-S(rS») -0.42 [S(rS)-S(ru)] 

+ 

where 

0.21 
L 

rs • [2 1n ( __ 2m )] 112 
(2n) 3/2a a a Ks 

x y z 

Ks - stoichiometric coucentration (kg/ml) 

and where 

S (r) 

or 

S (r) 

where 

P (r) = 

Per) - 1 

f2iT 

x 
2 

e- 7 dx 

(C2-2l) 

(C2-24) 

(C2-25) 

(C2-26) 

(C2-Z7) 

is the cumulative normal probability function. Now from equation (C2-LIb) 

2m 
3/ ' (ZTT; 'tJ a a Vu Pf x y z 

since 

(C2-Z8) 

where Vu is the volume fraction of vapor at the upper explosive limi~. 
Furthermore, tIlt! volume of the ellipsoidal shell comprising V4 is given by, 

V4 2TT 3 a • -- a G a (r - r ) 3 x y z S 

Combining the$e two results gives, 

233 
Z e-rU (rS-r

U
) 

1-,---
3 (ZTT) I 2 Vu 

- . 
m 

hence the mass ratio given by equation (C2-23) becomes, 

FiFT 1'!!r C 1 

'" 

+ 0.21 
L 

°L42 
[S(rS)-S(rU)] 
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;gain this estimate appears to give a maximum value when rU • O. For 
that condition and for methanol (KU/KL • 5, KU/KS • 2.9723) me3/m has a 
value of 0.216. This value is still higher than observed explosionsi how
ever, the value of me3/~ • 0.216 is fa~orably smaller than the value me 1m 
- .641 obtained for Ku/KL • 5. Therefore me3 should be used 8S the est~te 
of mass explod~d because (1) this estimate exhibits a maximum value as 
expected physically, (2) the apparent maximum value for a typical explosive 
vapor is conservative; i.e. the explosive yield predicted is probably 
larger than that actually obtained. and (3) this estimate depends ~pon the 
stoichiometric concentration as well as the upper and lower explosive 
limits; therefore, it is physically more real{stic. 
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APPENDIX C3 

EQUIVALENCY OF CHANGE IN HELMHOLTZ FREE ENERGY 
AND CHANGE IN ENTHALPY FOR ESTIMATING 

THE YIELD OF VAPOR-AIR EXPLOSIONS 

To show the close agreement between th~ change in Helmholtz free 
energy and the change in enthalpy, proceed as follows. By definition, 

H • E + PV 

where, 

H • enthalpy 
E • internal energy 
P - pressure 
V = volume 

Differentiation of equation (C3-1) yields, 

dH 3 dE + P dV + V dP 

and for an isobaric process this becomes 

dH '" dE + P dV 

(C3-1) 

(C3-2) 

The usually accey~ed standard heat of combustion is the change in 
enthalpy resulting from the combustion of a substanL~, 1n the state ~hat 
is stable at 25°C and atmospheric pressure, with the combustion beginning 
and ending at a temper~ture of 25°C. Thus the tabulated values for change 
in enthalpy resulting are for an isobaric process. Thus equation (C3-2) 
may be WTitt~n as, 

~H • ~E + p t::.V (C3-3) 

Accordinp, to Kinney [C41, the energy yield of an explosion is glven 
approximately by the change in Helmholtz free energy, -t::.A; -t::.A is com
puted usin~, 

(C3-4) 

wh~re, 

~E i9 the heat of explosion measured at constant volume 

T is the temperature and 

~s is the change in entropy for the isothermal process. 

[C4] Kinney, Gilbert Ford. Explosive Shocks in Air, p. 11. The MacHillan 
Co., New York, 1962. 
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The quantity E has the same meaning in equation (C3-3) and (C3-4). 
Combining equations (C3-3) and (C3-4) gives 

-6A • -~H + P ~V + T ~S 

or 

(-aA + 6H) - P 6V + T 6S (C3-S) 

Equation (C3-S) states that the difference between -6A and -~H, the 
alternative quantities used to compute explosive yield, is given by 
(P 6V + T AS). 

Consider the combustion of methane by the reaction, 

(C3-6) 

Since three moles of gaseous reactants combine to prodt·.ce three moles 
of gaaeous combustion products, there is no change in volu~e, i.e., at the 
same temperature and pressure (by definition the reactant!, and products 
are brought to 760 DIll Hg at 2S0C). volumes of gas contai'ling equal number 
of moles are of equal volumes (Avogadro's Law (CS). TI.us for the reaction 
given by equation (C3-6), AY in equation (C3-4) is zero. 

Now for a mixture of ideal gases, the entropy is gl~en by, 

S • R ~ nk (ok - In P - In Xk) 
k-l 

where 

and 

S • entropy of mixture 

nk • number of moles of gas species "k" 
p • pressure 

Xk • mole fra"-tlon of gas species "k" 

CPk • specific heat of gas species "k" 

R • gas constant 

SOk • standard molar entropy at STP 

(C3-7) 

(C3-8) 

res) Hougen, a.A., K.M. ~atson, and R.A. Ragatz. Chemical Process 
Principles, Part I, p. 305. John Wiley & Sens. Inc., New York. 1959. 
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Equation (C3-1) now can be used to calculate the entropy on both 
sides of the reaction (C3-6) so that the change in entropy can be computed. 
Note that the terms 

and 

are identical on either side of the reaction. Hence, 

(where SR' 5L are the entropy on the right and left hand sides res~actively 
of the reaction (C3-6). 

Following through the computation with tabulated values gives. 

6S • -1.28 cal 
g-mole-°K: 

hence, 

T6S • -381.44 cal 
g-mo1e 

(C3-9) 

(C3-10) 

Referring again to equation (C3-S) we see that the difference between 
-AA and -6H is -381.44 cal/g-mole. However the value of 6H for the com
bustion of methane is -212.198 x 103 cal/g-mole. In other words. for this 
reaction the error made in using -6K to represent -aA is of the order of 
1/10 of ~nc percent. 

Now consider the combustion of n-octane by the reaction. 

(C3-H) 

Again using equation (C3-7) we obtain, 

6S • 107.385 g-mole-oK 
cal 

(C3-12) 

In the combustion of n-octane. however, the number of moles of gas 
changes. hence the term P6V in equation (C3-S) is not zero. From the 
perfect gas law. 
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PV • nRT (C3-13) 

it can be shown for a reaction in which the reactants and product are 
brought to the same temperature and pressure, that 

AV - AnRT (C3-14) 

where An 1s the change in the number of moles in the gas phase by virtue 
of the reaction. For the reaction given by equation (C3-11) 

An - -3.5 

Thus the total difference between -~ and -6H is 

2.993 x lO~ cal 
g-mole 

But the heat of combusion, -~H, for n-octane is 1.307 x 10 6 cal/g-mole. 
In other words, the error is of the order of two percent • 

. These rather lengthy calculations have been performed to demonstrate 
that the change in enthalpy is indeed a good approximation to the change 
in Helmholtz free energy. The energy available from the terms P~V and 
TAS are very important for the condensed phase explosives with which 
Kinney [C4) was mainly concerned; however, for gas mixture explosions, 
with which we are concerned, these terms are negligible. 
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APPENDIX C4 

CORRECTION TO HEATS OF COMBUSTION 

Correction for Water Heat of Vaporizatio~ 

The value for heat of combustion, - 6H, used in Chapter 4 to determine 
explosive yield (equation 4-2), is for final protiucts that include water 
vapor; most handbooks give - ~H for final product3 that include liquid water. 
These values for - 6H must be corrected for the heat of vaporization of 
water. 

where 

This correction is given by, 

- ~Hw • - ~H - nw Aw 

heat of combustion corrected for water vaporization 
handbook value for heat of combustion 

(C4-1) 

number of moles of water formed per mole of fuel burned 
heat of vaporization of water. 

For the combustion of methane as g1ven in equation (C3-6) the correction 
factor is -19.43 x 103 ca1/g-mo1e or about a nine percent correction. For 
the combustion of n-octane as given by the reaction in equation (C3-11) the 
correction factor is 0.08745 x 106 ca1/g-mole or about a seven percent 
correction. 

Correction for Fuel Heat of Vaporization 

The value for heat of combustion, used in Chapter 4 to de~p.rmine 
explosive yield (equation 4-2), - ~H, is for an initially vaporized 
(gaseous phase) fuel. 

Heats of combustion are usually reported for the substance in the 
normal state at 25°C. Since the reaction of interest is for a substance 
normally a liquid at 25°C, then unless specified otherwise, the handbook 
value must be corrected to account for the heat of vaporization of the 
fuel. This correction is given by, 

where 

- ~Hf = - 6H - Af 

heat of combustion corrected for fuel vaporization 
heat of vaporization of the fuel. 

(C4-2) 

Since methane is gaseous at 25°C and 760 mID Hg, ro correction is 
required for thi! combustion of methane. For n-octane, which is a liquid 
at standard conditions, the correction factor is -9221 ca1/g-mo1e or about 
0.7 percent. For substances less easily vaporized the correction factor 
will, of course, be larger. 
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APPENDIX C5 

DAMAGE POTENTIAL OF CONFINED EXPLOSIONS 

The following two charts give a measure of the damage potential of 
confined explosions. The charts consider the energy yield available wh~1I 
confined spaces are filled with combustible mixtures. The charts do not 
address the more sophisticated consideration of what seepage rates into and 
ou~ of structures will produce combustible mixtures in the presen~e of a 
time varying atmospheric concentration. Neither do the charts address 
the additional hazard from fragments expected for confinec, rather than 
unconfined explosions. 

The first chart gives the explosive yield as a function of volume 
resulting from the ignition of a stoichiometri.c mixture of the materials 
noted, presuming the volume is completely filled with a stoichiometric 
mixture. 

The second chart shows the effect on energy yield as a function of 
volume when the concentration is v~ried away from stoichiometric; of course 
for any concentration other than stoichiometric the energy yield is less 
given the same enclosed volume of vapor-air mixture. The substance is 
methanol. Ratios of 0.6 and 3 correspond approximately to the lower and 
upper explosive limits. respectively. 
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DAMAGE TO VULNERABLE RESOURCES FROM FIRE AND EXPLOSIO~ 

In this appendix further detail is provided about the basis for uamage 
a~sessment in the event of fire or explosion. Since the physical phenomena 
causing the damage in a fire are quite different from the damag~-causing 
phenomena 1n an explosion, the damage assessment for fire is discussed 
separately from that for explosion. Furthermore under each of the separate 
discussions for fire and explosion, damage to each type of vulnerable 
resource is treated separately; people and structures are the two types 
of vulnerable resource considered. Damage from explosion will be described 
first since damage from this source is likely to be more serious than from 
either a flash fire or pool burning. 

EXPLOSION DAMAGE 

In assessing damage from explosions that result from spills of 
hazardous materials, considerable use is made of studies performed for 
and by the military; these studies assess damage from both conventional 
and nuclear weapons. 

As mentioned in Chapter 4 of this report, the blast wave resulting 
from a ~iffuse explosion behaves dtfferently than a standard condensed 
phase explosion (like TNT) and certainly behaves differently than a 
nuclear explosion. Nevertheless, the assumption that diffuse and con
densed phase explosions are similar yields small errors compared to those 
errors given by slme other assumptions. Since much of the damage assess
ment analysis is p~esented in terms of basic blast wave parameters (say 
overpressure,rather than the TNT yield), if the analyses becomes available 
to predict the behavlor of diffuse explosions, these predicted values may 
be used with the preexisting data to provide a more accurate damage assess
ment. In the absence of a convincing and complete analysis of diffuse 
exp~osion8, the approach will be to treat the diffuse explosions as con
densed phase explosions and assess damage accordingly. This ~pproach is 
certainly state-of-the-~rt and is consistent with approxim~tions in 
modeling made elsewhere in the VM. 

Damage to Personnel 

In choosing mod~ls to describe damage from explosions several sources 
were consulted, but primary among these is a recent document [Dl J prepared 
for the Uppartment 01 Defense Explosives Safety Board which is a com
penoium of assessment techniques for damage from conventional explosions. 
In this and other references, damage to personnel is classified into 
three categories: 

[Dl) Fugelso, L.E., L.M. Weiner, and T.H. Schiffman. Explosion effects 
computation aids. General American Research Division, General 
American Transportation Corporation, Niles, Illinois, June 1972. 
GARD Project No. 1540, AD903279 L - (the limited distribution 
denotation on this document has recently been lifted). 
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(1) primary damage - direct blast effects (interaction between the 
blast wave and personnel only, with no other intervening or 
associated factors) 

(2) secondary damage - damage from mis9iles and fragments 

(3) tertiary damage - damage from translation and subsequent col
lis10n with an obstacle. 

These categories of blast injury are based on the mechanism of damage 
and are independent of which of the basic blast wave parameters (peak 
overpressure or dyn~ic impulse) is used to assess damage of that 
category. 

The discussions that follow, taken largely from references [Dl) and 
[D2) explain in more detail, the nature of these categories of blast 
injury to personnel. 

(1) Direct Blast Injury 

When the human body is exposed to the environmental 
pressure variation accompanying a blast wave, the wave i~ 

transmitted in complex patterns throughout the body cut, 
more important. the body wall is pushed violently inward. 
As a consequence of this implosive effect, very high tran
sient internal pressures occur. Th~se often exceed the 
external pressures by considerable amounts. Severe dis
ruptive forces are produced at junctions of tissues of 
different densities such as bone with soft tissue or in 
air-containing organs such as the lungs and abdominal 
viscera. Only for "long" duration typical blast waves is 
the severity of the injury sustained roughly proportional 
to the magnitude of the peak overpressure; otherwise, and 
in addition, the hazard is a function of the duration and 
the rate and character of the rise of the pressure pulse. 
In general, except for the ears and sinuses, the human 
body is far more resistant to direct blast injury than are 
rigid structures such as buildings. 

While eardrum rupture may occur at peak overpressure as 
low as 5 pSi, the best value of the peak overpressure for 
50 percent probability of rupture appears to be between 15 
and 20 psi. Though painful. eardrum rupture i9 not seriolls. 
However, infection, fracture and displacement of the os
sicles, including the foot plate of the stapes, may result 
in impaired hearing and require specialized treatment. 

Blast injuries to the chest begin to occur at about 
10-12 psi for "long" duration Waves. These include bruising 
of the soft tissues of the chest wall adjacent to the ribs 
and rupture of small vascular elements of the pulmonary 

[D2] Department of the Army. Nuclear Handbook for Medical Service 
Personnel. TM8-2l5. l~o9. 
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tissue. Rupture of pulmonary vessels is always asso
ciated with interstitial hemorrhage and/or bleeding 
into the airways. Al8~, the risk of pulmonary edema 
is considerable and serious. With severe tearing and 
rupture, air emboli may occur with grave, frequently 
fatal, cardiac or cerebral complications. Clinical 
signs of pulmonary injury may be misleadingly mild 
until heart failure and edem& appear: the heart 
failure and pulmonary edema are the primary treat
ment problems •... 

Blast injurIes of the abdomen may include rupture 
of the liver and spleen, and rarely in airblast, 
perforations of the intestine. Organ perforations, 
especially in the lower ileum, cecum, and colon are 
much more common in underwater blast. Also" in air
blast hemorrhages of the mesentery and gut wall dre 
almost invariably present. Frequently there is ab
dominal wall rigidity without perforation of hemo
peritoneum, and the significance of the signs and 
symptoms are difficult to assess •••. ([02], pp. 6-7) 

The primary cause of lethality from direct blast effects is lung 
hemorrhage. Data on direct blast injury to personnel have been obtained 
by experimentally determining overpressure-duration relationships for 
animals, and extrapolating these to humans. That is, the level of injury 
depends upon both peak overpressure level and the duration of the over
pressure. For large-scale conventional explosions and most probably for 
all diffuse explosions, the duration of the blast wave may be con
sidered "lone". Thus it is current practice to use the free field (side 
on) overpressure, associated with various levels of lethality at infi
nitely large durations to assess deaths from Jirect blast effects. Table 
0-1 show~ the relationship between overpressure and lethality from direct 
blast effects. The data in table 0-1 were used to derive the probH 
equation El: 

probit • -77.1 + 6.91 Loge (Pp) (0-1) 

where Pp is the peak overpressure measured in N/m2 . 

The main nonlethal injury resulting from direct blast effects is 
eardrum rupture. Unlike the lungs for which ~verpressure and blast wave 
duration together determined damage, eardrums are damaged in response 
to overpressure alone Since the characteristic period of the ear vibra
tion is small compared to the duration of a blast wave from even low 
yield explosions. The relationship between the overpressure and the 
probability of eardrum rupture is given in Table 0-2. These cata were 
used to generate the probit equation E3: 

Probit • -15.6 + 1.93 x loge (Pp) (0-2) 

where Pp is the ~eak overpressure measured in N/m2. 
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Threshold (1% Lethality) 
10% Lethal ity 
50% Lethality 
90% Lethality 
99% Lethality 

TABLE 01 

Peak 
Overpressure 

1Eill (N/m2) 

14.5 
17 .5 
20.5 
25.5 
29.0 

100,000 
120,000 
140,000 
175,000 
200,000 

CRITICAL OVERPRESSURES FOR LUNG DAMAGE TO HUMANS 

The relationship bet~een overpressure and death for direct 
blast effects. It is assumed that the pressure pulse 
duration is infinite and that lung hemorrhage is the 

0Ferative cause of lethality. This table is based on data 
given in "Explosive Effects Compulation Aias" [01 J. 

Probability of 
Eardrum Rupture 

Threshold (U) 
10% 
50% 
90% 

Free-Field Peak 
Overpressure 
~ JN/m2) 

2.4 
2.8 
6.3 

12.2 

16,500 
19,300 
43,500 
84,000 

TABLE 02 

PROBABILITY OF EARDRUM RUPTURE 

The relationship between peak overpressure and probability 
of eardrum rupture. This table is based on data given 

in "Explosive Effects Compulation Aids [01). 
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(2) Indirect Blast Injury 

The transfer of momentum by a blast wave to objects in its path can 
result in injury from secondary missiles (both penetrating and non
penetrating) Qr [rom displacement of the human body resulting in subse
quent severe impact or decelerative tumbling; these are secondary and 
tertiary blast effects respectively. The injuries which result include 
wounds. such as contusions ana fractures. which result from being thrown 
against an object. In addition. crush injuries from falling debris. 
should they occur. would be particularly more common in urban areas and 
less common in the open. Certain kinds of indirect blast injuries. such 
as violent decelerations or sharp blows to the head from blunt debris. 
are known to produce sisnificant lethality just as co~s direct blast 
injury to the lung. However. the magnitude and severity of indirect 
hazards are very much dependent on the conditions of exposure. range. 
and explosive yield. 

(a) Secondary Blast Injury 

The missiles involved in secondary damage in the VM result from 
normal environmental debris (e.g .• pebbles). damaged structures (e.g .• 
broken glass). and fragments of cargo containers (e.g., ship hull frag
ments). Studies of military weapons have modeled missiles generated 
purposefully by weapon design (such as fragmenting shell casings) (01). 
Nevertheless nuclear weapon effects research has considered the effects 
of missiles resulting from debris set in motion by the nuclear blast 
waves [D3). These studies have considered p~rsonnel damage from both 
penetrating and nonpenetrating missiles. The injuries which may result 
are lacerations and punctures from penetrating missiles or contusions. 
fractures, and internal injuries from large nonpenetrating objects. 
Penetrating missiles are light (10 grams or less in mass) compared to 
nonpenetrating missiles capable of causing injury (thousands of grams 
in mass). At the current stage of development Lhe interest is for the 
VH to model diffuse, rather than condensed phase explosions. The occur
rence of heavy missiles, capable of causing serious nonpenetrating 
wou1ds, is expected to be less common in diffuse explosions than in 
condensed phase or nuclear explosions. Therefore, the only kind of 
secondary damage currently considered by the VM is the nonleth~l damage 
caused by penetrating missiles. Table D-3 gives damage criteria for 
both penetrating and nonpenetrating missiles. The critical parameter 
used to assess damage is the impact velocity of the missile. Another 
source (02) gives data for penetrating missiles that are virtually the 
same, as shown in Table 0-4. 

For use in the VN the damage criteria based on missile impact 
velocity must be related to a blast wave parameter: it is clearly 
beyond th~ scope of the VM to trea~ the detailed motion of the thousands 

[D3) White, Clayton S. The nature of the problems involved in esti
mating the immediate casualties from nuclear explosions. Lovelace 
Foundation for I':ed leal Education and Research, Albuquerque, 
New MeXico, ~arch 1971. CEX 71.1. 
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Kind 
of Missile 

Nonpenetrating 
lO-lb object 

Penetrating 
10-gm glass 
fragmer.t3 

Critical 
Organ or Event 

Cerebral Concussion: 
Mostly "safe" 
Threshold 

Skull Fracture: 
Mostly "safe 
Threshold 
Near 100 per cent 

Skin Lacetration: 
Threshold 

Serious Wounds: 
Threshold 
50 per cent 
Near 100 per cent 

TABLE D3 

Related Impact 
Velocity 
ft/sec 

10 
15 

10 
15 
23 

50 

100 
180 
300 

TENTATIVE CRITERIA FOR INDIRECT Bl.A~T EFFECTS INVOLVING 
SECONDARY MISSILES 

The relationship between medical damage from 
secondary missiles and missile characteristics. Based 

0n data from reference [D3]. 

Peak Over- Impact Velocity Range in Kilometers 
~~ Pressure-PSI (meters/sec) lKT 

(Pen" l rating Missiles-lO Gram 
Glass Fragment) 

Skin laceration threshold 1-2 15 m/sec 1.8 
Ser'.,us 
Seriolls 
Serious 

wound threshold 2-3 30 m/sec 1.2 
wounds near 50% pro~ability 4-5 55 m/sec .75 
wounds near 100% probability 7-8 90 m/sec .55 

TABLE D4 

INJURY CRITERIA FOR PENETRATING MISSILES 

kelatlo~ship between secondary effect dam~M~ and missile 
chrlracteristics for three different sizes of nuclear 

weapons. Based on data fro:'} reference [D2]. 
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of missiles that an accidental explosion could cause. The impact ve
locity ie most properly related to the dynamic overpressure impulse, 
rather than the peak overpressure. The dynamic overpressure impulse, 
J, is defined as thE integral of pressure over time for the duration 
of the positive phase of a blast wave; i.e.: 

where, 

P(t) • the overpressure as a function of time at a given 
location 

ta • the arrival time of the blast wave at the given 
location 

to - the time at which the positive phase of the blast 
wave ends. 

(0-4) 

Figure D-l further illustrates this d~finition. The dynamic over
pressure impulse is called simply "the impulse" elsewhere in this report 
("dynamic overpressure impulse" is used by Fugelso (011; "impulse" and 
"impulse per unit area" are used by Kinney [D4]). 

The relationship between missile impact velocity and the impulse 
of the blast wave is given by, 

M Vi - Co A J 

where, 

M • mass of the missile 

Vi ~ impact velocity 

Co • drag coefficient of the missile, taken to be unity here 

A • presented area of the missile 

J • impulse 

Now we may also write 

M • p V 

where, 

(04) Kinney, Gilbert Ford. Explosive Shocks in Air, p. 11, 
The Macmillan Co., New York, 1962. 
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Peak Overpressure 

Atmospheric 
Pressure 

r 
1 

- --------.-----

t -arrival time t -end of positive phase a 0 

I~duration --+ 1 time 

FIGURE D-1 

Pressure-time graph of two typical blast waves 
at a given observation point. Blast wave "A" 
decays faster and shows a smaller impulse than 
blast wave "B" even though their duration!) and 
the peak overpressures are identical. 
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But 

p • density of the missile 

v • volume of the missile 

- 4n 3 
V - - r 3 

where we have assumed a spherical fragment of radius, r, and 

Thus we have from equation (0-5), 

J • HVi 
Col-

or combining with equations (0-6), (0-7), and (0-8), 

(4n 3) V 
P 3' r i 

J • --=--~-
1 . T1r2 

• 4prV i 

3 

Furthermore from (0-7) and (0-6) 

• [3M J 1/3 
r 4np 

(0-7) 

(0-8) 

(0-9) 

(0-10) 

Now for M • 10 grams and p - 2.65 g/cm 3
, a typical density for glass, 

then, 

r • 0.9658 cm. 

hence from equation (0-9), 

J • (3.4125 g/cm. 2
) Vi (0-11) 

Substituting values for impact velocity, Vi, from Table D-4 into 
equation (0-11, generates a corresponding set of values for impulse as 
given by Table 0-5. The data given in Table 0-5 are the criteria used 
to establish the probit equation E5: 

Probit • -7.7.1 + 4.26 10geJ 

where J is in N-S/m2. 

(1·-12) 

An assumption implicit in equ?lion (0-5) of the preceding derivation 
is thAt no forces other than thuse of the blast wave are exerted on the 
mis9ile. That is the fcrceJ in'Jo1 ved when the missile breaks away from 
its pre-blast position, slides or rolls along the ground, or impacts 
intervening ob1ects are all neglected. Furthermore, it is assumed that 
missi!e3 are always available to be set in motion by the blast wave. 
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Injury 

Skin lac~ration threshold 
Serious ~ound threshold 
Serious wounds near 50% probability 
Serious wounds near 100? probability 

TABLE 05 

Free Field Impulse Level 
dyne-s N-s 

cm2 -mz psi-msec 

5120 
10240 
18770 
30710 

512 
1024 
1877 
307::. 

74.2 
148.4 
272.1 
1,45.3 

DAMAGE CRITERIA FuR PENETRATING MISSILES IN TERMS OF 
CRITICAL IMPULSE 

Relationship between penetrating missile damage and free field 
impulse level. Equation 0-11 and the data given 1n Table 04 

were used to obtain these values. 

Th~se values were obtained by assuming a missile of lv grams mass. 
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Also all personne~ (not inside buildings) in a region traversed by a 
blast wave of oufficient strength are assumed to suffer injury from 
missiles; the density of flying fragments and the target area presented 
by people are not factors aff~cting the probability of injury in this 
analysis. Evidently then the estimate of fragment injury given by the 
probit equation equation, E5 (0-12), is too large. Since there appears 
to be no facile method for correcting this assessment, the overestimate 
of damage given by equation (0-12) is currently used in the VM. 

(b) Tertiary Blast Injury 

Injury to personnel by tertiary effects is related to the maximum 
translation velocity that the body attains subject to the blast. Injury 
is caused when the body set in motion by the blast wave strikes an ob
stacle. The probability of lethality for body impact has been deter
mined as a function of the impact velocity. Lethality criteria have 
also been determined for impact of the head against an obstacle. Table 
0-6 shows the impact velocity associated with several levels of lethality. 

Again the problem is to relate the damage criteria in table 0-6 
based on impact velocity to some free field, blast wave parameter. 
One reference [01] indicates that a method that may be used to relate 
impact velocity and free field hlpulse is the sam~ as that used for 
missiles in the ab~ve. Similar to equation (0-5) we write, 

J • MV1 
i CvA 

where, 

Ji = critical i~pulse for impact damage 

M = mass of the body 

Vi • critical velocity for impact damage 

Co D drag coefficient of the body, taken here to be unity 

A c cross-sectional area of the body presented to the blast 

(0-13) 

For each impact velocity, Vi. vf interest a corresponding impulse, J 1 , 
may be calculated using equation (0-13). We may calculate Ji assuming 
a typical grown male adult, using a weight of 155 pounds and an area 
of 8 square feet. Table 0-7 (taken from (01) gives both the impact 
velocity, Vm. that causes a certain level of damage and the dynamic 
impulse correspondi~g to that velocity f~r the grown male a~u1t de
scribed above. Note, however, that the critical levels for lethality 
from body impact given in Table 0-7 are significantly different from 
those levels given in Table 0-0. The disagreement is considerable and 
places some doubt on the asses~ment procedure. The levels given in 
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Condition Related Impact 
Critical Organ Velocity 

~~o~r~E~v~e~n~t~ ____________________________________________ ~f~t~/s=e~ ____ 

Skull Fracture 

Mostly "safe" (0%) 
Threshold (10%) 
SO per cent 
Near 100 per cent 

Total Body Impact 

Mostly "safe" (0%) 
Lethality Threshold (10%) 
Lethality 50 per cent 
Lethality near 100 per cent 

TABLE 06 

TENTATIVE CRITERIA FOR INDIRECT (TERTIARY) BLAST 
EFFECTS INVOLVING IMPACT 

10 
13 
18 
23 

10 
21 
54 

138 

Relationship between impact velocity and damage to the 
head and body. Based on data In reference [03J. 

Body Head 
Lethality V J V J m c m c 

Threshold 20 83.6 13 54.3 
SOr. 26 108.6 18 75.2 
99% 30 125.4 23 96.1 

TABLE D7 

LETHALITY DUE TO CRITICAL IMPACT VELOCITY ~~D CRITICAL IMPULSE 
(V 1n ft/sec and J In psi-msec) 

m c 

Relationship between impact lethality and impact velocity or 
impulse. From reference [D1J. 
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Table 0-7 are preferred since the publication from which it comes is 
more recent and the levels given are more conservative. The data given 
in Table 0-7 was uS2d to generate a probit equation. It was assumed 
that for any given impact, there is a 20% chance of head impact and an 
80% chance of body impact; tte casualty rates were calculated on this 
basis assuming that the entire population outdoors is subject to impact 
for a given blast wave strength. 

This assessment procedure, however, gave unrealistic results. Far 
too many people w~re killed for the explosive yields and distances con
sidered. The critical impulse levels for a given lethality rate shown 
in Table D-7 were found to be an order of magnitude lower than expected 
from observed explosions. The cause for the overestimation of damage 
from ~ given impulse level is that certain mitigating factors have not 
been considered. Some of the factors reducing the likelihood of death 
are: (1) Friction of tne body sliding and rolling along the ground 
reduces the peak velocity attained on exposure to the blast; (2) During 
the passage of the blast wave the body may t.umble, th:-reoj' reducing the 
area ?resented to the wave and ~he momentum absorbed from it; (3) Not 
all the momentum absorbed by the body is converted to velochy of 
impact, since both rotational and translational acceleration of the 
body may occur; (4) Sublethal impact wIth the gIQund or obstacles may 
prevent the body from ever attaining a l~thal impact velocity. A model 
for impact injury that gives consideration to these various factors has 
been developed for use in civil def~nse studies (05]. A plane rigid 
body subject to a blast environment simulates the tr3jectory of a person 
and determines the impact velocities experienced. Lethality is then 
determined fronl the data given in Table 0-0, since the impact velocity 
and paLt of body impacted are pr~dicted by the model. Since at the 
present ti~e the VM does not model individual damage receptors in a 
locally detailed environ~ent, this detailed model of impact injury is 
inappropriate f0r use in the VM. However, rppeated operation of the 
impact injury model for a giv~n size nuclear weapon shJwed that mortality 
could be parameterized on the basis of peak overpressure and distance 
to a vertical obstacle (wall); the parameterized results for the surfac~ 
burst of a one megaton nu~lear weapon are given in Tabl~ 0-8. The 
survivability fractions given in the table are related to probability 
of death by, 

r. dead - 1007. [l-S] (0-14) 

where S is the survivability value given in Table 0-8. Similar data for 
initially prone bodies was also available, but not used. 

By use of the explosion scaling laws (cf. Kinney [06)) toe peak 
overpressures for a lMT blast gi'len in Table 0-8 may be converted to 

[OS] Longinow, A., G. Ojdrovich, L. Bertram, and A. Wiedermann. People 
Survivability in a Direct Effects Environment and Relat~d Topics. 
lIT Research Institute, Chicago, May 1973. 

[06) Kinney, G.F. Engineering Elements of Explu5ions. Naval Weapons 
Cencer, November 1968, NWC TP-4654. 
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impulse levels; thus deaths from impact may be related to impulse. 
Table 0-9. derived from the data in Table D-8, gives the relationship 
between deaths from impact and impulse level for a wall distance of ten 
feet (3.3 meters). The spread in overpressure between the threshold of 
damage and the threshold of complete lethality is largest for a wall 
distance of ten feet; thus the dose-reSpotl!le relationship for this set 
of data is least discontinuous. Ten feet is a reasonable impact dis
tance for urban areas. Furthermore the change in wall distance is not 
that significant in determining the relationship between impact injury 
and overpressure (hence. impulse). For all these reasons the data for 
an impact surface ten feet distant were used to generate Table 0-9 and 
slJbsequently the probit equation, E2. Based on the data in Table 0-9 
the probit equation, E2, is: 

Probit • -46.1 + 4.82 logeJ 

where J is :In N-S/m2. 

(0-15) 

This p~obit equation gives estimates of deaths from impact that are much 
more in accord with observed events than does the probit equation based 
on the less sophisticated model used first. 

In addition to death, tertiary effects can caU3e nonlethal in
juries -- mainly broken bones. Table D-10 gives a variety of nonlethal 
injuries (as well as lethal injuries) and the impact velocities at which 
such injuries occur. As previously indicated, the range data for 
various sizes of nuclear weapons are unimportant; the critical impact 
velocities ace significant for the VM. It is interesting that the 
lethality levels from this source [D2] agree reasonably well with those 
given in Table 0-7 for body impact. 

Using equation (D-13) to relate impulse level to impact velocity. 
one can generate a new table relating injury to impulse level by using 
the values given in Table 0-10. Again, the calculations are for a ISS 
pound adult male with an effective area of 8 squate feet. These com
putations are compiled in Table 0-11. Notice, however, that the impulse 
levels for injury is below the levels for death given in Table D-9. The 
reason for this, as before, is that the data in Table 0-11 are for an 
ideal transfer of momentum from the blast wave to the ~0dy, while the 
data in Table 0-9 are for the more realistic model of momentum transfer. 
Obviously the injury criteria given in Table 0-11 are unacceptable. 
Unfortunately the study [OS) using the more realistic model for impact 
damage does not include a parametric study of nonlethal injury, as it 
did for death. In order to circumvent this problem, an assumption was 
made about the relationship between the ideal model and the more real
istic model of injury from impact. The more realistic model gives levels 
of impact for a given percent lethality that are approximately 50 times 
larger than the levels given by the ideal model for the same percent 
lethality. It was assumed that the relationship , ~tween the ideal and 
more realistic model would be the same regardless of whether lethal or 
nonlethal injury was considered. Therefore the impulse levels given 
in Table 0-11 for ideal momentum transf~r were multiplied by the same 
proportionality factor that held for lethal injury levels in order to 
give the data shown in Table 0-12. 
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Probability of D~ 

(%) 

1 
8 

31 
63 
86 

100 

TMjLE D9 

Impulse Level 

~N-8/m2) 

18,000 
28,600 
37,300 
45,100 
4~,700 
6(\,800 

RELATIONSHIP OF DEATH BY IMPACT TO IMPULSE 

Relationship between impact inj ury e.nd impulse lew~l. Based 
on results for a surface blJrst of a one megaton nuclear 

weapon and a distance to iruyact of ten feet (3.3 meters). 
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(PHYSICAL [)lS)'LACEilm~T or ~IAN 
WITH DIPACT WITH HARD SIJRFACE)· 

Mostly sn(e (whole lJody) _ . _ ... _ . _ . '., '" .. '" __ 
Skull (r-actu re threshold ... _ .. . -. - -' . -

Fraelu rcd feet Q'ld legs ....... :::.::::::::::::::: ~ : ~ :: 
::;kul\ 1'lacture ncar 50'.~ prouauility ..... _., ___ . _" ___ .. 
LethRlity threshold (whole hod)') ... _ .... _. ______ . ___ . __ 
Skull fracture ncar 100~:, proklbility .... _ ........ '" _ •.. 
Lethality ncar 50 r ;. prou;l),ility (whole·hody) ........... . 
Lel.halit)' ,,('ar 100<:.(- prohaoilit)· (whole· bod)') .......... . 

• In S mtl." or l,a.,1. 

.... ,._ .. T·-:":.-=-:~~.-".~ ... T:-

! r.'.~.· . I', ... u,.-I'SI 

S-Ii 
4-{; 

4-6 
6-7 
6-8 
6-9 
7-10 
8-11 

Impacl ~.I<>cII, 
{m.l.n/oK' 

3 m/see 
4 m/see 

4.3 m/see 
6.5 m/sec 

6 m/see 
7 mise!' 
8 m/sec 

9.1 m/sec 

TABLE 010 

.75 

.65 

.6 

.65 
52 

.49 

.45 

.4 

TENTATIVE CRITERIA FOR PRODUCTION OF J!iDIRECT BLAST INJURIES 
WITH RANGES FOR VARIOUS YiELD WEAPuNS (FAST RISING, LONG 

DURATION OVERPRES~URE IN AIR) 

Relationship between impact 'ielocity and injury. Taken from 
refereilce [D2, p. 9]. 

1.8 
I.e 
1.5 
1.4 
1.3 
1.2 
1.1 
1 

N-s ~urY 
LP~s~i~-~ms~e~c ______________ ~m2 

Mostly safe (whole body) 
Fractured feet and legs 
Lethality threshold (whole body) 

TABLE D11 

41.15 
58.98 
82.30 

CRITERIA FOR NONLETHAL INJURIES FROM IMPACT 

Relationship between nonlethal impact injury and impuls~, 
calculated assuming a l55-pouTid male adult with an 
effective cross-sectional area of 8 square feet. 
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283.8 
406.8 
567.6 

4.5 
4 
3.6 
3.5 
3.1 
3 
2.8 
2.6 

I 
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i Probability of 
Serious Injury 

(%) 

1 
SO 
90 

TABU Dl2 

Impulse 

(N-s/m
2

) 

13,000 
20,000 
28,000 

RELATIONSHIP BETWEEN NONLEThAL INJURIES FROM IMPACT AND IMPULSE 

Relationship between percent injury and impulse level 
based on data for ideal momentum transfer and an 

assumption of proportionality between the results on 
the ideal and more realistic impact model. 
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The probit equation derived from the data in Table 0-12 and used 
to make the damage assessment is given by: 

Probit - -39.1 + 4.45 10SeJ (0-16) 

where J is in N-S/m2. 

This concludes the discussion of explosion injury to the vulnerable 
resource, people. 

Explosion Damage to Structures 

To begin the discussion of explosion damage to structures, it is 
worthwhile to raise some important considerations concerning the nature 
of the interacticn between the blast wave and structures. The following 
two paragraphs are largely based on a discussion given by Kinney ([06], 
p. 25ff). 

Damage to a structure from blast comes from motion 0f the structure 
as imparted by forces of the blast wave. In principle, an analytic so
lution for structural motion can be obtained from the equation of motion 
expressing the relation betw~en structural mdSS, structural acceleration, 
and the unbalance between the driving force of the blast wave and the 
resistance ot the structure. The driving force is a transient one, 
given 8S the product of structure cross-section area and a blast-wave 
overpressure. The resistance of the structure depends o~ its mechcnical 
features. However, for dynamic situations, this is seldom known pre
cisely and indeed perhaps is not capable of being known. Furthermore, 
even if both the transient driving force of the blast wave and the dy
namic resistance of the structure were known, toe mathematical form of 
the equation of motion is not conducive to a simple solution, but rather 
calls for numerical or 3nalogue methods. Hence, only in simpler situ
ations is a precise solution for structural motion in response to blast 
to be obtained. 

As an alternative to an exact soluticn for structural motion, 
various empirical estimates of the damage potential of blast have been 
used. The most common of these ia based on the peak overpressure in the 
free-field blast wave. For example, it may be stated that a peak over
pressure of such and such psi causes major structural damage. It should 
be rec~gnized that such a statement even if correct, can at best be only 
a crude approximation. It ignores the fact that the damage potential of 
blast is a function of two individual items, the transient blast loading 
plus the dynamic response of the structure; two such aspects are always 
involved in assessment of damage potential. 

Since the VM .IUSt treat a large number of disparate structures 
whose mechanical characteristics are probably unknown (possibly diffi
cult or impossible to obtain), it seems prudent to use the less sophis
ticated approximation involving only a single ~arameter related to the 
blast wave. Although details of structural response could be considered 
eventually, especially for large or important buildings, for now the 
single level blast wave characterization given by referen( e [D1J is used. 
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The damage levels for structures are given in Table D-13. These data 
are for frame structures subject to a blast from an explosion equiv
alent to 500 tons of TNT. To obtain the problt equation for glas8 
breakage it was assumed that the 1% level for structual damage corre
sponds to the 90% level for glass breakage. The probit equatbns for 
damage to structures from explosion are thereby obtained. For overall 
structural damage the probit equation. Sl, is given by: 

Probit A -23.8 + 2.92 logePp (D-l7) 

and for glass breakage alone the probit equation, S2, is given by: 

Probit = -18.1 + 2.79 10SePr (D-18) 
where Pp is in N/m2. 

This concludes the treatment of explosion damage to vulnerable 
resources. 

FIRE DAMAGE 

Damage to personnel and darlage to property from both flash fire and 
pool burning are si~ilar enough to be treated together. For both per
sonnel and property, the damage criteria consist of both a thermal radi
ation fact?r and ~ time factor. To cause a certain lev~l of damage, say 
second-degree burns to bare skin, a thermal radiation level must be ex
ceeded and the radiation must persist for a specified time. In general. 
as the radiation level becomes higher, the time requir~d to cause a cer
tain level of damage becomes smaller. 

Both the flash fire and pool burning models were designed so that 
the ouput from Phase 1 is both a radiation level and a duration (time). 
For the flash fire. since radiation level chang<!s rapidly with time, an 
effective radiat In level and time are given. Essentially, an equivalent 
square time pulse of radiation is substituted for the actual time-varying 
radiation pulse. 

For damage to structures, the basic concrrn is whether ignition 
occurs. Since surface treatment, geometrical position, and other factors 
play such an important role in the determination of ignition, the problem 
is simplified by considering only the ignition of wood. In a classic 
paper (D7) Lawson and Simms developed two empirical relations for the 
ignition of wood. 

These inveptigaLors experimer.tally determined the intensity of 
radiation required to ignite wood spontaneously both with and without 
a pilot flame one-half inch from the surface of the material. The 
expresaion relating time for ignition, t. to the critical 1.gnition in
tensity, I, is the following: 

[D7) Lawson, 0.1., and D.L. Simms. The ignition of wood by radiation. 
Brit, J. App!. i'nys. 3:288-292, 1952. 
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_Peak Overpressure 
Target Damage Level psi 

Frame Structure 

Thresh0ld Glass Breakage (l~) 0.25 

Threshold Structure Damage 
(17.) 0.90 

50r. Structural Damage 3.00 

Total Damage (9970) 5.00 

TABLE D13 

DAMAGE LEVELS FOR SELECTEU TARGETS 

Relationship between structural damage and peak 
overpressure. Basp.d on data (nl) for framp. structures 

exposed to a blast from an explosion of 500 tons TNT 
equivalent yield. 

L49 

(tl/ml) 

1,700 

6,200 

20,700 

34,500 
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where 

(I - Ip) tl/3 - 0.025 x 10 6 (Kps + 68 x 10-6
) 

I • thermal radiation intensity (cal/err? /sec) 
~ 

Ip • critical intensity for pilot ignition (cal/cm2 /sec) 

K - thermal conductivity (cal/cm2/sec/oC) 

p - density (g/em') 

8 = specific heat of the material (cal/g/oe) 

t - time to ignition (sec) 

(0-19) 

The corresponding expression for spontaneous ignition was found to be 

where 

(I - I) tlt{s - 0.05 x 10' (KPs + 35 x 10-') p (0-20) 

Is • crilical intensity for spontaneous ignition (cal/cm2 /sec) 

Values yf Ip and Is for various types of wood are given in reference [07J. 

Pilot ignition implies the presence of an open flame near the 
irradiated wood, while spontanEOus ignition implies the absence of a 
nearby flame. In the context of the VH, the flash fire provides a flame 
nearby the irradiated wood, while pool burning, as 8 general rule, does 
not. Thus equation (0-19) was ~nosen to provide a basia for an ignition 
criteria in the case of flash fire, while equation (0-20) was used for 
the case of pool burning. The product of constants Kps was chosen to be 
the average of those materi&ls tested by Lawson and Simms; likewise the 
critical intensities, Is and Ip, were taken to be the average for those 
materials tested. These average values are given by: 

Ip • 0.32 ca1/cm2 /aec • 13 ,400 Joules/m2 hec (0-21) 

Is • 0.61 cal/cm2/sec - 25,400 Joulel1/.J laee (0-22) 

Kps • 5 X 10- 6 ca12/cm5/(or:)~ilJec (0-23) 

For these average values, equation (0-19) and (0-20) become respectively, 

(0-24) 

and 

(0-25) 
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From these equations the following criteria for ignition of structures 
are obtained. 

For ignition from flash fire: 

1. The vapor concentration at grid cel~ center must be between the 
limits of flammability for the spilled substance (this to assure the 
presence of a pilot flame). 

2. The radiation intensity. I r • must exceed the value 

• 1.34 x lO~ Joules Ip li2--:-g 

r. The effective duration of the radiation. teff' IOUst exceed the 
value given by: 

[

7.22 x lOS ~2~] 3/2 
(I r - Ip) 

t • p 

i.e •• 

If teff ~ tp then there is ignition of structures 

If teff < tp then there is no ignition of structures 

For ignition from pool burning: 

(D-26) 

1. For every grid cell look up the radiation intensity. I r • at 
the cell center. 

2. The radiation intensity at the cell center must exceed the 
valu~. 

by, 

Is • 2.54 x tO~ 
Joules 

rrl- - s 

3. The duration of the pool burning, tb. must exceed the time given 

5/~ 

ts • [6.10 x 10 ] 
(Ir - Is) 

4. If th > ts then thp.r~ is ignition of structures 

If tb < ts then there 1s no ignition of structures 

(D-27) 

where in both cases • 

Ir • radiation incensity at the cell center 
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If these 19n1t.lon criteria are satisfied at the cell center (U Q!'. fi:-e 
or· pool burning), one-fourth of the structur~s in the eel' ,~,.~ a.::tluo",eC 
to ignite. This assumption was made to account for the fact t!:.iL ,o:ne 
structures will be shielded from thermal radiation by other:'. 

As with inanimate objects, burn damage to people depends on R COb

bination of radiatio~ level and duration. The relation bptweer. level 
and duration has been the subject of con3iderab1e attention fro~ the 
nuclear weapon effects community. In Table D-14, taken fro'. ~eference 
[D3), the radiation level required to cause certain rla~~ge is given. 
The thermal radiation is the thermal radiation intensity integrated over 
time and is parameterized, not by pulse duration, but by weapon yield. 
For our purposes, we require a thermal r~dlation intens~ty level and an 
effective duratiun. 

A standard reference [D8] provides a formula to calculate the 
effective duration of the the~a1 pulse of a nuclear weapcn from a knowl
edge of the yield. By calculating the thermal pulse duration and 
dividing into the integrated radiation values displayed in Table D-l4, 
the desired data are obtained. Table D-15 gives the critical r2diation 
intensity levels required to cause various levels of damage, for various 
sizes of weapons. ~he effective time durations given at the bottom 
margin of the table are the calculated time durations of the thermal 
p~lse for the weapon size indicated. 

From the data in Table 0-15. it may be deduced that the effects of 
thermal radiati'ln are generally proportior.aJ. to t1;;'3. where t is the 
time and I is the radiatior. intensity. For the 20KT, HIT, and 20MT 
bomb data, the critical levels of radiation i~tensity were converted to 
MKS units and the dosage, in the quantity tI'13, was calculated. The 
results thus obt~ined for lethal levels are presented in Table 0-16. 
From these data the probit equation, FI, for death from burns in a flash 
fire is calculated: 

(0-28) 

where t is in seconds and I is in Joules/~ Isec. 

For nonlethal burns. we arp interested only in the threshold. 
Averag1n~ the three values given in Table 0-15 for first-degree burns, 
the criteri~n obtained by a curve fit is: 

tI l . IS ~ 550,000 

where 1 i~ in Joules/m2/s~c and t is in geconds. A power law of 1.15 
fits th:s data better than the 4/3 power found for the lethal levels. 
If the value teff!I.IS exceeds 5.5 x lOS then first-degree burns are 
presumed to occur in those cells where the vapor concentration is within 
tlammab1e limits at t:1E' ct!ll center. Burn deaths from pool burning are 
assessed by probit equation (D-28) except that actual burning time a~d 
radiation 1evtll are IIscd insttlad of l,ffective values as in the cas~ of 
flash fire. 

(08) G1asfltone, S., cd. The cHects of nuclear weapons, p. 357 ff.. 
USAF-C. April 1962. 
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Critical event Thermal radiation in cal/cm2 

{or- indicatcd cxplosive yicld 

20 kt 100 kt 1 Mt 10 Mt 20 Mt 

Fint degr-ce burn 2.5 

Second dcgree burn 4.5 

Lightly clothed (sununer-) 

Few if any injuries 2.5 

Significant ;:ljury 
threshold 4 

Lethality 

Threshold 5 

Ncar 50 per cent 9 

Near 100 pcr 
cent 20 

5 

4. 5 

6.0 

11. 0 

24 

3 

6,5 

3 

6 

8 

14 

31 

9 

8. 5 

10.0 

18.0 

40 

10 

9.5 

11 

20 

43 

Burns duc to hot debris 

anC: hot, dust-laden air. 

No biolol:;ical cr-ite ria available, 

but probably a sc riou~, prcblcm 

Cor large-yield explosions. 

TABLE 014 

TENTATIVE BIOMEDICAL CRITERIA FOR THERMAL RADIATION 

Relationship between biological damage and thermal 
radiation. This data (03) is for thermal pulses from 
nuclear weapons; thermal radiation the time integral 

of the radiation intensity. 
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20 KT 100 KT 1M! 10 HT 

1st degree burn 1. 7S .297 

2nd degree burn 3.14 1.S6 .643 .281 

Slightly clothed 
(summer) few if any 
injurie/i 1. 7S .297 

Signi fi::ant injury 
threshold 2.80 1.405 .594 .266 

Lethalit:l 

Threshold 3.50 1.875 .792 .312 

Near 50i. 6.30 3.44 1.385 .563 

Near 100i. 14.0 7.5 3.07 1. 2S 

Effective Time 
Duration(s) 1.43 3.20 10.1 32.0 

TABLE 015 

CRITICAL RADIATION INrENSITY LEVELS AND DURATIONS REQUIRED 
FOR CERTAIN TYPES OF INJURY 

cal [Thermal radIation intensity in ~) em -8 

Relationship between thermal injury and the radiation intensity 
and duration. Based on the data given in Table D14. 
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20 HT 

.0886 

.221 

.0886 

.210 

.243 

.442 

.952 

~.J. 2 



Portion 
Killed 

(%) 

1 
1 
1 

50 
50 
50 

99 
99 
99 

f 

'1 r ' 
! 

Duration 
Radiation Intensity Dosage 

(sec) (cal/cm2/sec) (Joule::dm
2
sec) tI4/3 

1.43 3.S0 146,000 1099 x 
10.1 .792 33,100 1073 x 
45.2 .243 10,200 1000 x 

1.43 6.30 263,600 2417 x 
10.1 1.385 57,950 2264 x 
45.2 .442 18,500 2210 x 

1.43 14.0 586,000 7008 x 
10.1 3.07 128,000 6546 x 
45.2 .952 39,800 6149 x 

TABLE !>16 

RELATIONSHIP OF DEATH FROM RADIATION BURNS TO RADIATlON 
LEVEL AND DURATION 

Based on data in Table 015. The <; ~'1E:·n.:r: of d<:.ta is for 
20KT, lMT, and 20M! weapons. The dC'· ,;r~ :1 ;:: ~f!en cc.l ;.:\,;l.a ted 

for the radiation intensity ,,(J"1-"'./L"l2/ sec • 
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APPENDIX E 

INHALATION TOXICOLOGY OF CHLORINE AND AMMONIA 

Emphasis has been placed on numan inhalation toxicology of chlorine 
and ammonia since these are clearly the most significant toxic hazards of 
the five substances of immediate concern in the VM. A full treatment 
would consider also: 

reth 

• Human inhalation toxicology of LNG, methanol, gasoline, and 
combustion products 

• Human ingestion toxicology of all five materials 

• Effect~ on other land fauna, and on flora 

• Effects on aquatic biota 

• Impairment of beneficial water uses in general. 

Some data and comments o~ these are summarized at the end of this section. 

General 

The Vuln~rability Model translates concentration/time histories or 
cumulative dcses into percent response of an exposed population in each 
grid cell. These are then converted into estimated numbers of casualties 
by using population numbers in each cell. The basic response data are for 
uf,protected healthy adults in the open. The question of high risk popu
lations - very young, very old, sick - is dealt with in a later section. 
Reduction of hazard by physical pr~tection, e.g., in ~l,~e1 buildings with 
recirculated air, is not a toxicological prOblem but a I~,~~er of applying 
a proportionality factor to calculated open-air exposuled. 

Levels of Response 

Response to increasing exposure ranges from threshold odor and irri
tation to death. Sublethal effects must be considered. The most drastic 
of thes~ may involve permanent or long-term impairment, but transient effects 
are likely to be more important. They may cause temporary incapacitation 
and even if there is no actual harm, harm may be imagined. The number of 
people exposed to "threshold" effects 1!j likely to be many more th"ln those 
er.periencing dang~rous exposure. 

Examination of the toxicological effects of chlorine and ammunia sug
gests three basic levels for consideration: (1) odor, (2) respiratory and 
eye irritation, and (3) death. These correspond to three levels or publi~ 
receptor response: awareness of abnormal environment, possibly eliciting 
complaint; actual harassment and temporary incapacitation, lead~ng to com
plaint and perhaps some real harm; and death. The toxicological properties 
of c~lorine and ammonia are such that long-term impairment is l~kely to be 
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significant only in aggravation of pre-existing conditions such as chronic 
respiratory disease. This does not mean that there will be no long-term 
effects, but that they will be minor relative to the total consequences: 
see the following section. 

Long-Term Effects 

The question of pe~nent harm was considered, with particular refer
ence to chlorine. Should we include this category of effect, between the 
categories of temporary hospitalization and death? A search of the liter
ature relating particularly to World War 1 and to major accidental spills, 
and discussion with two eminently qualified toxicologists (El, E21, sub
stantiated the view that the relative importance of this category was low 
~nough to justify ignoring it: i.e., the percentage of permanent casualties 
would be very small. 

The most recent paper seen was Weill et al. (El]. They say that their 
data for subjects seven years after an accidental exposure to chlorine "are 
consistent with the prevailing clinical view that significant permanent lung 
damage does not result f=om acute exposure to chlorine gbS.'· Reports refer
enced in their paper support this finding: for example, "no evidence that 
chlorine intoxication produced residual pulmonary disease" in the 33 most 
severely affected victims of a major accident; a large survey of industrial 
~xposures did not find "any evidence of permanent damage to the respiratory 
tract"; another study inr:luding war casualties found that "permanent pul
monary injury was rare." The common belief in extensive permanent dis
ability is apparently based on World War I gas casualties, but Vedder, in 
The Medical Aspects of ChemIcal Warfare tE4], presents the view that a 
strong bias is introduced by the incentive of permanent pensionable status, 
and says that "very few individuals have any pathological basis f~r symp
toms more than a year after even the most severe gassing" and most recov
eries are very much earlier. 

There are a few reports of effects other than pulmonary, more than a 
year after expo&ure: these include cardiac irregularity and anxiety reac
tions, but the percentage VB. total casualties is low. 

Our conclusion is that the incid~n~e of permanent effects is certainly 
low and probably negligible in the context of the VH study; this is more 
evidently true for pulmonary ef!ects than for other effects which have 
received less attention. This conclusion applies here only to chlorine and 
to ammonia, the effects of which arc essentially acute and short-term. 

[E1) Kramer, C. G. Personal communication, 1974. 
[E2) Wands, Ralph M. Per90nal communication, 1974. 
[E3) Weill, H' I G.M. Schwarz, and M. Ziskind. Late evaluation of pulmonary 

function after acute exposure to chlorine gas. Am. Rev. Resp. Dis. 
99:374-379, 1969. 

[E4) Vedder, E.B. The Medical Aspects of Chemical ~arfare. Williams and 
Wilkins Co., Baltimore. 1925. 
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The Significance of Concentration and Dosage 

In inhalation toxicology the following variables are important: 

Concentration of toxic gas 
(a) Peak 
(t» Average 

Time of exposure 

Breathing rate ("respiratory 
minute volume") 

Retention of inhaled mate~ial 

Dosage 

Dosage lethal for 50t of 
those exposed 

UF,IJal IJnits 

-3 mg m or ppm 

min 

-1 liter min 

mg min m-3 

" 

Symbols 

C 

t 

Ct 

Note the special usage of the term "dosage" for the product of concentration 
and time. It is "("lot to be confused with "dose", which is the amount actually 
retained and derends on the ~reathing rate and percent retention. Dosage is 
the same for a~l subject~ exposed to the same cloud, no matter whether they 
breathe fast or slow, or put on gas masks. 

In the VM development we are concerned with both concentration and 
dosage. For eXnnlple, men exposed to a concentration of 150 ppm of ammonia 
lacrimace immeJiately and continue to do so until removed to clean air, but 
do not risk other effects. Exposed to 15 ppm of chlorine they similarly 
expecience illDDediate harassment, but in this case there is also a cumula
ti~e effect and after an hour or so at this concentration it is likely that 
s~me will di~: i.e., we are concerned with the dosage (concentration times 
time) as well as the level of concentration. At a higher concentration, 
deaths occur after shorter exposure. Haber's law, Ct - k, is widely appli
cable to toxic gases but unfortunately not to chlorine over a wide rarge of 
concentrat ion. The reason is th'lt chlorine at t(\cks by two mechanisms: 
immediate respiratory spasm from intense irritation, and delayed (ca. 24 
hours) effects fro~ oxidative and other destructive effects on lung tissue: 
the first effect is a function of concentration and the second of dosage. 
Hence, as concentration increases the acute effect tecomes more important 
and progressively dominate~ thp other: that is to say, the SO% lethal 
dosage (Let sO ) decreases • 

.!!~ Risk Populations 

There is no doubt that dose response estimates based on healthy adults 
will underestimate the sensitivity of certain sectors of the population, 
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notably the very young, old and sick. ~ramer [E5) has commented on this in 
:elation to chlorine, and it is interesting to note that the one death am0ng 
100 treated casualties in the 1961 Louisiana chlorine spill was a~ ll-month 
old infant [E6]. (Older siblings who were similarly exposed did not die.) 
The problem in attempting to assign appropriate factors is that there are 
virtually no sound data. Such indications as we have, come from accidents 
like the one just mentioned, in which there are of course no measurements 
of the degree of exposure. And extrapolation from animal experiments, always 
a questionable matter, is even less trustworthy in modeling groups such as 
human infants or advanced emphysema patients. 

The problem was discussed with Kramer (see footnote [E1]) who confirmed 
the absence of data but said that in-plant experience was that subjects with 
well-established bronchitis/emphysema are "much more sensitive" to chlorine. 
He rem3rked that the 7-8 ppm region of chlorine concentration is a critical 
one 1n which exposure may be tolerated with lasting harm, especi~lly in 
susceptible subjeccs! i.e., the concentration is net above the level of 
tolerance, but after some time the cumulative dosage (and the reta1.led dose) 
may hospitalize the subjects with pulmonary edema, etc. 

We suggest that high risk populations be defined as (a) infants, 
(b) those over 70 years, and (c) others with advanced pulmonary/cardio
vascular di~ease (as defined by some acceptable medical criterion, not yet 
established). These groups should be aggregated. A proposed scaling, which 
we have applied to specific concentrations and exposure times for chlorine 
and ammonia, is: 

Deaths, % 
Genera. High Risk 

Level of Effect Population Population 

Severe harrassment with some risk o 25 

Lethal 3 50 

Lethal 50 100 

We recognize that these are guesses and probably on the high side, but it 
seems better to be peSSimistic about the effects than to ignore an augmenting 
factor which certainly exists and may be substantial. 

Estimating Dose Response Relationships for the VM 

Most of the published work with toxic vapors is directed towards es
tablishing response levels rRther than dose response regression equations: 
e.g .• odor and irritation thresholds, maximum acceptable concentrations, and 
exposures that are "dangerous" or "lethal". Experiments are often reported 
this way: e.g •• in an ammonia inhalation experiment, volunteers were "all 

[ES] Kramer, C.C. Chlorine. J. Occup. Med. 9:193-196, 196 7 . 

[E6] Joyner, R.E., and E.G. Durel. Accidental liquid chlorine spill in a 
rural community. J. Occup. Med. 4:152-154, 1962. 

260 

, - - ------~~~ - -



of the opinion that no person would remain in such an atmo~phere ••• " There 
are limited data on volunteers exposed to controlled cuncentrations to 
determine odor and irritation threshOlds, but none, of course, on 1angerous 
and lethal exposures. Available data for humans are therefore estimates, 
based on extrapolations and accidents, plus the few low-level laboratory 
data. 

The need in the VK is for dose response models which can translate 
exposure into percent effects in the exposed population. O'Jr approach to 
estimating data which are experimentally unavailable is as follows: 

Dose response data for lethality of chlorine were taken from four 
experiments with mice (E7), two with rats [EB), and one with dogs [E9). 
r.lese are plotted on Figure El. Dose response data for nose and throat 
irritation by ammonia in man are also plotted (E10). It is the slopes that 
interest us, because we wallt to use these data to help us estimate percent 
response at various dosage levels from estimates at one particular level, 
and it will be seen that the chlorine dose-response lines have similar 
slopes and the ammonia Slopes are not ~reatly different. (Dose units are 
not shown and the lines arc arbitrarily placed with respect to the dose 
axis, because we are not interested in, for example, the actual dose which 
kills a mouse; it is the slope we are using.) Slopes were averaged and 
composite line~ for chlorine lethali~y and ammonia irritation were drawn, 
passing for convenience ~hrough the intersect of SOX response and unit dose. 
The relative doses for 90% response, vs. unit dose and 50% respollse, are 
1.54 for chlorine and 1.?8 for ammonia. These figures differ by only 0.12 
or 7% from their average of 1.66. The similarity of dose response for dif
ferent subjects, concentrations anc effects suggests that we may justifiably 
use the composite chlorine lethality line, for example, to es~imate dosages 
for various lethality rates in man from a published estimate of the SOX 
lethal dosage. 

This proves to be .IOt inconsistent with the est imates of "dangerous" 
and "lethal" exposures to chlorine 1n the Nar.ional Academy of Sciences 
Guide for Short-Term Exposure (Ell): 

Dangerous exposure i~ given as 14 to 21 ppm, 1{2 to 1 hour. 
The corresponding dosage • 14 + 21 0.5 + 1 • 13 ppm-hr 

2 x-"2-
Lethal exposure is given as 34 to ,1 ppm, 1 to 1-1/2 hour. 
The corres~onding dosage • 34 + 51 1 + 1.5 • 53 ppm-hr 

-Z-x 2 

(E7) Weedo\\, R. F., et a1. Toxicity of ammonia, chlorine, hydrogen cyanide, 
hydrogen sulfide and sulfur dioxide. Contr. Boyce Thompson lnst. II, 
p. 365ff., 1940. 

(EB) Silver, S.D., and F.P. McGrath. Chlorine medi:in lethal. concentration 
for mice. DATR 351, Edgewood Arsenal, Md., May 9, 1942. 

(E9) Silver, S.D. et al. Ch~orine median lethal co~~entratlon for mice. 
DATR 373, Edgewood Arsenal, Md., July 17, 1942. 

(ElO) American Confer~nce of Govern~ental Industrial Hygienists. Documentation 
of threshold limit values for substances in workroom air, 3rd ed. 
ACGIH, Cincinnati, Ohio, 1971. 

[Ell) National Academy of Sciences - National Research Council, CommiLtee 
on Toxicology. Guides fot short-term exposures of the public tv air 
pollutants. VIII: Guide ~or chlorine. NAS-NRC, Washington, March 1973. 

. 261 



--; ---:-~ -~i '-.- j- --- t-
I I I I I , I , I I ' . 

. .~ ._: ...., _. I 

1 .. 

.. .. .; J ... 
3:lVsaa 

~-

i ~ 
t--i ; 
Ii: 

~. -r·-:-
I • 

;"'T-~ ' ..• 

It· 1 I . r 
I r r' 
I :. i 

. . ... " .. -.. . .. 

-- -- . --



OJ 

• 
~ , 
'f 

If we assume that tldangerous" means 5/100 dead and "lethal" means 90/100 
dead, we get the chlo~ine lethality line of Figure El (the line at the 
extreme left) which agrees very tolerably with the animal data. 

Notes on Toxicology 

Some notes are collected here which are relevant to chlorine and am
monia in the context of the VM. Duts are from the NAS-NRC reports (see 
foot~ote (Ell) and) tE12). 

Chlorine 

TLV (Threshold Limit Value - this i8 the upper licit for regular 
and indefinitely continued occupational exposure established 
by the American Conference of Governmental Industrial Hygi
enists: ACGld, 1971.) 

1 ppm time-weighted average for 8-hr workin~ day 

3 ppm permis51ble excursion for 15 min. 

STPL (Short Term Public Exposure Limit - mild odor, minimal irritation, 
no health hazard.) 

1 ppm for 10 mill. 

0.5 ppm for 30 min. 

0.5 ppm for 60 min. 

PEL (Public Emergency Limit - strong odor, some irritation; these 
are ceilings, not averages.) 

3 ppm for 10 min. 

2 pp~ for 30 min. 

2 ppm for 60 min. 

~EL (Emergency Exposure LLmit - proposed by Zielhuis [E13), for 
chlorine in manufacturing areas, transport and storage.) 

7 p;>m for 5 min. 

S ppm for 15 min. 

4 ppm fOl ~O min. 

3 ppm for 60 min. 

----------
[E12) Nation~l Academy of Sciences - National Research Counc~1, Committee 

on TOXicology. Guides for short-term exposure of the public to air 
pollutants. IV: Guide tor anunonia. NAS-NRC, Washington, November 1972. 

(E1.3] Zielhuis, R.L. Tentative emergellCY exposure limits for Rulfur dioxide, 
sulfuric acio, chlorine, a~d phosgene. Ann. Occup. Hyg. 13:171-176, 
1.970. 
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ADIIIonia 

TI.V 25 ppm 

Occupational ceiling (recommended) 50 ppm 

Odor Reported threshold 5 ppm to 50 ppm: lower value is 
probably correct for near 100% detection, upper limit for 
100% in all circumstances. 

100-500 ppm Irritant but tolerable. 100 ppm for 8-hour working 
day causes irritation but no adverse effect. This 
is the generally accepted threshold of tolerance 
and in one experiment all agreed 140-200 ppm was 
not willingly tolerable; however, in another experi
ment volunteer& inhaled 500 ppm/30 min. 

400-700 ppm Strongly irritant, but infrequent brief (1 hour) 
exposure has no serious effect. 

2000-3000 ppm Convulsive coughing, very irritant, may be fatal; 
no permissible minimal time. 

Over 2500 ppm 
(2500-6500) Dangerous in 1/2 hour. 

5000-10,000 ppm Rapidly fatal. 

Long industrial experience indicates no permanent injury from lifetime 
working exposure below the level of intolerable acute effects. 

STPL 

PEL 

20 ppm for 10 min. 

10 ppm for 30 min. 

10 ppm for 60 min. 

100 ppm for 10 min. 

75 ppm for 30 min. 

50 ppm for 60 min. 

(Note however that odor is objectionable 
to many, who may complain at any exposure, 
howevec brief, above tneir threshold of 
olfactory perception.) 

Tnterpretation of Data and Sel~ction of Levels of Exposure/Effect 

There are two problems: 

• Estimates of hazardous/lethal exposures for man are necessarily 
guesstimates, based on animal experiments, non-hazardous exposures 
on man, and non-quantitative accidents. 
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I: I • With these highly irritant gases the immediate effect of concen
tration contributes larg~ly and may dominate the cumulative effect 
of dosa8~. Hence one cannot, for example. use a constant value 
the 50% lethal dJsa~e outside a limited time (or concentration) 
range. 

The following dosage-response estimates were used. 

Chlorine 

Concentration 

3 ppm 

7 ppm 

20 ppm 

33 ppm 

60 ppm 

Ammonia 

Concentration 

20 ppm 

100 ppm 

500 ppm 

2500 ppm to 
5000 ppm 

Above 5000 ppm 

Time 

Any 

1 hour 
or more 

Several 
hours 

ca. 1 
hour 

ca. 10 
minutes 

Time 

Any 

Any 

Any 

Effect 

No risk. but public complaints With some 
harassment (NAS Public Exposure Limit 
for 10 min. is 3 ppm) 

Strong to intolerable irritation. with 
some risk to highly susceptible sub
jects only 

50% lethal (our estimate. based on the 
following 1 hour figure) 

50% lethal (based on the figures in the 
NAS-NRC report referred to in footnote 
[Ell]) 

50% lethal (our estimate) 

Effect 

Odor detected by majority of population 

Irritation and complaint 

Strong to intolerable irritation. with 
risk to high susceptible individuals 

Fatalities mostly from a few in the 
first 5 minutes to 90% to lOO~ after 1 
hour, depending on concentration 

100% fatal. Heavy casualties in 5-10 
minutes, and shorter exposuree are 
unlikely in practice (Neither short time 
of cloud passage nor effort to escape is 
likely to reduce casualties much below 
1007. at these concentrations) 

Dose resl'onse figures for irritation in man are available but seem of 
doubtful value: (1) the levels for odor/irritation are for majority of 
exposed population and there is not much benefit in estimating 257., 50'" etc. 
intolerably irritated; (2) the estimated effect at 2500-5000 ppm i~ fact 
corresponds roughly with slope estimates; (3) the heavy casualtj level is 
not subject to reduction, for reasons given above in the table. 
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A Note on Hedica1 Treatment 

It has been suggested that a cr~p1ete VH could take account of madical 
treatment. This does not appetir ne·~ssary for the particular cases of 
inhalation effects of chlorine and ammonia. thcugh it certainly will be in 
other areas. The reason Is that the cOt\sequenc~~ of exposure are largely 
determined during the exposure and not too mu~h can be done except for 
shock. coma, and respiratory arrest. For ether patients, rest (perhaps with 
sedation) and oxygen are helpful. For cht.orine especial-.y, intermittent 
positive pressure oxygen has been recommended; also, cough suppressants and 
bronchodilators. But it seems, on the whole, that if a patient is going to 
die or be hospitalized, his fate 16 pretty well ~ettled at the termination 
of exposure. Hedica1 treatment will do s~e good and medical ethics demand 
utmost effort -- but in terms of VH casualty estimates, the difference is 
likely to be insignificant. 

Note incidentally that references here to lethality are not limited to 
death during the specified exposure but include later death, :Jsually quite 
early (though there may be a small proportion after several ~eeks). 

Notes on Other Topics 

Human Toxicity by Inhalation of LNG, Methanol, and Gaso1in~ 

The American Conference of Governmental Industrial Hygienists 
(see footnote [EIO) classes methane and related aliphatic hydro
.;arbons among the "simple asphyxiant. non-toxic" gases. (Pentane 
is given a !LV of 500 ppm, being slightly narcotic; how~ver. the 
fatal concentration is estimated as 130,000 ppm.) We conclude that 
LNG is non-toxic in the context of the VM. However, consideration 
should be given to the risk of asphyxiation in high concentrations of 
LNG vapor. 

Methanol ia given a TLV of 200 ppm by the ACGIH (see footnote 
[ElC), indicating a low level of toxic risk. It has been left aside 
for immed iate ;1urposes but should be reconsidered to determine the 
risk that high concentrations could .esult in (a) a toxic dose, based 
on known figures for to~icity by ingestion, or (b) in asphyxia. 

Gasoline presents a problem, because its toxic rroperties 
depend mainly on the aromatic hydrocarbon content, which is widely 
variable. Since the toxicity is not high, and no sound way is 
apparent for estimating a representative value. it has been set 8side 
for the present. 

Combustion products of the above substances acd of ammonia: it 
appears likely that a combustion source generating a large amount of 
a toxic product such 8S carbon monoxide would at the same time generate 
S~ much heat - and hence convective turbulence - as to dilute the 
product below hazard level outside the fire hazard zone. This intu
itive conclusion might be reexamined in any future work. 
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r Human Toxicity (Ingestion) 
1. 

Some toxicity figures are available. but we have not considered 
this problem because it is unlikely 1n the VM context that a large 
number of people would be exposed to this danger. The circumstances 
in which a large number of persons would swallow the naterial, or 
water contaminated by it, are not easily imagined. Nevertheless 
some group of people, pCfsibly uninvolved bystanders. might be 
exposed to a significant danger. Therefore further study 1s recom
mended to model the potential hazard of polluted waters, so that 
controls on water usage. both commercial and recreationa~may be 
scientifically formulated. 

Effects on Other Land Fauna 

For large animals the lethality figures for men 8hould be good 
enough if estimates of economic damage are to be developed later. 

Effects on Land Flora 

The le\'el of "irritation" in man appears to appro:dmate to the 
level of visible damage in more sensitive plants, with some risk of 
economic damage. 

Effects on Aquatic Biota 

The range is so wide, and the biota at risk in specific places 
so varied, that "damage" level 1s nl)t treated at prt!sent in the VM. 

Impairment of Beneficial Water Uses 

These seem to fall outside the scope of the model. For a 
specific site the VM could be used to generate an "exposurE.> history" 
for specific municipal/industrial intakes, from which a "dam'lge" 
could be estimated: this might oft~n be a simple economic estimate 
of the cost of shutting down while acceptable intake limits were 
exceeded. 
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APl'ENDIX E. INHALATION TOXICOLOGY OF CHLORINE AND AMMONIA 

List of Refer£nces 

[El) Kramer. C. G. Per.lonal communication, 1974. 

(12) Wands, Ralph H. Personal communication, 1974. 

(E3) Weill. H., G. H. Schwarz. and M. Ziskind, Late evaluation of pulmonary 
function afl~r acute exposure to chlorine gas, Am. Rev. Resp. Dis. 
99.374-379, 1969. 

[E4) Vedder, E. G. The Medical Aspects of Chemical Warfare. 
Williams and Wilkins Co., Baltimore, 1925. 

[ES) Kramer, C. G. Chlorine. J. Occup. Med. 9:193-196, 1967. 

[E6) Joyner, R. E., and E. G. Durel. Accidental liquid chlorine spill in 
a rural community. J. Occup. Hed. 4:152-154, 1962. 

[E7) Weedon, R. F., et ale Toxicity of ammonia. ~hlorine, hydrogen 
cyanide, hydrogen sulfide and sulfur dloxi~e. Contr. Boyce Thompson 
Inst. II, p. 365ff., 1940. 

[E8) Silver, S. D., and F. P. Mc~rath, Chlorine median lethal concentration 
for mice. DATR 351. Edgewood Arsenal, Md •• May 9, 1942. 

(E9) Silver, S. D., et ale Chlorine median lethal concentration for mice. 
DATR 373. Edgewood Arsenal. Md., July 17, 1942. 

[EIO) American Conference of Governmental Industtial Hygienists Documen
tation of thr~shold limit values for substances in workroom air. 
3rd ed. ACGIH, Cincinnati, Ohio. 1971. 

(Ell) National Academy of Sciences-National Research Council, Committee 
on Toxicology. Guides for short-term exposures vf the public to 
air pollutants. VIIi: Guide for chlorine. NAS-NRC. Washington, 
March 1973. 

[E12) National Academy of Sciences-National Research CounCil. Committee 
on Toxicology. Guides for short-term exposure of the public to air 
pollutants. IV: Gdde for aamonia. NAS-NRC. Waahington. November 
1972. 

(Ell) Zie1huis, R. L. Te~tative emergency exposure li~its for sulfur 
dioxide. sulfuric alid, chlorin~. and phosgene. Ann. OCClJp. Hyg. 
13:171-176. 1970. 
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APPENnIX F 

CASE STUDIES 

This Appendix presents fourteen case studies of actual vapor cloud 
fires aod explosions, to provide back-up detail for the generallzaticn 
highlighted in Chapter 9. The cases illustrate three different kinds of 
events: 

• Explosion of an open-air cloud. 

• Ex~loslve rupture of a pressurized tank, followed by a fireball. 

• Fireballs without blasts. 

Eac~ kind of event poses its own special problems and hazards. 

The fourteen cases are drawn from a larger pool of known and studied 
accidents, but they include all those which were reported in sufficient 
detail to be instructive. The cases which were excluded would add little 
to the picture. 

Since this study was dir~cted toward unpublished case studies, a large 
number of the sources are perforce private communications; but references 
to published reports are also given wherever possible. Some of the 
unpublished cases, notably Cases F.l and F.3. will enter the literature 
when investigations still going on at this writing are completed. 
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F.l CYCLOHF.XA~E CLOUl F.XPLOSIC1:-1 
FLIXBOROUGH, ENGLAND - I June 1974 

On I June 1914, the Nypro canrolactam plant near FlixborouRh, 

England, suffered a rupture of a 28-inch diameter Dire carrvin~ cyclohexane 

at a temperature of 145°C and a pres~urc of 120 psi. Th~ hot liquid poured 

out through both 28-inch diameter ends and flashed into a mixt~re of vapor 

and mist. 50 to 60 tons of cyc10hexane were lost, and it is eSli~atcd that 

about 1/4 of that (15 tons) formed a white, vapor-mist cloud about 50 feet 

thick and many hundreds of feet in diameter. An0ther estimate indicated 

]0 tons in a cloud of about 100 meters in radiL3 ~nj ocrupying a vol~me of 

at least a million cubic feet. 

The wind was about 18 knots from the southwest, and it distorted 

the cloud into the approximate shape shown i~ t.~ follo~ing fi~ures. The 

cloud boundaries shown were deduced from obsarvect carbonization, rueltin~ and 

soot formation, and from the results of jet flow calculations. 

Ignition occured after a delay of ap~roximately 5( seconds, probably 

at the reformer furnace of the hydrogen plant; and a massive explosion 

resulted. Host of the cx/,losion appc.)raJ tv hdvc been a det"lagration, but 

it is felt that a kernel cf gas ... bout 7 i,leters in rildius anci containin~ about 

1.4 tons of cyclohexane detonated with the force of about 15 tons of 1ST· 

Both the fact of detonation and the size d r;he kernel are deduceci from the 

degree of dama~e observed. 

The blast was devastating. Proce~s1ng units, MJin pipe racks, tanks 

and operating buildings in the cvclohexane caprolact~M arc~ werE tntally 

destroyed. Towers were bIOI.:n dOl.:n, t'.dsted, crushed ~'r bent ovpr into piles 

of rubbish. Pipe rar:ks we:ce bIol.:n off their fOllndilthns for their full 

lengths and '~oppled over. Buildings, incllldinr. tl.·,'-stllrV, H'illj,':',:ed COI1Clete 

buildings, were crushed inte piles of rubble. Exposed 5[e-!l SU?porLS of the 

pipe racks were shifted five to tcn feet off their f(lund.lt;ar,~. I..lr,~e vcssl'ls, 

towers, etc., Clppeared to be cr.ushed frmr, the top ";JS th0ug!\ 507C .,: i ;lnl hal1d 
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had smashed them", There were also raging fires frem liquid spilla~e on 

the northeast side of the area, but most of the damaRe appears to have been 

done by the blasts. DamaRe estimates exceed SlOO,OOO,uOO. 

Twenty-nine people were killed, most of them in the plant control 

room which was completely demolished. Reports available at this writin~ do 

not specify what actually killed them, but it appears that either the blast 

or the fireball would have ~een sufficient. One early, private report said 

that there was no eardrum damage, which would imply overpressures of less 

than about 6 to 12 psi and suggest fire deaths; bllt such a 101.1 overpressure 

seems inconsistent with the observed structural dama~e in the area, and the report 

needs confirmation. 

Damage to neighboring structures was much less severe, and less 

severe than early newspaper accounts indicated. An on-site observer reported 

that there was damage to tile roo(s, and that windows were broken in the 

village of Flixborou~h, about 1/2 to 3/4 mile to the west atoo a hill but out 

of the line of sight from the plant; but that "the c1ama~e was not what is 

normally called 'severe"'. Five or six dwellinp.s in a row about half way 

between Flixborough and the plant had heavy dama~e to windo\~s, doors and tile 

roofs; but their walls were all intact. Window breakage was reported up to 

eight miles from the plant. 

Th~ overpressure in the center of the blast has been estimated at 

approximately 25 - 30 psi by scaling from the ~bserve~ damage patterns. The 

overpressure gradient was also estimated from the same observations, and the 

corresponding circular isobars are shown on one of tIle following fi~urcs. 

The same dama~e patterns were used to locate the apparent epicenter of the 

blast, to conclude that part of it ..... "s a detonation, and [or one estimate of 

the cloud size and shape. 
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This accident is still under intensive investi~ation at this 

writing (December 1974); and there will ultimately be a very de~ail~d 

report. There even appears to be a movie oi the initial pipe break, cloud 

formation and expl('sion - made by an amatlur who just happened t:) be filming 

the scene. Pending the complete, documented report, all conclusions should 

be tentative. 

Sources: 

1. ChemicaZ & E::n.gine~r'inJ ::eL.:s, 10 June 74, page 4. 

2. Testimonv of Prufessor Sir Fredrick \,'aroer, of Cr'l:ner and \~arner, 

Consulting Engineers, at the court inquiry into the accident. 

3, Several private comr.1unications and confidential Memos \,'hl':::1 were 
sharec in the interests of safety but "no!: for attrihution because 
sti 11 pr~liminary". 
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A CYCLOHEXANE CLOUD WHICH DID NOT IGNITE 

The Flixborough disaster is illuminated somewhat by a closely 

similar spill on 11 Sep 1971 at a caprolactam plant in Pensacola, Florida, 

which however did not ignite. 

As at Flixb~rough, a pipe rupture releas~d a massive am0unt of 

cyclohexane under pressure and above its boiling point in the midst of a 

large industrial comFl~x. In this case, 74,000 pounds of cyclohcxane were 

released; and "a sizeable amount" is thouRht to :,avc flashed into v;tpor, 

with the rest mostly ending up as rr.ist. It formed a dense, whi t<! cloud 

estimated at over 100 feet high by reference to taller equipment and 

appr~)(imately 2000 feet across at its maximum. The wind was "about at a 

dead calm" at the time of the rupture, and it "picked up to a very slight 

breeze from the southwest" during the event. The attachp.d map !ihows a 

sketch of the 6~ze and shape uf the cloud. 

The cloud ~as rich enough that two trucks stalled in il from 

lack of o~ygen. Sorne of it was drawn into a power house furnace, causing 

the stack to emit thi<.:k, black sn,oke, Ama:dngly, tile cloud never did ignite; 

an~ eventually it dis~ipdtCJ harmlessly, 

The at tached sketch rr.ap sho· .... s the gro\o,·th of the cluud. The area 

was a typical, densely built, chemical co~plex, ~ith both open and closed 

operating areas, pipe racks, distillation tower~, storage tanks, and the like 

very much like the complex at Flixborou~h, and wit'. a gridl.'ork of rr:aci:; lacin~ 

it in both directions. Only a few of the huildin~s are s:1O\o,'n all the map to 

givl! an idea of scale; there ~as essentially no unoccuI'ied space in t"he are;\. 

Soutce: Private communication frorr. I.:altcr IL I!ol,ard, ~1()nsant() (>~!';It\\,. 
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DAMAGE NOTES: 

Blast site - Completely demolished. but personnel were found aliv~ he~inJ 
control panels and in other protected places. Overpressure cSlimat~d 
at IS psi. based nn observed dama~e to equipment. 

A - Warehouse 600 feet east. B~ilding ~?s 150' wide by 500' long. The s~eet 
metal roof ;-1as buckled inward but not fal:L.en. The 14-guage sheet metal 
walls were buckled inward but not detached. 

B - Processin~ building 600 feet WE;st. IHnc!ows blol-'n in. Ilrick .,'ail stilncwg 
but ruined and had to be pulled down. Sheet Il'etal r(lof buckled inward 
but not fallen. 

C - Brick administration buildin~ 1300 feet west. 
on the blast side were broken. none Ott the far 
damage and no roof damage. 

/\bout h.llf (If the (,i0<1(1h'5 
side. There was no hrick 

D - Shop building 1200 feet southwest. Wire glass windows broken but no: 
torn from their frames. Brick wall undamaged. 

E - Open st ructure alcohol. plant 300 feet southeast. (lol'n pare unda~a/!ect; 
sheet netal wall stripped from adjacent ~eigh building. 

F - Cooling tower 150 feet southeast. Transite sidin~ ripped off. 

C - Open sided compressor shed 600 feet snutheast. Transit~ roof strip?~d 
of f. 

H - Brick building 400 feet southeast. 

Processing building 100 feet east, 
Steel frame hent but standing. 

J - ~arehou5e 300 feet east nor~heas[. 
Sheet metal roof buckled and pans 

~all OK; transit~ rO(lf gone. 

Brick \,'.111 s~ilshed .Ind all glass ~()ne. 

Sheet r.;et..l! ~,'.:lll:; la!',r,el\' torn ,:',:.1'.', 

torn a\':ly. Steel frame LI!'iZl>ly int;lcl. 

K - Brick building 100 feet (.est. R00~ ~0:\e. ~ric:':' (.'.111 ba,!lv Lro;';'cn !'tlt 

r.-.ostly standin~. 

Source: l'ri.VJLt! cor.::'1unication fror. ~:r. \{illi.3~ Laudcr~ack, c!· T<!X3S 

E.:lst~an Conpan),. 
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F.3 PROP~~E CLOUD EXPLOSIO~ 
~TUR, ILLINOIS - 19 July 1974 

At 5:03 AM on 19 July 1974, a railroad tank car full of prop~ne 

suffered 3 puncture in the yards of the Norfolk and ~estcrn Railroad in 

Decatur, Illinois. The escaping pro~ane formed a ~reyish white ground fo~ 

reaching up to a height of 10 to 12 feet above the nearby boxcars and s?readin~ 

toward the w~st, south and n(lrth. n-.ere was "very little" spread to'''ard the 

west. The wine was generally from the nvrth (020° at 10 knots); but lo~al 

circulation patterns were more important. The te~~erature was 77°F, and the 

dewpoint was 68°F. 

The cloud found an ignition source sorr.e· .... here and cxpl.!Jed. ,\ distant 

observer reported a fireball "100 to 150 yards in height and 200 to JOO yarJs 

in length" I.'hen he looked up aL the sound of Lhc blast. Thl!rc "'ere scver:.l 

more explosions during the next ten minutes. apparently as secondarv pockets 

of vapor found i~nition sources - ",hich .... ·(Ore ple:n iful ~H' th,,~. 

There w"re se·"en fatalities. most of ther. very n~ar the c<:nter ,)~ 

the blast; and there were 152 injuries, most of therr. r.inC'r ~lass cuts and burns 

General dar.la~e profiles are Sketched .)n t~le <Ic,:c;:;::;\l1y:ag m:\p. 7o<le 

"A" is the area of "severe structur_l Jar.age"; "W' L~ "sc.ltterc,~ str'Jctl:!',ll 

and severe g~ass damage"; "e" is "scattered li~lll da:-",(!c'" and "i)" is an 

anomalous a;:-ea of "light stt..:ctural dnd heavy ;;:lass dd::nl~e" lIe] ) l)lI~s:'.!e the 

general a;ea of such danage. apparently the result ci <.It~()s[)h<!ric !'<!!r.lclion 

and focusinj< of the blast wavc;:s. a not UnCO::1r.on ;'e.1tu:-e ,)f ~l:'\;:;t ':.1~:1~E' :-.;\~JS. 

700 residences had cJai1age. most of it ~inor; but 6; res idcnccs h'C're f",sted 

as unsafe. They '",ere concer.trated 'n t!lC n0rl:l·.;cs:era ;';lrt ai ;:,'1\(' "A", I.-Le., 

a fell of the:". in Zone "B" just to the ',,'est of 7.,~:". "t\' .. \1~:: ;1 :-c·.· 0:- the:- ::-. 

the lower e:1C of Zo~e flAil. A SC:iCO: in the S\)ulh~",s::\?:-;1 ,,;U~\c!:·(l:~~ ,,"': 7.:-~t2 "/\" 

near the edge had exte:1sive 'dndo"" ceilinj< .. nJ p,lnition cI.l:-ar:c; .11:c! .1:1 

unfinished gymn:ls!u;:'i addition colla?sd to the ,:rc'u:ld. 
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DaMage was characleristically erratic and Spotty. Even in th~ 

central blast area, intact railroad cars were left sitting h~side completely 

destroyed cars. Cars were so~etirnes split open as if there had been an 

internal explosion, with th0 shattered pieces of ~ood inside bearin~ no 

scorch marks. The };orfolk and \~estcrn Annex, Scene of several severe injuries, 

w~s devastated in some places and practically untouched in others, despite the 

fact that it was ncar the center of a large fire. 

Nor was the damage anything like total even near the center of the 

blast. Aerial photos shol.,1 intact freight cars allover the y.lrd, as '''ell as 

sevelit1 areas of destroyed cars. The industrLtl buiLtings ,ldjace:1t to the 

railroad ylr I 1001- inl.let in the photos, alth0ugi! ti,e:.- doubtless had extensive 

\o,'1ndow and p..:rhaps ;>artition da~age. Trees, shruhs .lnd automobiles all app<>ar 

intact; and indeed a nCh'spapcr account noted thaL .] ro:..· oi trees alo:lgside the 

railroad right-of-way all retained their leaves - excenl for one 25-faot swath. 

The photos are to SOr.1Q l!xtcnt deceiving - after ill! there wen~ 67 houses posted 

uns.:lfe -but the point rc~,lins tildt non-detonative ~'.J~ l:I'ltld bl:l.::t d.1!!1.1ge is 

by no rne.1ns siGila[ LO, 53:', torn2.do J,H~age. :<0 houses \:ere leveled, a!ld the 

aerial ph':LOS give 1 it t Ie hil\t of any dar-age iH .111 except in .l fe'"I cases (for 

and propcrt~· (Li~at! .... is i.nl!l!cd \.:jJe,;rr~;ld; ~ut ",';;,,11.' se<:tions of cities .1rc r:at 

wiped our, ')I\(; repairs .He :;-,.ldc relalively quickl\'. 

:. his C :1.;) I v s ~ 0 n iss till 1I:1 d "r a;: t 1 v c i n v (' s t j i: it l ion .1 t t his w r i tin g 

(Dc.:e;;:ocr 1974). 

and docll:-.cnteJ C··;C:1ls in the r.:?l·:,rJ, al(! it ""ill :·e .... ·;1r·1 ..lodition,ll brOl.:sing-

1. 
'J 
~ . 

I'ri\·;tl(~ r:,l:':':l:llicillio:1S :'n'~' ;H>rsLl:l:,l'1 .ll \!';;;\. 

~;('·.;sp;I:'l'r cl jPi)i:'i::> rc .. ·i( ... ··c,: .Il C.IlS!'.!l. r'-'r:,cr;J~iil:J 
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B - S~cond zune - Scattered structural d3m~~u (co5meli~) an~ suveru 
~l.,ss damage, 

C - 1hird zone - SC'-ltter~d light d;lmapc, 
D - 1I.1L:hed Z011e - Lir,ht strllcl\lr.,l dan;lr.c all.! hed','\' g\,lSS ,!.I:-1;\i'('. 
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F.4 VISYL CHLORIDE ~OSOMER CLOVD fXPI.USION 
f L1HA .. ,<, TEXAS - 29 June 197~ 

hole about 4x4 feet io one end. The escaping vin ... l ch10ri,\<' V300l' trav.:!led 

ahout 1600 feet ....,ith a !'li~ht s.;uthwl!!'>t breeze to the dl.!ri.!ilc~ In,llr .. ,tlVl! 

units where the vap0r WAS ignited. 

and complctely stl'ipn\!c! tile foliage I fCC", all vl.!;:ct::f.ion in AI\ ,In',l .• hout loOO 

cxplodinK 1)il.!sl!i cngio,-,. ·...:iIOSl! c::lin,!~'r hc:;)~ '.:~,~ \,!;"'''~' "fl I,\, .1'1 !ntt,r;'.;J\ 

explusion t\;OUyilL tLl have cue to 1n):,·:;·_i;.~ vi:,."l \:;,l"ri,~,' ~\.)'10!:,<.'r \.hr,)u~·1 

, I : '. .. :-; ~ t..':- . ,', . ;.~:: : 

'Jtlll.:r· ... ·lsc thc!"c ....,il~ rl.!;:',;lrf.;lbly li~tl~ d;'~d" ~" 'l:,,'r t: .. I~·. r:lilr";i'! jlr"f".!rl::. 

There \..'as no damage to nurncrou~ ho:-.cs [·.-',rL:d.:!.l~l ...... !- t:~I~ o..;{te l-I~ ~~H: ~:.-1L·~·. ~i.!t· 

. 
;: ..... ",. r .IS t : ~ ~ ~ to,'",; '.J I,,! ., !: I, \I.: s 1 I.', 

" ......... r . " ! " : ,. r ; '., :- ;' '.\': ,\ ",' ~ 1,;.)',,_:\ l :a' " 1 ll', l t: ~' I ' ',' i ':, '1.
1
, 

i,~a\':: " .J~tl'!~ /'. .",J 11 ..I ~~ ~ 1.1 ~ d , .. i i c· I' I \ . .1:; , : : r t 
, 

.1 : '. .'. 

",. ~ ;. t' ~ 1 \ I.' ~. \.' • 

i ,.' ;·,t ,1:i~ ~): l.-.l "~'_I.' ,',.:"" .l" t I:, r· 

, ~"~' I 
L .1 1 :.. "-' ':i 

; t' ;1 :',' ~ ,I: ~. 'I. t '.~ : I' t • ~ i. . i -:, : :,1.' ., I:::, .. .,' 

, , ... ~ 
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P.S PROPYLENE CLOUD F.XPLOSION 
EAST ST. LOUIS, ILLINOIS - 22 Janu~rv 1972. 

At 6:20 A.'1 on 22 .Ianu~r:v 1972, a Lugc cloud uf vajlOrizcd LPG 

(9)-94% propylene and 5-6% propane) from a nunctllrcd L..Ink car exploded in 

the Alton and Southern Railroad Comp<1ny's Cateway Yard in ~:a5t St. I.ouis, 

Illinois, injuring more than 2]0 persons and doing more th~n 5;.5 ~illion 

dollars worth /,;f damage. There were no d~ath!;, hut 19 i'ersun'! were 

hospitalized. The injuries were mostly from lacerations, 

The spill occured when an l.PG tank car contidnln~ 28,2R9 ~.lllor.!I 

of LPC was struck and punctu. 1 by tPc coupler of a!1oth ... ( car • .... hile rol11n~ 

free in the railroad yard. The punctured car, \oo'lth four <HI.l'r cars, r(dlcJ 

approximately 1300 feet at a speed ot aprro:dm;\tci'.' 15 ~~iJl!, Spl ... .;lll~ liquil1 

l.PG as it went, untll it fina:.!y '::.1r.a: to rest as ,,\11)\'.'11 (I:~ :.hc f:'lUI' . .'illg :"".;I~, 

The LPG vaporized into a viljiblc cloud \o,'hich lr,lvcll'<i v) th.:- p,,)l>lt1vn sho·.,n 

and covered ;tn .1rea of abc,ut 5 acres wilen I:: W,,\S h::~itc.! ~v .I s(lurcc i:1 an 

unoccupied caboose. 

t'lames fi rst s;,!fc.ld out hod zentally. tlll'n ,11\ ()r.Hli~o.! f; ·I!"'.~' sprc.\d 

u:,ward, and thcn a l.lT);c fireball flilr..,J llf);;,HJ ..... ll:. ~xr.:v.;!\'~ for.:<!. :'.!:--.Jst 

i",r.'.e'.!~ately the rcafter. a second, r:-.orc Sl~vcrc, n;:'lo~! ,11\ 0cc'lr,·~. ':l~c I"r<.:c 

of the explosio.) dar.a,:ed buildlt,gll OII1J a 1.'11:.\)(:1' ui in:l;-i,l ,',Irs ir. thl.! ..Ire;} of 

the c.1boose. so:r.l.'"r the carll caught (ire, I!c,1t fr,,:,; the fires d.1"'.l~<!d s")!'!e 

of the rilils J <'no the force of tile cXfllo!fi';:~s ... ·r.I;I~H',~ s ::e .,f l\;,' sldtd'. 

targets aroul\d S·.dL,·h sLal1cls. 'Ih!! Jffi;.:c bull,l!ng "" Ih.' v;lr<; .I:ld iLs r0<.: 

toWer were da~agcd al\o ~(Jr,e ::-.;Ir.holc (.l;· .. cr~ ill the dr.dn·II'l' o.;y .. l"':~ '. t..;:'l' Jl,,;10dj/cc!. 

"ppro:~tr.iltely 870 lO 1000 ho~cs and bIJilJtl\~~ ',:en' ,LI1-;l,"·.\ ,IIIL In '·.Il.'! clt~'. 

in Are~s 1 a~rl 5. 
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Prof. Roger Strehlow has analyzed the apparent yl~ld of the 

explosion (from the given diRtance/damage data) and concluded Lhat the 

explosive energy release was equivalent to thr: from about 2000 to 5000 

,ounds of TNT. This is about 0.1 to 0.3 percent of the potc~cLal ener~y 

available if all the propylene had mixed stoichiomet.lc~11y with air and 

detonated. Prof. Strehlow has also concluded th~t one or more gas detonations 

probably occured inside empty boxcars where the confinement was apparently 

sufficient to ?ermlc a deflagration-to-deconation transition. 

Source.: 
1. 
2. 
3. 

Private com."Iunlcation from Prof. Streh1L'\," 
~TSB Rallrond Accident Report :-;rSB-RAR-73-1. 
Roger A. StrehlOW, "F:qlA':~'aZe':t 1>Zd c':' t:,c F;'; 7,)i~:"-;'1 :',: :,:,7 ,:7:0'; 
a·.d SO!Ati;el~~ Ga~t!:;'a~1 Yar::', :-::l~!e St. L~;,:,', 4"ll~~:('(llJ (.''':.:~~l!':' 21:, 
U72. ", l:nivcrsi ty of Illinois Report MI: TR 73-3, June 1973. 
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F. 6 I'ROPA~E CLOl!O DETO~'\TIO~ 
FRA.'>KU:-; COU:\TY, ~nSSOURl - 9 [)..::eMber 1970, 

At 10:20 P~t (.In 9 Dec1c::lber 1970, iln e-inch pipeline .:arryin~ liquid 

propane under pressure ~u~~~red and spilled propane in a rural area of Franklin 

County, Xissouri, abcu: ~even miles south of the town of ~cw ~3v~n, Propane, 

escaping from a 6-r0~C split in the underside of the pipe, du~ a 4-foot-deep, 

10-foot-dia~("_t'" ..;rater and geysered 50 to 60 feet hi~h, crcilt1ng a heavy 

white fog -,·~,:..:h DOI.·cd downhill and slowly filled the en:;1re shallow valley 

nearby. A breeze of 5 knots was blo\.iin~ from th·! northeast, the te::!perature 

was .~ .. oF, anc there I.'as a h'ell-defined tempcrat\lrC ir.versi<.'n h'ith a very stable 

air condition on tbe r-round, Ap;'lroxir-.du,ly 756 barrels 01 propane (31,752 

ga~lons) oi prop<lne was rdcase-:i hefc:c , ... ition occu~.:d, for a c<"Ilculatec 

vapor volu;::e of 1.]43,C72 ":\.I1-1c :c<.'t. Tbi,; va?",r, ~ix(!,! \~ithlir tc form a 

fl<l:;~~.1~le :cixr:.ure, covered un cstimilCc,! ':'00,000 ;:;'i'!.\rc feet of grou:\d, 

deconated, gcncratin; a Joublc l!oo~. C ,,--, 
.' - , sir-.ultaneously 

ilt illl points in che \,.1110::': ,'I hu~~t! 11,,;1 c. tire ir.:~cdiatel\' f"11o',,cc the blast, 
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one-half rnile southeast of the detonatiun origin, was destroyed; the windows 

were smash~d, doors were broken and debris littered the interior. 

l!i~het' up on the rim oi the val ley, st:vcr.:!l houses along the 

highl.'ay abo took the rull brunt of the cxplu!>ion. Glass-riddled "'a11s, 

bro~cn cxposcd ro~f beams and blol.'n-in windows I.'ere in evidence. SL!ctions of 

extcrlvr brick and stone walls ... ere torn from their sidings, and other 

adjacent frame houscs I,erl! parLi::dly b1u\o;1I du\om. 

\.,'ithin a tlo.'o-:nile riHlius of the.> bl"st, major structural dama~c 

occurred to 1.:. houses; minor scructural dar.:age affected an additional I" 

houses; and l.'indows were dama~ed in a tota~ of 37 dweJ lings. l.:ttllin a 7-r.lile 

radiu';, exc1udini1 til'., inncr 2-mile se":lil)n, SOrle 17 houses sustained minor 

strucr,Hill O"r:-,.I)',e; ;iI'.J 124 housc~ ancl "tiler buildillgs h;]d '..:irdow Ja~age. 

\.,'ithin a 12-'''dle r:ldius, \{hich incliided thc cltv of I,:;\shington, ~hs(lllri, 

12 corr,nereial LlJildil:;; h;,ir! l,ollldo',,'s 1>Jo',"1\ out, ar:d R7 houses h,ld broken y.'in(\01-'5. 

Two state policc~C:1, 0:1 ruuti.r.c: hig:lI.'':':; palrol abollt 25 miles fL(,r': the scene, 

tclt lwo SC;>.lf:lLe CdllCUSS ions, hC.lru \o .. iJ:lt sounded 1 i:':L! il soni..: boo~, anJ then 

Sill.' the firelJ.)ll. 'i';ic ':i:v of ~;t. !',)uis, ~'!lssollr:, 55 ;:liles ilwa~', fclt the 

del,>I\,lli",,; ,Inc! i\ reddi.ng ,)i J.5* ... ;as recorded on:t scb;:~o,;r'l;)h tilere. 

The sr.lall n:lp i:~.rr.edL,t\:l: .. fullo'wing ti.:s p:lgc sliv,,'s the IOC,1liolls ,me distances 

• t' j n ~ u r j I..' -. • 

~'. '.'L'r!..:",1 I~r('~lll~! {~i~:": I.'l'· ,-':~~ I!' 

2'10 

;!~ ~:il' ~'''I'!"'l':-' 1·1·:· ..... II~tt...',!t !l\)t .1 

:.: ] . .'-3 ,., 1,..::\'-1 :·l.!nt~.,:l{'d. 
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r This explosion is most unusual in that it is authoritatively 

~ thought to have been a detonation and not just the usual deflagrative 

explosion. Buildings were shattered and obliterated, r~ther than merely 

having roof and wall panels torn off. Trees were uprooted and stripped of 

all foliage, rather than being essentially unharmed as in the usual ~as 

cloud blast. "The entire valley lit up at once" when the cloud ignited, 

rather than a flame rolling from one side of the cloud to the other as in 

the usual explosion report. 

Not all of the propane detonated, of course. There was a rolling 

Cirestorm following the blast, and a billowing fireball continued to burn 

at the rupture site for the next twelve hours. Burgess and Zabetakis 

estir.lated (frorr. the distance-n-damage dat.a) th.:lt approximately 7.5% of the 

propane released prior to the blast entered into the detonatinn with an energy 

equivalent to that from )0 tons of T~T. The balance burned. 

The circur.lstances (hat led to detonation were a bit unusual too. 

The vapor cloud collected in a valley under a strong te~~erature inversion, 

~here it was restrained from nor~al dispersion and where blast waves could 

be refr~cted back dc~n inco the fla~mable r.lixture. More impor~antly, the 

blast is tilOught to have gr,:-'"',, to detollat ion -:;;,~:'.::> :;:2 ::,·::);:':~;";"':C':; oi a 

concrete clock .. '"rchou,;c ""!J\:fC the r~,I,:tion r,ressurc I,'as n0t readil .. ' relieved. 

It is the current general C0nse~sus that fla~mabJ~ ~louds will nee burn to 

detonation in the open but require sor.:c confinenent; althou~h the investigators 

of the Flb;borol1~il l!;\?losiol~ - :::.' Casc Stucy F.l - have recoclltly challcn~ed 

that view, and ~he C:imax vinyl ~hloride cloud appears to liave ~ctonated (Case 

Study F.4). lite !,lctcr ~<ly have been initiated by the shock ""ave fron 0nc 

of tile Diesel cn~incs, ·A·itich apparently ingested \'O! v..lpor and suffered an 

inter:lal detollation ""!lich hi"'",, "U t!IC cylinder 1:0.1<1. R(\f!cr Strehloh' !)clie\'cs 

inside the confbcc.cllt oi a ouxcar (:.::' Case Study F.)). 
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F.7 CRUDE OIL VAPOR-!1IST l':Xl'I.OSIO!-: 

HEAR.'!E, TEXAS - 14 ~Iay 1972 

At 12:30 A."t on 14 Hay 1972, an 8-inch c~ude oil pipeline ruptur~rl 

near Hearne, Texas; and crude oil sprayed into th~ air from a 6-inch irregular 

split in the top of the pipe. The sp,Hsely populalcJ sllrrollndln~ countryside 

was showered with crude oil vapors and llquld. Th~ crude oil flowed along 

a scream, passed through culverts beneath a railro~d and a highway, and 

finally pooled up on a stock pond 1.800 feet away from the rupture. 

Two fraMe hOUS2S w~re located 600 feet ~~st of the leak 1n a fenced 

are'! which bordered th~ s~r~a:r. on the north side. (ine of these houses \.::\s 

within 50 fcct of th~ stream; the othcr \.'<lS 100 f~et iilrlhl'r north. ,\ p('tr()leum 

tank-truck operation was located \.'lthin 600 fc~t (1i til:: stock pond on \.Ihleh 

the crude oil had ddrnmcd "? 

,\t 5 ,\."t, f.-l/2 ilours after the pire hau spliL, crud,' (,il vapors 

were ignited by an unknV'A'n source in or Il(!dr the s~,:i1I. sin~'.le-sL"ry fr.1!'"'c 

house adjacent to the crlH.l~-iilled str~:l:n. Th~ rl'o'ult,wt expli"'sl(1n ,1ncl :irL' 

killed one !nan, seriously burned anothe:r ",an a1\" a Y-"Jllg b('lY, and ucsLr.)::l!d 

the house. ,\n int<.>nse petr,')leur.\ fire ',;as kindll'(; ,t\"ll): lhc strcar.-:. I-:hich 

crude oil in the fit",..:k pond. ,\ fire !r;QO [eet len,: ;I:\<! Sl!\'cr,1l hllncl:'cd :'l'('L 

high scorched the entire area fror.\ the l~ilk site t,l Lh l· slock pO:l'! ;1:lJ ~~iljl'.1 

all vegetation ..... ithin this zone. T!H! j:il.'.i\IJ,1Y ,:md rililroCld brid,,'s l:l'rL' hCilt

damaged, and all hi~:h ... 'a:: and railro:lu traffic \.las s:'('I1!,~l! by till! :"Ir". ';ilc 

telephone, railrCl<ld. and pipeline cor.-':~\I11ic;ltioll li\1~s · ... "rl· r:CILL"!, .In.; Lit" 

poles ·..:ere burned. 7,9l) barrcl:; 0:" cfunc oil eS":iI;H'(! <In,\ h\lnlL'l!, 
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crude IJas about lO~ (by \,.eight) lighter than hexane. Ten percent of 332,346 ~'\llons 

(7,913 barrels) is 33,2)4 gallons of light hydrocarbons. or about on~ railroad 

tank car; and the sprayin~ mode of the leak IJould strip it out into the air 

fairly efficiently to yield a flammable cloud much like that from:. gas leak. 

A quiet spill onto the IJater of a harbor IJouid ~ive less 2fficient st~ipping 

of course, bue even so the thin film of oil IJould yield up its light ends 

content fairly quickly and lead to a dangerously flammable vapor cloud. 

Source: ~;TSB Pipeline Accident Report. "Exxon Pipe Line c.omnany Crude Oil 
F.xplosion at lIearne. Texas. ~Iay 14. 1971". ~;TSB-I'AR-73-2. 
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F.8 NATlfRAL CAS CLOUn EXPL0S ION AND FI RE 
HOUSTOS, T[~\S - 9 September 1969 

At about 3:40 PM on 9 S~ptember 1969, a high pressure natural ~as 

pipeline in a ~uburb north of Houston, T~xas, bur~: from accidental over

pressuring and filled the nei~hborhood \~ith a cloud of natural .zas. 'ihe 

initial pressure burst produced a concussion that threw several people, 

within a radius of 2;0 i~et, fro~ their chairs, couches or beds. There was 

a nois. as of jet en~lne~ so severe that it was difficult to hear anythin~ 

else, and the blowin~ ~as created a duststorm-like conditio~ that obscured 

visibility in the area. 

Approximately 8 to 10 mln~tes later, a resident about 200 feet 

from the point of ru~ture heard a "cracklin~ or sJ>ark!.n~-type noi.se", fol1ol.iec\ 

by an explosion and fire. He was knocked down and sufferec\ burns on his arm 

anc face. five houses in a row explodcc\ at this time, indicatin~ that the 

escaping ~as had entered Into these bulldi~~s. Fircs hrokc out and ra~ed to 

a height of l2S feet at th~ rupture point. The heat of the fires was so 

intense t~at bui]dln~s up to 250 feet away were conpletelv destroYed. In all, 

thirteen houses were completely destroyed, and 106 others were damaecd. The 

total damage was estinated to be 5500,000.00. All of the destroyed houses 

3:1Cl t~lase ~~.1'.'il:/ d;J~ap-ed ',:ere · .... ithtn 1(1) feet nf tr.(' ru"'tlJrc !,,,int; they ;lre 

located on the followin~ sketch map. Hctween 300 and 600 feet frL- .he rurture 

point, da~~~e consisted mainly of crackec\ walls. blistered ~aint and broken 

windo' .. s. From 600 to 'jvO feet, dai.1a;;:e ~"as due to objects fa111n~ froJ" shelves 

or \,'a11s. The destruction and heavy daf:la~e .... lS conccntra:ed to ti:c north of 

the rupture site. ,1['lpilrently due to !>omc protect!n)! earth mounds t(1 the south; 

but the lesscr ,hr:lill:c \.'as consistent in all directions. 

tLl! <:x?losiv::-iirc; hilt nine ilerSQllS I:erc injured, t· ... " seriously. 

Sour .. ~e: ~:'lti()n.:11 TriJl\soort:lt inn S.1fctv 1I(",;Hd 1'11\cllne ,\.:cldent !,,,'por:., 
"~:(Jui I ('il C()r",,,ratitln lIigh-l'rC's5Url! ;·;,1tllr.11 (;.1<; Pipel inl', ~;eilr 

Ilr)ustrJn, leY-as S(:plcrnh(~r 9,1969". :,TS!\-I',\R-71-1. 
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F.9 LPG TA;\K CAR t:XPLOSI()~S 

CRESCf.~T CITY, lLLl~OlS - 21 Jllnc 1970 

,\t 11:)0 ,\.'1 on 21 June 1970, 15 railroad cars incllldinR nine lank 

Carli loaded with liquefied petroleum gas derailed in the town (If Crescent 

City,llliMis. The force of the derailment propelled the 27th car in the 

train over the derailed cars ahead. and its coupler struck the tank of the 

26th car in passing. puncturing that tank. The reLeased ~rn~anc was {ynited 

immediately by some unidentified source, possihly by sparks prnduced by the 

the derailing cars or by the overhe~ted journal that caused the d,'rallMent 

in the first place. The initial ignition of the ~~s produced a fireball 

that reached a hd~ht of several hundred feet and e>:tcndcd into that narc 

of the town lIurrounding the tracks. Several bulldin1!s .... ·\!re liec on fire. 

The sa(!.!ty valves vf other tank cars l.ear the fi re o!)!.!r.1t.!d, 

releasing more prof\i1ne which provided Morc fuel for the ilre. ~fon: hcat was 

directed against the elevated porti('n of the 27th C.H, ..... hich increased the 

pressures within that car until it ruptured with cxnloslvc inrcc ~t about 

7:33 /\,'1. The east end of the car, '''!hich included the r:;In'~'ay, dIll! .1 cratC'r ir, 

che track structure .lncl then was hurled .1bollt 600 fl!.:t e;\stw.lrd, \.lh.;!re it 

stopped at 'In 1n.:erli!.!ction in to·~'n. Fire 1.1 thili secti,';' cl.'tHinu.:.l there ;Ift~'r 

it came to rest. Til!.! \{('st end of thl! ColI' ..... a3 .wrled in ;\ soutll· .• ·cHcrl:.· 

d1.rc,-t1on for a totdl dlstan.:e of ahout )00 f.:ct. 'j'hls ~H'ction slrud. and 

collapsed the roof of a r,.lsClline servl.:c s:'.1l10n. '1\:" Cllh\!r sile,lhl(! port/ona 

of thl: tank Here hllrled 1n a south· .... ..!'>l'·rly dirccti('n ;\t10 C.l~.C tn rl!s~ ;Jl 

;>01nts 600 feet and 750 fe,~ from tl,e t"'t\k. 

At about 9:40,'':1, the 28 C.lr ill Lhe tl·.1l11 rup~llt'e('. TIll' SClU~li end 

.Jf the C.11' • .... ;I~ hurled .1 1)uut 200 j"ct '"lCILh· .. ·.lr.! .\(·rr:>iS t!'C'ilrl,.'l '.:)',"1'(' ! l 

and landed in :\n I)['en flcle. Il CO:'ll/ti\Jl.'cl t·, r,-:I :1::,\ :1n.,!!:: ..,I.····.~"·:\ .1:l"r 

travcling about 1600 fec~. 
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About five min~tes lat~r, at approximately 9:45 ~~, the 30th car 

in the train ruptured. This car had been lying in a ~ener~lly north-south 

pOSicion. The north end of the car, WhlCh included about one half of the 

tank, was propelled alonR the ground in a northeasterly direction for about 

600 feet. This portion of the tank passed throuhh and completely des:royed 

two buildings and came to rest within a third. lhe other end ot thp. tank 

stayed in the vicinity of the general derailment site. 

A, about 10:55 AM, the 32nd car in th: train and the followin~ car 

ruptured almost simultaneously. One of them ~plit lon~ltudinally and did not 

serarate into hurtling pieces. The west end of the ocher was hurled westw,H'd 

where it struck and punctured rile head of the )/.th C,lr. Propanc rl.!leased 

from the puncture ignited ir.;;:ediatcly. The other cnd of the 33rJ car was 

hurled tl,rough the air. It struck the 34th car, ril:o.:heted, and then struck 

the vrot~ctive housing of the 35th car. The housin~ and valves of the 15th 

r~r brokc off, permitting still mor~ propane to escaoe and i~nite. Fires 

continued to burn 3L tl~' punctured carJ for a total of So hours, 

In ,111,16 buslness cst.1hlishl'l<.?nt~ \o.'crc d,stroycr! and sc"cn were 

dama~cd, Tw~nty-flv~ re~ld~nccs were J~stroyed and a nunber of others werc 

dolm"gcd extensively. Totill injury and projJcrtv darn.121! .::()~ts amoullted to 

allproxirn;Jt('ly two nillion Joll;Jrs. SixtY-3ix :>ers<'lls I,'cn! lnjurc(!; there \.''-"re 

no deaths. 

The key Jar.la~e r.'.l!chanis::'. ill this accidellt ... ·as th" rockctin~ of 

hurnin~ tank cars I.'hlch s(1rcad :".,·ssl·,'c Missiles )f stl.!el :tnd new fireballs 

up to 850 feet from thc derailMent sileo This is ;1 char.lcteristic rcsu] t of 

all Clcc1Je:lts wherein pressure vessels .Ire exposed tv Massive fires, and it 

should be in.::llJdcd 1:1 all dis;l'-;t~r sc(·n;lrln:i. 'I!ll' (.>ll.Hdnp, :"l.ll' .. h.)1.'5 t;l'" 

paths of till.! ffi;ljur tank fr,li!;-.cnls II: :'!lis .1.:.::idL':I~. 

---------
Source: :;·,tioll;Ji Trdn";"'rt;lt i"ll S',il'l:1 Br)ar.1 !:. '1 r",I..! ,\ ... ·LIl':lt jl";)(lrl, 

"Ih:r;dlrlcnl of ':oll'Go, Pcoria ;\ncl · .. :csll'rn II.Ji1 r.·,,,: CClrll'.1Il::'s Tr.lill 
:;". 2n Vitll :{l'",1! lallt Fi p. :I:~d ';'.111;' ",lr Rlll'L'lr,."s, Cn'scellL Ci tv, 
Illlll,Jis, 11I1ll' 21, 1970". :;TSll-lv\R-;2-~. 
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F.lO 1.PG TA~a: CAR EXPLOS IDS S 
LAeREL, HISS[SS[P[ - 25 January 1969 

At 4'15 A.~ on 25 J.lrluaq· 1969, a train carrying 15 tan~ cars of 

liqu~fied petroleum gas (primarily prol'an~) oerailed in the rridd' e of the 

town -.If Laurel, ~lississipri. The derail:ncnt was follo~!ed by an im:r.ediate, 

violcn~ fire and explo~ion; and nther explosions followed at intervals for 

the next 40 r.llrutes as th~ fire caused onn tank car aft~r another to over-

pres~ure and burst. 

The initial fireball immediately set (ire co bul1din~s 200 to 400 

(eet .WilY, ?ril.;ari 1v residences, betwce~ the '';:-CCK and ~1crictian Av(:nue (sec 

map) and to industrial 6uilding~ about 200 ~cct a~av L~ the opposite side 

of the tracks. S~aller, spot fires were set bv bur~ing fra~ments up to a~out 

10 c:ty bloc~s a~av. 

The c:Jncllssio" (ro.c thc cx;>losions cat.:scd stru,:tur.11 danap.,~ to 

both pri\'at~ .lad industrial buildir.gs ... ·~thin ;1\J;)ut 4CO feet. P,ro:'en '~·inJLl·.,·s 

"':(;re reported as far as three r.llics \{cst of :.:1',rel, ~ut the ma;orit:: of the 

broken glas5 was In the downtown arua a~out 8 blo~ks away, One witness put 

it. "V(;::: !.it~lc 

cial!:::; ' .. .'ere filed - :lI1d 1';,1(; - ire:". up to five -iles ,1'.,.0::; !,ut rh2:: · . .'ere 

distributeG in sC."Itt<.'rcd bunches .,r.J not hcncral,y distributed, C:-acked ".-.d 

oro;';cn plum!Jin;;: .,·as ·.dJesprcad in tile cv:1~ussivr. arc:!; but such ~."I:::a,i!:e ..... as 

thoui<ht tU \Je a special caSe due to the, rrcvale:\cc of :igl:t-constru~~ioll, 

fr.:Jr:-.e bui;c!in;:s. sl~)~lc-(:n:1structt():: :·,.c::n'!2tio::s ,j':ci Ilnc')~,·.\,:L..:d i(Jit • .... r.l~h 

had a1reaJ:: SCen ,;.)~.l' creep an'! shi~~i!~g due to ill:;\":: :-.,ins. 

!l struc~ 
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the gt"ound fit"!;t about 1,000 feet from the wreck. After the first bounce, 

it carried another 300 feet over some resi~ence~ without striking them; 

bounr.ed a~aill for 200 feet, ~nd a~aln for 100 feet, cc~in~ to rest alop a 

dwelling 1,600 .~eet from the wreck center. I~e resultin~ fir.:! wi,ere the 

tank came to re~t destroyed three hous~s. A 37-foot sect jon of rOTX car 269 

was propelled through the air in a northwesterly direLtinn strikin~ the peak 

of the roof of a mill 800 feer (rom the trnck. This section then struck in 

the parking area and bounc~d end over end successively 100 feet, 200 feet and 

50 feet befor~ coning to rest in a reversed p~si:ion on the rear of a dwelling 

1,100 fept from the wreck. Other fra~ments took other trajectories, as shown 

on the n:ap. 

In all, some 2930 buildings sufr~red damage. Fifty four residences 

were destroyed, mostly oy fire. A lar~e transfer nnd storage c0~rany ware

house a~out 200 feet a~ay and its contents ~erc a~~ost tutally des~roved by 

fire, and a \{3sh-and-dry laundr,' was totally destrovcd. The structures oi 

four ::-ther industries ar.,1 businesses ',-'C're ile:ll.'lly (~ar.age~: a \larJboard 

iabri..:ating plant and th" ~tississirfl' i'o'~'er C0r.;>.:lI\v, \"est or the: ~r3cks; a 

machine shop il;1d a .... ·ho1esitle grccer, c~st oi the tr3cks (see ~ap). Sb ?ublic 

schools and five c!lurches · .. ;ere dar.;agcd, .1.11 in the dO'.:;1tO· ... 'T1 :lrea. Total 

as a r~~ull 0' burns, and a l7-year old girl Jied JbOIlt a ~onth a~ter the ~reck. 

There ~:ere 976 othe, personal in~~,rics, ;'-oost cf thl'~ :'urlls and Cl!ts iror.; :lyin~ 

glass. Seven:.ccn rer;;(l"S '.:cr.: 110s;>ilaliz.:c :-or :;pre t'lan a :1:ont1l, 

t ... 'c.:.r~ filled '.·:i~h r>eoj'>lc · .. ,'i,cn the st..!\.:ar.d £:;·:!,l,)~iL;() ,![,d I:r~~)ill~ o..:.:.:urred. Tlte:· ... 

\r..'crc t',en t~d??('d ~)~:.· .. ;et.~:1 ~;)~ ~'ir~ .1:L! the ~i,II::; :'(!Il(:"':S !..i;,lt Pd'!"'a~ll.'lc..:! tile trac;":s 

10n 
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and could not get back to shelter. There were many purely panic injuries 

as people were trampled in t;le rush and injured at':empting to scale the 

fence3. They were of course only 200 to 400 feet froM the tJwering fireballs, 

and many burn injuries occurred. 

There was still another unusual aspect to this accident. A ~ational 

Guard explosive ordnance team punched holes in t~o unruntured tank cars, usin~ 

shaped demolition charges, to prevent them froM explodin)!. The "'isdum of 

such action is still controversial, but in this case it worked. The gas 

ignited immediately with a sound described as "like a .i et plane taking off", 

and about two hours later the area was declared safe for the peon Ie to return. 

Sources: 
1. Private co~~unication, Mr. W. L. Mill~ood and his staff at Southern 

Railway System, Washington, DC. 

2. Sational Transportatinn Safety Bo~rd Railr0ad Accident Report, 
"Southern Railway Conlpany Train 154 Derai Ir.e:1t ':ith Fire :In..! 
Explosion. Laurel. MiSSiSSippi, J,:lOuary 25. 1969". ()cto~er 6, 1969. 
(No ~TSB number assigned) 
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"'.11 VI:\YL CHLORIDE HONmlER TA.'\IK CAR EXPLOSIO~S 
HOtSTO~, TEXAS - 19 October 1971 

At 1:44 p~ on 19 October 1971, 20 freight cars were derailed at 

Mykawa Station, approximately 2 miles inside the southern city limits of 

Houaton and 10 miles south of the city center. Six of the cars c0ntained 

fla~mable vinyl chloride monomer, a liquefied gas under 3 pressure of 

approximately 40 psi at the existing temperature; and two others concained 

butadiene (also a fl.,~able, compressed gas) and acetone. The cars jackknifed 

in the derailment, and LWO vinyl ~nloride cars were punctured. 

There \,as an explosion ;:on;! a billol,ing fire before the \"recked 

cars had ceased to move. The two punctured cars ca~e to rest in the burning 

ar~a. and the fire enveloped large areas of the tank cars. The heal increased 

the internal pressure until at approximately 2:30 f~ a violent rupture and 

massive energy release occurred when the tank of one car suddenly failed. The 

sudden release of JPr-roximately 100.000 pOI'nds of vinyl chlCJri<ie r:onOr.ler 

produced a large fireball and rocketing tank fra~nents. Residual vinyl chloride 

in the ether tar.k car ignited inside the car at that poi~t; and thl' C.1r 

rucketed in one piece to a point appruximately 300 feet away, spe~in~ burnin~. 

li.qeeficd ','~;,.::l chl~rice fr0!" its pun,'tllres. The <lCetolle car. "'hich had been 

struch and damaged by the rocketing car. caug~t fire; and a house and several 

vehi.cles I,'ere i)tnited by the strea::l of burning vi:1yl chloride. The secondary 

fi.r~s burn~d for approxinately five hours before the last one I:as extinguished. 

()th.:r than the tra:n a:ld r:lilroad r03t!bed. dami1"e "'as very light. 

A ncarby residenc~t a fire truck. an auto~obile a:1d a railroad mQtur truck 
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the fireman who was killed, but he had suffered severe head injuries ~s 

well as burns. Most of the injuries appear to have been burns fron fireball 

radiation, an observation that is consistent with ~he firefi~hters' rule of 

thumb that firenen have succumbed to radiation burns incurred when they were 

as far away as 250 feet from very large fireballs. 

The following map shows the location of the burni"~ tank cars, the 

injured persons and the approximate outline of the area which concain~d scorch 
marks and debris. 

Source: Sational Transportation Safety Board Railroad Accident Report, 
"Derailment of Missouri P:1cific RailroaJ C0npa~\"s :'rain 94 at 
Houston, Texas, October 19, 1971". :\TS8-1I,,\R-72-6. 
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F.12 PROPYLf.~F. TA~K TRUCK F.XPLOSIO~ 
~W JF.RSEY Tl!~a}IKE - 21 September 1972 

At 8:25 PM on 21 September 1972, a tractor-semitrailer (t~nk) 

carrying propylene liquid petroleum ~as sideswiped a Crcyhnund hus (carrying 

no passen~ers) in the southbound lanes of the Sew Jersey Turn~ike about one 

mile $outh of Exit 8. Fire, caused by friction sparks when the tractor

trailor scrar>ed the r.ledi .. n guardrail, i!!nited f\lel escallinj< fro:" the tractor's 

left-side fuel tank and spread to propylene which was leaking from the car~o 

tank's da~aged plumbing, enveloping a large part of the car~o tank in flame. 

About 20 or 25 minutes after the crash, the car~o tank exploded in 

a huge ball of fire which inflicted burns and other injuries to ~8 persons, 

including 7 police officers acd at least one bystander who was 600 feet south 

of the explosion, ~one of these injuries was serious, 1\10 "eople trapped 

in an auto~~bile wedg~d hetween th~ tan~ truck an~ the ~uardrail were killed, 

bet it is not cl~,H wh(.!ther thev \,'(.!re alive at the time of the explosion, 

Their bodies w~re ext~nsively charred. A water-tank fire truck pa:ked about 

100 to 150 yards south of the explosion suffered scorched paint and warned 

plastic li!!ht COffi;"o:wnts; an occupar.t s~,id that a fla~ing ,ass c.1:,e directl\' 

over the vehicle, At the time of the explosion, there were about 200 onlookers 

dispersed alo:lg ti:e east and west pre-nerty l'in~s at c!istanc(!s ran;dng fr.;~ 

150 to ~QOO feet. 7h(.! locat ior.s of 01:1 23 in~ur~J n~r~ons could not b .... 

establ!.s~·\(,!d, bLt the kno· .. ·n positions 0: (.!ight of tioer.; ar~ ShOh'r, 0n the ~10 

fo~ lo',:ir.g, 

about 27 feet lor.~ or three-qudrters the ler.~th of t::e tar.~ '"ilS f;'und 1,307 

feet nort~ea,;t of l :1e explosi.)r' point :md :'(,)2 :' cl! t cllS t of the :1 i eh·.',,\' center 

T:11' r(' -1 r i~ 1_ oO.! '. ':\5 5~ 
r, 

:~(>~ snt1t:~·,·.'t~st ;]!,,:.:,! t.::!...! r'.::1 :- (;:!~-~~:.;:'te!" :....':- :':: ... : , , 

tan~ co~~o:,.ents ~ .. cre fou:~J at v"rio~s ~oints .11c:~h :In 8S0-foot 1 ir,e e~~C!r:lllv 
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southeast of the explosion point. Parts of the trailer susoension and the 

two axles, with the tires burned off, \/ere found alon~ the eastern embankment 

of the turnpike. When first seen, the axles and wheels were glowing. 

There was no air blast; the explosion was that of the burstln~ 

tank shell. Most of the fireball was produced when the expelled va~or burned 

in air after rupture nf th~ tank. The tank had originally contai~~d 7,209 

gallons of propylene. 

Source: ~ational Transportation Safety Board HiRhw~~ Accident R'por" 
"Multiple-Vehicle Collision Followed by Propylene rar~0-T3nk 
Explosion, ~ew Jcrs{;y Turnpike, Exit 8, September 21, 1972". 
NTS8-HAR-73-4. 
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F.13 PROPA.'lE Cl.OUD FIRERALL 
LYNCHBURG. VIR(";!NIA - 9 ~Iarch 1972 

At 2:30 PM 0n 9 Harch 1972, a tractor-se~itrailer tank truck 

carrying 9.208 gallons (38,854 pounds) of LPG (mostlv prop~ne) overturned 

and WtlS punctured. As the truck fell onto its ri~i\t side, a 32-inch hole 

was :orn in the LPG tank; and liquid LPG poured Out and be~an t~ vaporize. 

It is estimated that approximately 4000 gallons of liquid were dischar~ed 

before the level dropped below the opening and t~e flow of liquid stopped. 

As the propane escaped, a visible vapor cloud containing a mixtur~ 

of propane and air i~mediately be~an to form at the trailer and spread 

rapidly throughout the "rea. At the site, an emhankment east of the highway 

rose steeply, while an ernbankrnent west of the higlw.IY consisted o~ a steep 

dropoff. A house an~ some outhuildings ~crc loc~t~d 200 feet west o( and 

about 60 fe~t belrw the acciJ~nt site. 

jut ted abov~ the It!vcl of the road. 

A frin~e of trees and underbrush 

T~,~ driver cl1rr:bcd Ollt of the truck, <lttc~r'tcd tCl \.IaVf~ oncornin~ 

motorists .1lo'3y and ther. bc~a:1 to run dv',:nhiil a ... ·ay fror.: the truck and the 

cxpandin~ cioud. \\1H':1 h(' h.vl rlln anrH')x1~ately 270 fCl't. the V'loor clouj, 

Io'hich had continued to expand, ig:lited into a flre~"ll 1o!1th all estil':ated 

radius of at least 400 feel, envclopinh him and ;';i II in)~ him. Thre(.' \.Iitn.:s:;es 

standing beside their aut~rnobiles approximately 450 feet ~way were severly 

burned by radiation but were not touchc;~ by the fia~;.:s. The occupo1nlS of 

the house, hearln~ th~ crash and sccin? th(' clouJ, (le~ fror. the h.Juse and 

were about 420 feet from the truck whr·n the cl,)ud ignitcd. They were severly 

burned, and one LJter died; it is :wt c1c.1r ~:Iwlhcr thev ... ·cre ~\Jst 11'sit!e or 

in the f iar.1es an.! dcstrJl'ed. 

Therc appears to ha'll! been nv blast. • .) r.~o· (11' i sts bOO feet ,,~ so 

to the r.orth (uphi ii, i1roun·~ a (;urvc <llld Cdc of the: 1 i:1C 0( <;i;dn) hcard only 

a muffled roar and sal·: an or:lll".e-red f:r~·!l:lil. ~:.~, .:0:1'\lssiCI1 '.:.1"; Iclt, .1nd 
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they were not injured. The actual fireball appears to have been approximately 

400 ~eet ln radlus (that ls, in the downhill direction; it is not thought to 

have been symmetrical); and there was incendiary radiation beyond that. Five 

people Slightly more than 400 feet from the ~reck site were severely burned, 

and an er.suing conflagrativn destroyed the ho~se and outbuilding and 12 acres 
of wcodland. 

No mention is made of wind or weather in the report, and that would 
seem to indicate the absence of any high winds or of rain. 

Source: ~ational Safety Transportation Board H1Rhwa~ Acc1cl~nt Rerort, 
"Propane Tractor-Semitrailer Overturn and Fire, U.~. Route 501, 
Lynchburg, Virginia. !-Iarch 9, 1972". ~TS;;-HAR-73-3. 
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F.14 ~ATURAL Gt\S I.10UIDS VAPOR CLOUD FIRE 
AL'STIS , TEXAS - 2~ Fp~)ruar:.::.. 1973 

At lO:53 p~ on 22 February 197), a IO-inch pipeline ca,·ryin~ 

natural gdS liquids (SGL) at ~ pressure of 525 psig failed at th~ Austin 

pump station, releasing a total of 6,6,,0 barrels (278,1180 ,gallons) of :;CL. 

The SGL blew a lO-foot didneter hole in the ~round, sprayed into the air, 

flowed into ditches on both sides of ,\ r03c ad.:,'-cnt to the st-Ilion, dnc 

forrr,ed a whlte, fog-like vanor Io:hicll c!1vo.!loj1ed the ar<.!il. 

vapor-rich zone and stalled. Botli drivers got out of their cars, heard the 

~elther driver attc~ptcd to ro.!start his car. 

road through the two-foot-deep ~;GL v3!Jor. S!18rt !\' after thl! t\.'0 CJrs sulled, 

a Dodge van c~rryin? six .)Ju:ts alld b'w ::'::'.<111 ;::~j :~ren vnter~d t:\(! \'iinor-rich 

zone and also stalled. The passengers ~ot uut anJ started to ~~lk c~st~ar~ 

tOlOard the t\JO o,:her stallt.:d vchicles. an,! the Jriver dtte~l)tc(j Lo rt..'-5t.:lrt 

1,is engine. 

A lar~e s!'drk (.r.:c:rl.:o.!c fro~ undcr'lc:atil t!:L' V:Ir1, and :la~~s !t..'.lpeJ 

were completely ~ngulfcd by Lla~o.!s. 

in a 2,400-foot ~)no! !i:1l'. 
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T~ere was no blast. TWo police officers in a rad~o patrol car 

saw tha firt ignite. but they neither heard any explosion nor felt any 

shock wave. 

The weather at the time of the pipe failure was cloudy, and a light 

wind was blowing from the southeast at 6 mph. The temperature was 44°F, and 

the humidity was 86 percent. By 11:30, the wind velocity had dropned to zero. 

NGL is a member of the liquefied petroleum ~as family. It is liquid 

stripped out of natural gas by rressur~ ~ondensation. and contains about 85i. 

butane and li~hter. predominately propane. It is liquid only under ~reater 

than atmospheric pressure (or refrigeretion). \o.'hen released to the atmosphere 

at normal temperatures, it will vaporize. cool the surroundin~ air. and cause 

any moisture contained therein to appear as a white fo~. 

Source: National Transportation Safety Board Pipeline Accident Report, 
"Phillips Pipe Line Company Natural Gas Liqdd5 Fire, Austin, 
Texas, February 22, 1973", !l:TSB-PAR-73-4. 
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APPENDIX G 

ADJUSTMENTS TO PREVENT DOUBLE COUNTING 

Provisions have been made in the VM to prevent double counting in 
three different situations. Double counting is used in this context to 
mean the inclusion of an el~ment of some vulnerable resource (e.g. a 
person or a building) in more than one category of damage or injury. 
Three situations arise in which double counting will occur unless pro
visions are made to prevent it. The situations are: 

(1) A single damage mechanism from one event simultaneously causes 
injuries of differing severity (e.g. inhalation of toxic gas may 
cause death, non-lethal injury, or irritation). 

(2) Two or more damage mechanisms from one event simultaneously 
cause inj uries of the same severity (e. g. an explosion can 
kill people eithel by direct blast effects ~r by impact). 

(3) Differenl events at different times both cause damage to the 
same resource, and the first event so severely damages some 
portion of the resource that further damage is irrelevant 
(e.g. persons killed by toxic gas cannot be further injured 
by a subsequent explosion). 

The problem of double counting encountered in sitllation (1) arises 
from the way the probit equations, described above, are obt<.ined. A 
probit equation assesses the fraction of the vuln~rable resource in a 
given category of damage or injury without regard to other categories 
of damage. For events that cause an escalating sequence of damage 
categories, the results of the unmodified probit equations are mis
leading, because that portion of the subject resource in a given damage 
category is also counted in all more serious damage categories. As an 
example, consider the case of a toxic vapor: those people counted as 
irritated include those people with non-lethal injuries and those 
killed by the vapors, since the threshold for irritation is lower than 
the threshold for injury or death; i.e. to be injured or killed, one has 
to have passed through the stage of irritation. 

An unattractive feature of using the unmodified results of the 
probit equations is that the sum of the percent 1ges of resource in the 
various damage categories may exceed 100%. 

To correct for this type of double counting, the fraction of the 
total reS0urce in a given damage category is reduced by the sum of 
the fractions of total r~source in all damage categories more serious 
than the given category; of course, the adjusted fraction must not 
fall below zero. To state this in mathematical terms let, 

• the probit equation for damage category i, where the damage 
becomes more serious as i increases 

and F(P1) a the fraction of the total resource calculated to be in 
category i from the probit equation, Pi 
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, . 
then 

M 
F'(P i )· F (Pi) - l: F'(Pj ) 

j-i+l 
(G-l) 

F' (P ) • 
i 

M 

the adjusted value for the fraction of the total resource 
in category 1 (a single prime(') indicates adjustment 
for category (1) situations); if F'(Pi )< 0, then set F'(Pi'-O. 

the total number of damage categories. 

As an example consider the following case ~here the concentration 
history resulted in 4% of the population of a given cell dying: 

Type of Initial Adjusted 
Injury P~rcellt Percent 

Lethal 4 4 
Non-lethal 12 12 - 4 .. 8 
Irritat ion 100 100 - (4+8) .. 88 

In the first column is the pl·rcentage affected when more serious effects 
are included at each level, while the more easily Lnterpreted figures 
are in the final column. USing the initial figures, one might conclude 
that 116% of the population was affected. This type of correction pro
cedure is applied to injuries from direct blast effects: 

F' (E3) = F(E3) - F(El) (G-2a) 

to injuries [rom impact: 

F' (E4) .. F(E4) - (F(E2) (G-2b) 

to glass breakage: 

F' (52) • F(52) - F (51) (G-2c) 

and to sublethal toxic effects: 

F' (T2) F(T2) - F(Tl) (G-2d) 

F' (T 3) .. F (T 3) - (F(T!) + F'(T2» (G-2e) 

The problem of double counting encountered in the situations (2) 
arises because the probit equations assess injury without regard to 
other injuries occurring simultaneously from different causes. Thus some 
fraction of the vulnerable resource may be subject to two or more 
causes of damage. This may be visualized by means of a diagram 
in which geometrical area represents resources in a particular state. 
By allowing overlap, the ~ffects of multiple mechanisms may be considered. 
Th~se diagrams, known as Venn diagrams, are shown in Figure 6-1 for the 
cases of two and three competing mechanisms. For two damage m~chanisms, 
Figure 6-1a shows that L~e resource is partitioned into four categories. 
For three mechani~ms, ~lgure 6-lb shows thet eight categories result. 
In general, for n competing simultaneous mechanisms, 2n categories will 
result. 
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A Venn diagram for two simultaneous injury mechanisms; the 
four resulting categories of injury are: 

(1) injury A only 
(2) injury B only 
(3) injury A and B 
(4) no injury of eit~er type 
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only 
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A Venn diagram for three simultaneous injury mEchanisms; 
the eight resulting categories of injury are: 

(1) injury A only 
(2) injury B only 
(3) injury Conly 
(4) injury A and B 
(5) injury A and C 
(6) injury Band C 
(7) injury A, B, and C 
(8) no injury of a!\y type 
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Since the probit equations give the fraction of the vulnerable 
resource in any independent damage category, the fraction of the vulner
able resource in those categories arising from the simultaneous occurrence 
of damages may be calculated using the techniques of mathematical 
probabUity[GI) (:>articularly the complementatioll rule and the multi
plication rule). 

To illustrat~ thes~ techniques consider the following example. 
Two injury mechanisms, A and B, occur simultaneously. Let 

F(A) fraction of vulnerable resources injured by mechanism A. 

F(B) fraction of vulnerable resources injured by mechanism B. 

Then by ~he complementation rule the fra~tion not injured by mechanism 
A is given by the quantity I-F(A) and the fraction not injured by 
mechanism B, is given by the quantity I-F(B). 

By use of these results and the multiplication rule the fr~ction 
of vulnerable resource in each of the four categories of injury may 
then be calculated; thus: 

fraction inj ured by A only F(A) [l-F(B)] 

fraction inj ured by B only F(B) (1- F (A) ] 

f::action inj ured by both A and B '" F (A) F(B) 

fraction uninjured ll-F (A») [l-F(B)] 

This proc~dure i~ illustrated by a ~pecific numerical exampl_e shown 
in Figure 6-2. 

At the present time the VM only treats explosions as c~~sing 
damage by several simultaneous damage mechanisms. Death may be 
caused by either direct blast or by impact effect5. ~on-Iethal 
injuries may be caused by direct blast, by impact, or by fragments. 

In the case of deaths it is not of particular relevance that 
part 0f the population killed may have received two ty~es of injury 
each sufficient alone to cause lethality. For this reason a separate 
category of deaths by multiple cause was not establ~shed for reporti~g 
out the results of Phase II. Instead the fraction of deaths from 
multiple cause was added to the fraction of death~ from each ~au£e 
alone in proportion to the deaths cauJed by each effect alone. That 
is, the fraction of deaths due to multiple caUS0S is given by 

F(EM) '" F(El) F(E2) 

[Gl] Kreyszig. E. Advanced Engineerf~g Math~matics. John Wiley and 
Sons, Inc., N.Y., 1967. Section 18.5. 
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fraction uninjuled 
0.60 

fraction uninjured by 
either A or B 

0.48 

fraction injured by 
B only 

0.12 

fraction injured 
0.40 

fraction injured 
by A only 

0.32 

fraction injured 
by both A and B 

0.08 

In this example it is assumed that two mechanisms simultaneously cause 
damage to a resource or population. Let F(A) = 0.40 and F(B) = 0.20. 
Let the entire area of the square above represent the number of elements 
of the vulnerable resource. 

If two adjoining sides of the square are segmented proportional to the 
fraction of vulnerable resource injured respectively by ~he two 
mechanisms, then the areas of the regions formen within the square 
are proportional to the fraction of the resource in each of the four 
damage categories shown. 

FIGURE G-2 

DAMAGE APPORTIONMENT DIAG~\M 
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F(rM) a fraction of deaths due to multiple causes 

F(El) • fraction of deaths caused by direct blast effects 

F(E2) = fraction of deaths caused by impact. 

The fraction of deaths due solely to one cause is give~ by 

where 

F(ES) • F(El) [1-F(E2)] 

F(EI) .. F(~2) [l-F(El)] 

F(EB) • fraction of deaths due solely to direct blast 

F(EI) fraction of deaths due solely to impact. 

(G··3a) 

(G-3b) 

Now the fraction of deaths due to mUltiple Cluses, F(EM), is added to the 
d~aths due to each cause alone in proportion to their relative magnitude; 
i.e. 

FlO (El) F(ES) + F(EM) 

and 

r'(E2) • F(EI) + F(EM) 

r F(EB) J 
l[F(ES) + F(EI)] 

[ 
F(El) l 

[F(EB) + F(El) fj 

(G-4a) 

(G-L. b) 

where F"(E1) and F"(E2) are taken to he the adjusted fractional values for 
deaths from direct hlast and impact respectively. 

In the c~se of injury from explosions the fact that part of the 
population is wounded by several mechanisms is considered important. 
Therefore, the fraction of the population in this category is determined 
and reported out in Phas Q II of the VM; however, no distinction is made 
between the different categories of multiple injlJry (there are four 
categories: (1) direct blast and impact, (2) direct blast and fragments, 
(3) impact and fragments, (4) direct blast and impact and fragments). 

The adjusted fractional values [or various t>pes of explosion injury 
are calculated using the techniques of mathematical probability. The 
adjusted fractional values reported out by the \~ arc calculated by 
the following formulas: 
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F"(E3) .. F'(E3) [l-F(E4)] [l-F(ES)] 

F"(E4)· F'(E4) [l-F(E3)] [l-F(ES)] 

F"(ES) • F(ES) (l-F(E3») (l-F(E4») 

F"(EM) • F(ES) F'(E4) (I-F(E3») + F(ES) F'(E3) [l-F(E4») 
+ F'(E3) F'(E4) [l-F(ES») + F(ES) F'(E3) F'(E4) 

(G-Sa) 

(G-5b) 

(G-5c) 

(G-Sd) 

where, 

and 

F"(E3), F"(E4), F"CES), F"(EM) .. 

the adjusted values for fraction of deaths due to direct 
blast only, impulse only, fragments only, and multiple 
injury respectively. 

F ' (E3), F' (E4) are given respectively by equations (G-2a), (G-2b). 

The problem of double counting encountered in situation (3) arises 
because the probit equations for a given damage mechanism do not con
sider the reduction in the population of a vulnerable resource caused 
by a prior damage mechamism. In situation (3) the temporal order of 
the damage mechanism affecting a given vulnerable resource is crucial 
Figure G-3 is useful for visualizing the temporal order of various 
damage mechanisms. As indIcated in figure G-3 diffusion of toxic gases 
may be followed by eith·~r flash fire or explosion; either of these 
events may then be follo ... ,;;! ')y pool burning. 

The VM models pool burning as causing no da~ge to people; there
fore, this type of double counting may arise for the vulnerable resource 
"people" only when explosion or flash fire follow a significant toxic 
dose. The ~M models toxicity as causin~ no damage to structures; 
therefore, this type of double counting may arise for the vulnerable 
resource "structures" only when pool burning follows explosion or flash 
fire. 

A correct assessm~nt of damage from a sequence of events requ:res 
the double counting correction for situation (3). However, the degree 
of threat imposed by each event is also of interest. For example, even 
though an explosion may destroy all the structures in a gtven region, 
the fact that a subsequent pool burning would also destroy these struc
tures is of some interest to the users of the VM. Therefore, this c.or
rection is not made as each damage-causing event is simulated. Instead 
the uncorrectec percent damage is reported out by the VM. Then after 
the simulation is complete, a summary damage report is generated; it is 
for the summary damage report that this correction for douhle counting 
is mad~. 

For structures the correction made for the summary is given by, 
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FIGURE G-3. Diagrammatic repre~entat1on of the sequ~nce of 
events that can threatell vulnerable resources. 
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where 

F"'(PB) • F(PB) , [l-G] 

G • {F(F'F) 
F(Sl) 

if flash fire} 
if explosion 

precedes pool burning 

and where 

F"'(PB) • the corrected fractional structural damcge 
for pool burning 

F(PS) 

F(FF~ 

F(Sl) 

• the original fractional structural damage 
for pool burning 

• the fractional structural damage for flash 
fire 

• the fractional structural damage for explosion 

(G-6a) 

(G-6b) 

For people t;.e correction made for the summary is given by the 
following: 

for explosion: 

F" I (El) • F"(El) [l-F(T1)] (G-7a) 

F" I (E2) • F"(E2) [l-FeTl») (G-7b) 

F'" (EJ) • F"(EJ) (l-F(Tl)] (G-7c) 

F"'(E4) • F"(E4) [l-F(Tl) ] (G-7d) 

F" I (E5) .. F"(ES) (l-FeTl)] (G-7e) 

F'" (EM) .. F" (EM) (l-F(Tl») (G-7f) 

for flash fire: 

F'" (Fl) .. F(Fl) ( l-F(Tl)] (G-7h) 

where the triple-primed variables are the frational damage corrected 
for the summary and the other symbols have been previously defined. 
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