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SECTION I

INTRODUCTION

Hyperqolic liquid rocket propellants are toxic, and accidental releases

durinq handlinq and storaqe may endanqer the civilian population. The U1.S.

Air Force developed procedures to predict toxic hazard corridors that would

resuilt from the release of any individual propellant material. These

corridors result from the evaporation and subsequent dispersion of the vapors.

A different situation arises when fuel and oxidizer come into contact as

the result of an accidental release. In this case, a violent explosion can

occur that will send the combustion products and, possihly, some of the

unreacted propellants hiqh into the air. When this occurs, the atmospheric

dispersion heqins at the niqh elevation and cannot he determined usinq the

same calculation method as that for a qround release.

Phase I of this oroqram (Source Characterization), addressed the reactions

between nitroqen tetroxide and hydrazines. The reaction products and the heat

released by the reaction were quantified durinq that work. That information

was used to determine the combustion time and the heiqht the resultinq

fireball achieves before it cools and passively disperses with the air.

Phase II of the oroiect (Atmospheric Dispersion ,odelinq), which is

described in this report, investiqated the chemical and physical interactions

of the combustion products with air and the disoersion of these products in

the environment.

The chemical interaction of reaction products of nitroqen tetroxide

combined with a hydrazine was determined by evaluatinq the literature on the

topic and hy laboratory experimental work. This information showed which

nroducrts, both toxic and nontoxic, could he expected to form and dissipate as
the cloud moves away from the accident location. Furthermore, the chemical

kinetics of these reactions were determined so the rate of aopearance and
disaPnearance of each constituent could he assessed.

, i. .. i. .. "' -' i " ' I•-:'•i•'T T " -' ' ' ~•f ..r... T °



The atmospheric dispersion of the products was described by considerinq

the coupled affects of convection, dispersion, and chemical reaction. A

mathematical description of this transport orocess, a Hvperqolic Accidental

Release Model (HARM), was develooed by H.F. Cramer Co. durinq this pro lect.
They comhined the source characterization alqorithm developed at Martin

Marietta (Prince 198? , l,3) , the hoijyant cloud models by Rriqqs (1q70),

and the dispersion model for rocket launches by Rjorklund (1982) to describe

this phenomenon.

This report summarizes two interim reports: "Atmospheric nlispersion of

Hvoerqolic Liquid Rocket Fuels, Phase IT: Atmospheric Dispersion Modelinq"by

Stephen Prince and "u1ser's Manual for the Hyperqolic Accidental Release Model

(HARPA) Computer Oroaram" by C.R. Rowman, W.R. Harqraves, I.R. RBjorklund, R.K.

Qijmha|ild, and J.F. Rafferty. Complete copies of these reports are included

as Appendices A and B respectively.
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SECTION II

INTERACTIONS, REACTIONS AND ANALYSES

PIIIMF/ATMOSPHFRF INTFRACTIONS

The hyperoolic rocket propellants and the products of combustion formed

after an accidental release of these materials can be toxic. The results of

work done during this portion of the project provide chemical reaction rate

data for the interaction of hydrazine (N?H 4 ), unsymmetrical

dimethylhydrazine (!JfMH), nitrogen tetroxide (NTO', and combustion products

with air aiJ tha reactive components in the air which include ozone, oxygen,

water vapor, and carbon dioxide. These reaction rate data, when coupled with

the dispersion characteristics of the effluent plume, can be used to assess

the environmental impact of the vapors and the control necessary to avoid

inijuries to personnel in the area of the hyperqolic release. A summary of the

imnortant reactions that can take place in this sitijation will he given here.

A more thoroluqh discussion of the chemistry is presented in the Phase I report

and a more extensive discussion of the chemical reaction rates is presented in

the Interim Report: Task I "Pltume/Atmosoheric Interaction" included as

Annendix A.

N?H4 RFATIONS

At high N2H4 concentrations in air, the major reaction pathway for its

depletion is with molecular oxyqen,

2144 + 0?'---)P.N? + ?H?O.

As the concentration decreases to the part per million level the major

reactions are with the atmospheric pollution contaminants; hydroxide radical

(nH), ozone (03), and nitroqen dioxide (NO?). These reactions are about

an order of maqnitijde faster than the ones with oxyqen and orevail as long as

the rate of ohotoxidation in the atmosphere is great enough to replenish the

reactants.

The products of these reactions, in qeneral, have low toxicity. These

oroducts are N,, H?(), NHI, N2 H1.

3
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lInMHl RFAMOTIONS

IIOMH is reactive with the same atmospheric components as is NH 4 . At

hiqh ilnMH concentration, the reaction occurs with molecular oxyqen and forms

formaldehyde dimpthvlhydrazone (FlH) as a major product,

IItIl) + ?2 -•)2FfIn4 + N? + 4H20.

At lower tInMH concentrations when the atmosoheric contaminants' concentrations

are anoroachinq those of the hydrazines, they aqain are the major contributor

to the decomposition. The oroducts of these reactions include

nitrosodimethylamine (NWMA, a known carcinonen) and other substituted

tetrazines and nitramine products that are toxic. The known products from air

oxidization of IlflMH are formaldehyde dimethylhydrazone (FOH), ammonia,

FA dimethYlamine, NnMA, diazomethane, nitrous oxide, methane, carhon dioxide,

formaldehyde, formaldehyde monomethyl hydrazone (FHM), and

tetramethyltetrazine (TMT).

NITRpNrN nfnXIflF RFACTTONS

Nitroqen dioxide (Nn?) reacts in two major ways in the atmosphere.

Atmospheric water vanor combines with NO? to produce nitric acid (HN03)

vapor and at the reaction site the concentration of these materials may exceed

the vaoor pressure of the water solution and form liquid nucleation sites

which will lead to a mist. Nitroqen dioxide is also photochemically active

and enters into the photolysis reaction train that produces ozone (03).

This series of chemical reactions results in other oxidized nitroqen species

includinq NO, NOý,, Nn3, and N205 and upon interaction with other
atmosoheric contaminants, photochemical smoq is produced.

RFACTION FXPFRIMFNTS

Supplemental chemical rate data were ohtained at Martin Marietta on

reactions between the reactive components in air (oxygen, carhon dioxide, and

water vapor) and vaoorizeH Drooellant snecies. These data were used, alonq

with oublished informationdto develop rate expressions compatible

with the dispersion modelinq theory. The propellant-atmosoheric reaction

exoerimc tal test condition matrix uspd for this work is shown in T ahle 1.

"4
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TARLF 1. TFST MATRIX ATMOSPHFRIC RFACTION OF HYPERnnLS

Test Propellant Drop. Reactant Gas* Samplinq
No. Snecies Conc. Composition Time, Hrs

1 Hvdrazine n.5% Helium 0,O.5,1,?,4

2 Hvdrazine 0.5% 21% 02 in He 0,10.25

3 Hydrazine 0.q% 21% 02 + 1% H20 in He 0,0.25

4 Hvdrazine 0.5% 21% n, + 0.05% C02 in He 0,O.25

5 Hydrazine 0.5% ?1% 02 + 0.o5% Cn2 + 1% H20 in He 0,r).25

6 tjFlMH 0.5% Helium 0,5,12,21,45,70
7 fPIfMlH 0.5% 21% 0? in He 0 12,71,45,70
83 IOMH 0.5% 21% ? + 1% H? in He 0,5,12,21,45,70

9 I1MIMH 0.S% 21% 0? + 0.05% CO2 in He 0,5,12,21,45,70

In flr4 0.5% 21% 0? + 0.05% CO2 + 1% H20 in He 0,5,12,21,45,70

1 NO2  0.25% Helium 0,1 ,1,7,24

12 NO? 0.25% 21% 02 in He 0,1,3,7,?4
13 NO2  0.25% 21% 02 + 1% H2 0 in He 0,1,3,7,24
14 NO2  0.25% 21% 0? + 0.05% Co2 in He 0,1,3,7,24

* 1% Hs0 in Helium Corresponds to 50 Percent Relative Humid Air at 250 C

(77 0F)

Test temneratre were ambient (-l-730C) for amine fuel tests and

elevated (35°C) for nitroqen dioxide tests.

4• ''.-'' '-" , I l • : ' , "- - . -. X ' ,' " • - '%~ ',• ' L \ • . •-p • - . _,' - '_'__ _ . . . .... . _ _ . - . , . . . . •" _ • _ _ . • • ._ .
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RATE. STIfrY SIIMMARY

A summary of the chemical rate constant information assembled durinq this

study is presented in Table 2. This information was used to formulate the

rate of chemical consumotion in the HARM model for accidental releases of

propellant.

TARLF 2. ATMOSPHERIC REACTION RATE CONSTANTS FOR

FIRFRALL nISPFRSION MOORFLING

Concentration Major

Fireball in Meteoroloqical Rate Half- Reaction Percent
Species Atmosphere Condition Constant Life Products Yield

"Hydrazine 0-1 ppm .rv or Humid Air 0.? pom"I 2 Hr* H2 02  NA

Min-l

Hydrazine Above 1 nom nry Air 0.064 Hr"I 10.8 Hr N2 ,H2 0 100

Hydrazine Above 1 Dnm Humid Air 0.141 Hr-1  4.9 Hr N2 ,H2 0 100

.. NIrH 0-1 ppm nry or Humid Air 0.15 lpml 0.? Hr* NDMA 60

Min-I

".1 IPnmL Above 1 npm Pry Air 0.0007 Hr- 1  q90 Hr FDH** 67

*ii!M-I Above 1 opm Humid Air 0.Ol Hr- 1  46 Hr FPH** 67

No 10 Inom Humid Air •.5Xlo4 l? 5 Hr HNJ 3 (q) I10O

mole- 2 sec-1

NO2  sl oPm Humid Air 5.5X10 4 1? 0.? Hr HNO 3 (q) 100

mole- 2 sec- 1

10? Above 50 opm Humild Air 5.5X104 12  0.7 Hr HNO 3 (Q) I0l)l

mole-2sec- 1

NO, All Conc. )rv Air NO RFACTIlN

* Clean, IUnpolluted Atmonshere

** NOlMA Formed in 0.7 Dercent Yield (.no? Moles NOMA Found Per 1 Mole 'IPMH

Reacted)

No : Not AvailAhlp



OVERALL FNERGY CONSIfFRATIONS

The combustion products contained in the "fireball" that leave a

hyoerqolic accident are cooled by air entrainment and heat transfer to the

environment. The assumption was made that the major cooling affect after the

effluent cloud has stabilized is caused oy air entrainment. On cooling, the

temperature cloud can fall below the saturation point of some of the

constituents at hich concentrations.

The calculations necessary to determine if there is a possibility for

condensation are shown in the report in Aopendix A. The results of these

calculations revealed that even when there is excess fuel (a situation that

creates the most likely chance for condensation to occur because the

concentration of the low vapor oressure material is hlqhest and the

temperature is lowest),no possibility for condensation exists.

The overall results obtained durinq this oart of the project furnished the

data needed to incorporate the effects of chemical reactions in the environment

into the overall dispersion model for pronellant releases.

9
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SECTION III
HYPERGOLIC ACCIDENTAL RELEASE MODEL (HARM)

The kynerqolir Accidental Release Model (HARM) was developed to predict

the transport and dispersion of the products downwind of a hyperqolic reaction

between fuel and oxidizer. This model is an improvement over the existinq

method used to assess the hazard of oropellant releases (Ocean Rreeze/lry

Gulch Model) because it can compute results for elevated sources, thermally

hunovant clouds, and considers the effect of chemical reactions takinq place in

the clo:jd. The HARM model can nredict qround level concentration of toxic

m materials that result from a catastrophic reaction of hvoerqolic propellants.

A summary of thie model is oresented here and Appendix I1 is a copy of the

User's Manual for the Hvoerqolic Accident Release Model (HARM) Computer

Proqram by C.R. 8f).qman, W.R. Harqraves, .I.R. Rjorklund, R.K. F)umbauld, iand
•.F. Paffert'i.

"Yhe HARM moe1 l is currently constructed to evaluate the environment3l

impact that would rr.30lt from the accidental release and subseiuent reaction

of the oropellants in a Titan II TCRM vehicle. The thermal ererqy released

from the reaction of A-Y) and NTO heats the combustion produc.s and unreacted

vroDellants to form a buoyant cloud. The model uses hasic i ,formation about

the cloud and its environment to determine the concentration And dosaqe of the

constituients at around level as a Func~ion of time and distance downwind from

the reaction site. Rased on information from Pnase I of this project, Source

Characterization, and srpcific information ahout the accident (quantities of

propellant silled and location of the accident), the proqram calculates the

tem;)erature, huoyancy, anW, compocition of the firehall at lift-off.

An instantaneoujs cloud rise model that has been adai)ted to rocket launches

is incorporated into HAW'A to determine the stabliz7tion heiqht and rise time

for the huoyant cloud that has resulted from tho combustion. The results of

r these calculations determine the initia.l conditions for the next phase of the

Comn0tita ion. These conditions are very important heciese they fix the reqion

Sin the otmosnherp whpr- lisnersinn hpoins ind, based 'in the local conditions,

"wi'l • trr, i 'e the t;ane,:,'rt protco s.

9•.-
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The dispersion of the stabilized cloud is determined by dividinq the

atmosphere into sectionsthat comply with rawinsonde measurements made at
Drescribed times to qive the wind direction and sneed and temperature profile
for the atmosohere. The disoersion model is derived assuminq that the source

oF material to he transported can be represented by a 'inite verical line

source in each of the rawinsonde-defined layers. The diameter of the cloud at

the stabilized heiqht is equal to the diameter used in the cloud-rise model.

The concentration of source material in each layer is uniform in the vertical

direction and Gaussian alonq the wind. The assumotion is also made that the

concentration at one cloud radius from the center line of the cloud is 0).1

times the maximum concentration. The cencentration variation in the vertical

direction is iniform in each laver hut Gaussion, layer by layerover the height

cf the cloud.

The mixing and expansion of the cloudas the material moves downwind are

calculated, hased on the standard deviation of the vertical and horizontal

wind direction over a 10-minute time interval. Standard, tested correlations

are availahle to determine the deqree of mixinq that results and are given in

the renort in Appendix R.

The computer proaram that calculates the concentration and dosaqe (time-

inteqrated cnncentration) uses a rectanqflar coordinate system with the )jri-lin

at qroond level under the cloud center at the time of stahilization with the x

axis directed along the mean wind velocity vector and the y axis orthoqonal to

the wind vector. All points on the ground are then related back to the point

of the accident and expressed in a polar coordinate system throuqh a

corrdinate transformation.

The calculation routine in the model also accounts for thp consumotion of

chemical species and the qeneritlnn of others usina the reaction rate data

presented earlier. Standard quantitive pd) ....- ',• -V. JterJdion of the

constituents by precipitation are also included.

Section 5 of the HARM report (Appendix 3) gives complete execution and

data oreparation instructions for the HARM computer oroqram. It also

describes the format available to plot the meteoroloqical data and the outnolt

concentrition and dosaqe data. Format information for the input rawinsonde

data is also des;crihed.
11
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1.0 INTRODUCTION

This document and the experimental work described herein is intended to

provide time dependent gas phase reaction rate data between hypergolic rocket

propellants (hydrazine, unsymmetrical dimethyihydrazine or UDMH and nitrogen

tetroxide or NTO) with the reactive atmospheric components of air (which

include ozone, oxygen, water vapor, and carbon dioxide). This reaction rate

(kinetic) data will be used to modify an existing atmospheric plume dispersion

model to incorporate time-dependent atmospheric reactions into the dispersion

pattern of an instant release source of a hypergolic fireball. A computer

program will be developed to model this instant release/continuously reacting

hypergolic plume which uses atmospheric meteorological data and predicts the

ground level concentrations of toxic materials that result from a catastrophic

reaction of hypergolic propellants. Additional information on the

identification of the gas-phase reaction products between the hypergolic

propellants and air were obtained during this task period. The purpose of

defining atmospheric reaction rates is to assess the potential environmental

impact of vaporized propellants and the corresponding degree of control

required on their releases into the atmospheric following a .ypergolic

fireball explosion.

1

18



2.0 COMPILATION OF EXISTING ATMOSPHERIC REACTION DATA

2.1 Hydrazine-Air Reaction

n) Since hydrazines do not photolyze in the actinic region (,,<.290
nm) 2 the major atmospheric sinks for hydrazine decomposition include
hydroxide radical, ozone, and nitrogen dioxide, all of which are produced
"in the NOx photooxidation system in polluted and urban atmospheres, and

by molecular oxygen in clean unpolluted air. In general, the decay of
hydrazine by OH, 03, or NO2 is an order of magnitude more rapid than
the decay by molecular oxygen and these processes are thought to be more
prevalent when the concentration of hydrazine in the atmosphere is at or
near the part-per-million (ppm) level. At higher hydrazine
concentrations it is believed that the concentration of these reactive
photooxidation products is rapidly depleted by hydrazine reaction and the
reaction of hydrazioies by molecular oxygen becomes the major atmospheric

reaction pathway.

The nominal concentrations of these reactive species in the clean
lower troposphere is 1 x 106 molecule cm" 3 hydroxide radical, 40 ppb
ozone1, and between 10 and 50 ppb NOx (NO2 and NO). Polluted

industrial atmospheres, however, will exhibit substantailly higher
concentrations of these atmospheric reactants. Low-level hydrazine
concentrations are very reactive in these polluted urban atmospheric

systems.

The reaction between hydrazine and hydroxide radical is second-order
according to Equation (1).

OH + N2H4 _--mH 20 + N2 H3  (1)

kI = 6.1 + 1.0 x 10-11 cm3 molecule"I sec-I

(9.0 x 104 ppm"I min- 1 )

2
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and the rate constant k1 is relatively independent of temperature

hetween 300 and 4250K. 2 Assuming an average hydroxide concentration

of 1 x 106 cm" 3 in the lower troposphere, the half-life for hydrazine

in the ppm concentration range can vary between less than one hour in

polluted atmospheric environments up to six hours in clean environments.

The reaction between hydrazine and atmospheric ozone is also second
order and its reported rate constant is temperature dependent. Tuazon

et. al. report a rate constant of 1.3 + 0.1 x 10-16 cm3 molecule"1

sec- 1 at 24 0 C (0.2 ppm- 1 min"I) with an activation energy of 3.5
to 5 kilocalories per mole. Hydrogen peroxide (H2 02 ) was the major
product in this oxidation reaction, and nitrous oxide (N20) was a minor

product. The remaining gas-phase decomposition products were postulated

to be nitrogen, water vapor, and hydrogen gas. The tropospheric

half-life for ppm concentration of hydrazine vapor were estimated by
Tuazon to be about 10 minutes during ozone pollution episodes to less

than two hours in an unpolluted atmosphere.

The reaction between ppm levels of hydrazine vapors and atmosphere

NOx concentrations also at ppm levels produced no observable change in

the initial NO, reactant when performed in the dark, but proceeded

rapidly under photolytic conditions. 2 In the later case, hydrazine is
rapidly consumed, NO is converted to NO2 at a rate approximately equal

to that of the hydrazine decay, and 03 is formed following NO

consumption. The only nitrogen-containing product observed was N20 in

trace amounts. When a 1.3 ppm hydrazine sample was sunlight irradiated
with 0.9 ppm NO and 0.12 ppm NO2 the hydrazine was completely depleted

in 30 minutes. Later studies by Tuazon et. al. indicated that none of
the hydrazines studied, which included hydrazine, MMH, and UDMH, reacted

with NO alone at measureaDle rates, but did react significantly with

NO2 . The rate constant for the dark reacti3n between NO2 and
hydrazine reported by Tuazon was approximately 2.5 x 10-19 cm3

molecule"I sec-I (3.7 x I0-4 ppn" min 1-). The reaction of

NO2 with N2 H4 resulted in the formation of high yields of nitrous

3
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acid (HONO), hydrazinium nitrate, diazine (in excess hydrazine only), and

traces of N2 0 and NH3 . Results of these reported experiments

indicate that hydrazine undergoes reactions at significant rates with

hydroxide radical, ozone, and nitrogen dioxide when present at ppm levels

in air, and Pitts et. al. 2 has suggested that under most conditions,

reaction with oione will be the major fate of ppm levels of hydrazines

released into the atmosphere.

The reaction between hydrazine and molecular oxygen is believed to

be the major atmospheric reaction pathway when fuel concentrations

greatly exceed the part-per-million level. The reaction Letween

hydrazine vapor and molecular oxygen is somewhat complex, and proceeds at

a rate which is strongly dependent upon reaction cell geometry and

surface composition.

Stone 5 has reported that the main oxidation reaction of hydrazine

by molecular oxygen is expressed by equation 2:

N2H4 + 02 -- ,N? + 2H20 (2)

In addition to the main reaction which produces nitrogen and water vapor,

there are side reactions which produce ammonia and are largely

heterogenecus in nature. The oxidation half-lives studied by Stone

depended on both the surface area and composition of the reaction vessel

and ranged from 25 minutes for a five liter flask (surface area = 1600

cm2 ) to two and a half hours for a specially constructed 44 x 2 -cm

cell (surface area = 300 cm2 ). The decay rate for each of these

reactions, however, was determined to be first order with respect to
initial hydrazine concentration. The rate of ammonia production, and

thus the total amount produced was also a function of the

surface-to-volume ratio of the reaction vessel. The 5-liter flask had

produced approximately 0.2 torr ammonia (.03% v/v) from an initial

hydrazine concentrations of 5.0 torr (.66% v/v) in an 80% nitrogen -20%

oxygen gas mixture in which the total pressure was 760 torr. The

4
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half-life for ammonia production appeared to be approximately 40

minutes. The 44 x 2 - cm cell had produced approximately 0.3 torr

ammonia (.04% v/v) from an initial hydrazine concentration of 3.5 torr

(.46% v/v) in an 80% nitrogen - 20% oxygen gas mixture in which the total

pressure was 760 torr. In this latter case, the half-life for ammonia

production was approximately 160 minutes. The surface-to-volume ratio

for the 5-liter flask and 44 x 2 - cm cell was 0.3 cm" 1 and 2 cm-1,

respectively.

Tuazon et. al. measured the dark decay of hydrazine at low

concentration (5-12 ppm) in a purified air environment, i.e. ozone and

NO2 concentration were negligible. The study was conducted in a 3800

liter chamber fabricated from 50 micron (2-ml) thick Teflon sheeting.

The calculated surface-to-volume ratio of this chamber was ca. 0.06
cm"I, a factor of five lower than the reaction vessels used by Stone.

The reported half-life for hydrazine decay at 220C and 12% relative

humidity was 10.8 hours, and at 55% relative humidity was 4.9 hours.

Anmonia was also observed as a reaction product in these tests, but only

account for 5-10% of the hydrazine lost during reaction.

The decay of hydrazine in air therefore was seen to be highly

dependent on the geometry of the gas reaction vessel as well as the

amount of humidity in the air, showing an approximately two-fold faster

oxidation rate in humid air than in dry air. Actual atmospheric

oxidation rates, in which a typical ambient surface-to-volume ratio of 9

x 10-6 cm-1 is taken, 5 is unknown at present but will most likely

approximate those values performed in the larger reaction chambers.

?.2 Unsjiimetrical Dimethylhydrazine-Air Reaction

In general, the same atmospheric components which were found to be

reactive with hydrazine vapors are also reactive with substituted

hydrazine vapors, which include both unsyimetrical dimethyl hydrazine

(UDMH) and monomethylhydrazine (MMH). The substituted hydrazines did
exhibit different reaction rates with the reactive atmospheric species

and the reaction products were more diverse in nature.
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The rate constant for the reaction between hydroxide radical and

UDMH was estimated by Tuazon et. al. 1 to be approximately 5 x 10-11

cm3 molecule- 1 sec-I (7.4 x 104 ppm" 1 min' 1 ). The rate

constant was assumed to be second order and relatively temperature

independent between 300 and 4250 K. The half-life for UDMH decay by

atmospheric hydroxide radical was estimated to be approximately 3 hours,

hut could be two to five times larger in pristine atmospheres and less

than one hour in polluted urban atmospheres.

When UDMH vapors were reacted with ozone in ppm concentration

levels, the fuel reacted at a rate which was too rapid to accurately

measure. The half-life for substituted hydrazines due to ozone oxidation

was estimated by Tuazon 6 to be a factor of 10 shorter than that of

,insubstituted hydrazine. This would place the window for ppm UDMH decay

by atmospheric ozone between 1 minute during ozone pollution episodes to

.2 hr (12 minutes) in clean atmospheres. The overall apparent rate

constant for UDMH + 03 reaction therefore must be greater than 10°15

cm 3 molecule" 1 sec- 1 (1.5 ppm" 1 min-1). In these reactions,

Nitrosodimethylamine (NDMA, a known carcinogen) was formed in high yields

(60%) and the observed 0 3 /UDMH stoichiometry was 1.5/1. Tuazon1 also

performed studies on atmospheric destruction mechanisms for the NDMA

formed from the UDMH/ozone reaction. He determined that the major

atmospheric sink for NOMA destruction is the photolysis by ambient

sunlight. The reaction desplayed a quantum yield of 1.0, and no

appreciable decay of NDMA by air or ozone was observed under atmospheric

conditions. The photolysis reaction has a half-life of ca. 30 minutes

and results in the formation of dimethylnitramine as well as other minor

products.

The reaction between UDMH and NO2 produced tetramethyltetrazine

(TMT) as the major organic reaction product and displayed an apparent

second-order rate constant of 2 x 10-17 cm3 molecule-I sec"1 (.03

ppM" 1 mir--1 ), with a half-life of about 5 minutes. Nitrous acid

(HONO) was also a product in the UDMH/NO 2 reaction. In these three

cases for low-level 1JDMH decay by atmospheric species, the oxidation by

6
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ozone was assumed to be the major fate of UDMH vapors released into the

atmosphere. The main reaction product from this reaction is NDMA which

displays unacceptable personnel exposure hazards at any measurable

concentration.

The reaction between UDMH and molecular oxygen is believed to be the

major environmental fate for elevated fuel concentrations in the

atmosphere. The vapor-phase reaction between UDMH and molecular oxygen

is very complex and may involve free-radical processes. 3 Free radical

reactions are greatly influenced by the geometry and surface composition

of the reaction vessel, as rate determining intermediates are pressumed

to occur on the surface of the reaction vessel. Additionally, different

reaction mechanisms (and thus reaction rates) appear to be prevalent at

higher fuel concentrations (0.2-1.0 percent) than at lower fuel

concentrations (2-10 ppm). 4 Stone 4 reported an atmospheric half-life

of approximately 175 hours for an initial UDMH concentration of 0.7%,

which was identical for reaction with dry nitrogen, 20% oxygen in dry

nitrogen, and 80% oxygen in dry nitrogen. Tuazon reported a half-life

for P?-13 ppm UDMH in "dry" air of 341+384 hours in a 6400 liter

environmental chamber and 341+64 hours in a 3800 liter chamber. When the

air was humidified to 50% R.H., this half-life was decreased to 70.9-9.6

hours. These results substantiate the effect of vessel geometry and

perhaps reactant fuel concentration on the determination of kinetic rate

constants and half lives for UDMH decay by atmospheric air. Perhaps more

importantly, they indicate that the reaction between UDMH and dry air is

relatively insignificant under the conditions studied, and the driving

force in the air oxidation of UDMH becomes the degree of humidity.

The reaction between UDMH and molecular oxygen is first order (zero

order with respect to oxygen), and thus the reaction rate is directly

proportional to the UDMH concentration. The main reaction as proposed by

Loper 3 proceeds according to Equation 3.

3UDMH + 202 12FDH + 41120 + N2 (3)
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Thius the major product in the air oxidation of UDMH is rormaldehyde

dimethyihydrazone (FDH) and it is produced in a reaction stoichiometry of

I mole FDH formed per 1.5 mole UDMH reacted. Other minor products in the

tJDMH air reaction include ammonia (NH3 ), dimethylamine, NDMA,

diazomethane, nitrous oxide, methane, carbon dioxide, formaldehyde,

formaldehyde monomethyl hydrazone (FMH) and TMT.

2.3 Nitrogen Dioxide-Air Reactions

Nitrogen dioxide (NO2 ) reacts with atmospheric air by two main

pathways: (1) it interacts with sunlight to produce photochemical smog

which is representative of polluted urban atmosphere such as Los

Angeles 8 ; and (2) it reacts with atmospheric water vapor to produce

both vapor phase and condensed-phase nitric acid. These atmospheric

reactions of nitrogen dioxide and the implications for dispersion

modeling of released NO2 vapors are discussed in the sections that

follow.

2.3.1 Photochemical Reactions of Nitrogen Dioxide.

The photolysis of nitrogen dioxide by ambient sunlight is the major

reaction resulting in the formation of ozone in the troposphere 8 ,1 9 .

The nzone produced by the photolysis reaction can react with nitric oxide

to reform the nitrogen dioxide, with nitrogen dioxide to form symmetrical

nit'oqen trioxide (NO3 ), or with hydrocarbon pollutants in the

atnnosphere to produce oxidized carbon species.

in general, photochemical reactions producing tropospheric (or

stratospheric) ozone as well as the transient nitrogen trioxide species

and dinitrogen pentoxide (N2 05 ) has been extensively studied by

at:,iospheric and meteorological scientists 1 1 , 12 ,15.

The major photolysis reactions of NO2 can be expressed by the

following series of equations.

3
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NO2 + h ( 4300A) -- NO + O(3 P) (4)

o(3p) +o02 M... + M (5)

or O + NO--ý-NO2 + 02 (6)

03 + NO?---- NO3 + 0) (7)

NO3 + NO2 + M N205 + M (8)

In equations (4) - (6), nitrogen dioxide is regenerated by the

action of ozone on the nitric oxide formed by reaction (4). In equation

(7) and (8) which represent an alternate reaction pathway for the ozone

formed, dinitrogen pentoxide (N20 5 ) is formed through the transitory

and unstable nitrogen trioxide molecule (NO3 ). The equilibrium

composition of the final mixture and the kinetics are complex since the

reaction mechanisms are competitive for the reactive zLune molecule. The

reaction rates for each of the individual rea:tions have been elucidated

and are described as follows.

The photolysis ot nitrogen dioxide (Eq. 4) is the preliminary step

in the production of photochemical smog. This reaction provides both

nitric oxide and photochemically excited triplet oxygen atom (0 3 p).

This process was observed to have a quantum yield of 1.0 (one excited

oxygen atom produced per photon absorbed) when irradiated with sunlight
of wavelength /95 - 398 nm1 2. The first-order rate constant was
determined to be 0.48 min"I under ambient conditions 8 . The actual

nhotolytic kinetic rate constant, k4 , however, was determined by

Sickles et. al. 1 9 to be highly dependent on the latitude, solar zenith

angle, and cloud cover. Other factors influencing the transparency of

the atmosphere to sunlight irradiation, including aerosol loading and

particulate count, were also found to preclude the accurate prediction of

k4 during the sunlight portion of the day. Sickles did observe an apex

of the of the rate constant value during solar noon (.46 for a sunny - 0%

sky cover day) which was reduced to ca. .?S (clear day) and .14 (cloudy

d.y) at early morning hours and late afternoon hours, respectively.

9
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The highly reactive triplet P-oxygen formed in air collides with

oxygen molecules forming ozone by Equation (5). In this case, M

represents a 3rd molecular species (nitrogen, oxygen, water vapor, etc)

that removes a fraction of the energy released during the interaction of

the oxygen atom with the oxygen molecule. This energy removal stabilizes

the ozone product. Typically, reaction (5) is very rapid and Garvin 12

reports a third order rate constant of 5.8 x 10-34 cm6 molecule-2

sec- 1 at 25 0 C and for M = N2 . A steady state concentration of

ozone is quickly reached by the reaction pathways (6) and (7). Reaction

(6) is very rapid as is reaction (7). Graham and Johnston9 report a

second-order rate constant for reaction (7) of 3.4 x 10-17 cm3

N molecule- 1 sec- 1 at 250C (5 x 10-2 ppm"1 minml). Reaction

(8) which combines the transient nitrogen trioxide with nitrogen dioxide

to form dinitrogen pentoxide is also very rapid.

Nitrogen dioxide destruction by photolysis is-a complex phenomenon

"and the subsequent reformation by reaction wit,i Oitric oxide and ozone

Fr can lead to a net decrease in the atmospheric nitrogen dioxide equal to

the steady-state ozone level developed. The calculation of steady-state

ozone production (and nitrogen dioxide decay) for an atmospheric release

of hypergolic fireball components is difficult at best, and a qualitative

description of these photochemical reactions of nitrogen dioxide will
suffice for the present task effort.

2.3.2 Gas-Phase Reaction Between Nitrogen Dioxide and Water Vapor

The kinetics of the gas-phase reaction between nitrogen dioxide and

"water vapor was studied by England and Corcoran1 4 . Under normal

"�h -atmospheric conditions (in which NO2 gas is present at ppm levels in
polluted urban atmospheres), the reaction with water vapor was very slow

and formation of nitric acid aerosols did not form. This observation has

been contrasted to the atmospheric nucleation, hydration, and misting ofIm

sulfuric acid from the reaction of sulfur dioxide with moist air 8 . The

apparent difference in the acid rain effect for sulfur dioxide and that

for nitrogen dioxide was accounted for by the high vapor pressure of

SI
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nitric acid compared to the low vapor pressure (10-8 to 10-10 torr)
of sulfuric acid. The vapor pressure of pure nitric acid was 51 torr
(7.2% at one atmosphere) at 200C. The vapor pressure of a 50% nitric
acid-water solution was ca. 470 ppm nitric acid and 1.02% water vapor
also at 200C. The gas-phase reaction between nitrogen dioxide and
water vapor supplies nitric acid nuclei when partial pressure of acid
exceeds the vapor pressure. Water vapor readily condenses on each
nucleus to form strong nitric acid droplets. England and Corcoran
suggest that the threshold for the two-phase region of nitric acid occurs
at about 50 ppm HNO 3 at one atmosphere pressure and 25 0 C. Above this
concentration, mists or condensation of nitric acid were observed to

form. The overall reaction

3 NO2 (g) + H2 0(g) --- NO(g) + 2HNO 3 (aq) (9)

is favored thermodynamically at ambient conditions.

When gas-phase reactions were performed at concentrations low enough

to prevent the formation of a two-phase system, the rate of
dissappearance of NO2 was first-order with respect to nitrogen

dioxide. The overall reaction in the presence of oxygen

4N0 2 + 2H2 0 + 02 - 4HJO3  (10)

goes to completion in the gas phase and the third order rate constant is
represented by equation (11)

RNO = -k (NO2 )? (H20 ) (11)

k = 5.5 x 104 12 mole- 2 sec-1 at 250C.

This rate constant indicates that the initial rate of reaction increases
as the square of the nitrogen dioxide concentrations and therefore would
he very slow at low NO2 concentrations and very fast at higher

concentrations.

11
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For a 1% concentration of water vapor and an initial concentration

of 10 ppm of nitrogen dioxide, the half-life for reaction would be about

5 hr. If the initial concentration of nitrogen dioxide was 50 ppm (the

maximum level of NO2 before misting or condensation occurs); the

reaction half-life would be 12 minutes.

Therefore, in cases where nitrogen dioxide vapors are released into

the atmosphere from a hypergolic explosion, misting and condensation is

expected to form where the concentration is elevated above 50 ppm NO2,

at which time the residual NO2 vapor will quickly react to form

vapor-phase nitric acid.

'12
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3.0 PROPELLANT-ATMOSPHERE REACTION EXPERIMENTS

Chemical reactions between the reactive molecular components of air

(oxygen, carbon dioxide, and water vapor) and vaporized propellant species

(hydrazine, UDMH, and nitrogen dioxide) were performed in order to supplement

the reaction rate data obtained in current literature sources and to provide

information on the gas-phase reaction products between vaporized hypergolic

propellants and air. Results of these experiments will be correlated with

previously reported atmospheric reaction data and incorporated into an

existing atmospheric plume model to incorporate time-dependent atmospheric

reactions into the dispersion pattern of an instant release source of a

hypergolic fireball. The test matrix for the propellant-atmospheric reaction

experiments is included in Table 1.

3.1 Experimental Methods

3.1.1 Hydrazine-Atmospheric Reactions

Gas phase mixtures of 0.5% hydrazine vapor were prepared by injecting a

known amount of anhydrous hydrazine liquid (5.2 microliters) into a one liter

gas sampling bulb (Ace Glass Inc.) which was previously purged with pure

helium, a 21% oxygen helium mixture, or a 21% oxygen .05% carbon dioxide in
helium mixture as detailed in Table I. Atmospheric gases were obtained in the

ultra-pure grade from Linde Specialty Gases and mixed using appropriate

flowraters to give the desired oxygen and carbon dioxide composition. Water

vapor was added to the sampling bulbs Nos. 8 and 10 by injection of 6.0

microliters of liquid distilled water. This corresponds to 1% water vapor

under Denver barometric conditions (250C, 0.806 atmospheres). Vaporization

of the liquid components and gas mixing was accomplished using 1/4-inch teflon

beads. Gas samples were removed from the bulbs at the time increments

detailed in Table I and analyzed for hydrazine by the

paradimethylaminobenzaldehyde (PDAB) colorimetric method and for gaseous
reaction products (nitrogen, oxygen, water vapor, and ammonia) using gas

chromatographic techniques. The PDAB colorimetric analysis method for

hydrazine is suimmarized below.

13
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Table I Test Matrix Atmospheric Reaction of Hypergols

Test Propellant Prop. Reactant Gas* Sampling
No. Species Conc. Composition Time, Hrs

1 Hydrazine 0.5% Helium 0,0.5,1,2,4
2 Hydrazine 0.5% 21% 0

2 in He 0,0.25
3 Hydrazine 0.5% 21% 02 + 1% H20 in He 0,0.25
4 Hydrazine 0.5% 21% 02 + 0.05% C02 in He 0,0.25
5 Hydrazine 0.5% 21% 02 + 0.05% CO2 + 1% H20 in He 0,0.25
6 UDMH 0.5% Helium 0,5,12,21,45,70

7 UDMH 0.5% 21% 02 in He 0,5,12,21,45,70
8 UDMH 0.5% 21% 02 + 1% H20 in He 0,5,12,21,45,70
9 UDMH 0.5% 21% 02 + 0.05% C02 in He 0,5,12,21,45,70

10 UDMH 0.5% 21% 02 + 0.05% CO2 + 1% H2 0 in He 0,5,12,21,45,70
11 NO2  0.25% Heliuito 0,1,3,7,24
12 NO2  0.25% 21% 02 in He 0,1,3,7,24
13 NO2  0.25% 21% 02 + 1% H20 in He 0,1,3,7,24

14 NO2  0.25% 21% 02 + 0.05% C02 in He 0,1,3,7,24

* 1% H20 in Helium Corresponds to 50% Relative Humid Air at 250C

(770 F)

Test temperatures were ambient (21-230C) for amine fuel tests and

elevated (350C) for nitrogen dioxide tests.
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Analysis of Hydrazine Vapor Composition by the
Paradlmethylamlnobenzaldehyde Method (PDAB)

Reagents

1. PDAB Stock Solution - Dissolve 10.0 grams PDAB in approximately 150 ml

methyl alcohol. Add 10 ml concentrated hydrochloric acid and dilute to

250 ml with methyl alcohol.

2. 0.1 N Sulfuric Acid - Dilute 2.78 ml concentrated H2 SO4 to 1000 ml

with distilled water.

3. PDAB Final Solution - Dilute 100 ml of the PDAB stock solution to 500 ml
with 0.1 N H2 S0 4 "

Hydrazine Calibration Curve

A hydrazine calibration curve was prepared by injecting kr;,4', amounrtt of..t

hydrazine stock solution into the PDAB stock solution, allowing imie •!lo4

color to fully develop for 10 minutes, and reading the absorbance of the

resulting solution at a wavelength of 455 nm in a Spectronic 20 Colorimeter.

The resulting calibration curve for anhydrous hydrazine is depicted in

Figure 1.

Sample Analysis

1. Pipet 10.0 ml PDAB final solution into a stoppered 30 ml sample vial.

2. Inject 1.0 ml of the gas mixture contained in the gas sampling bulb

through the septum in the 30 ml sample vial using a gas tight syringe.

The gas sample to be analyzed is added to the gas ullaqe above the PDAB

solution contained in the vial.

32
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Analysis of Hydrazine Vapor Composition by the

Paradimethylaminobenzaldehyde Method (PDAB)

(Continued)

3. Shake the vial vigorously for 30 seconds to ensure complete hydrazine

reaction by the PDAB solution.

4. After 10 minutes color development time, read the absorbance of the

solution at 455 nm.

5. Compare the absorbance of the analyzed sample with the absorbance of the

calibration standards and report the hydrazine vapor concentration in the

sample.

Interference Studies

Because ammonia was observed by some researchers to be a side-product in

the hydrazine-air reaction, 5 the PDAB colorimetric reagent was tested for

its reaction and color development with ammonia gas. The interference ratio
for ammonia with the PDAB reagent was approximately 100:1 (100 ppm NH3

corresponded to 1 ppm N2 H4 ).
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3.1.2 UDMH-Atmospheric Reactions

Gas mixtures containing 0.5% UDMH vapor (Test Nos. 6-10 in Table 1) were

prepared by injecting 12.6 microliter of high purity 1, 1-dimethylhydrazine
liquid ( 0.2% FDH by volume) into a 1-liter gas sampling bulb (Ace Glass
Inc.) which was previously purged with the desired reactant gases as described
in Section 3.1.1. To the UDMH-atmospheric mixtures contained in the gas
sampling bulb, 1.0 ml of pure ethane gas (Scott Calibration Gases) was added
as an internal standard.

Water vapor was added to the appropriate sample bulbs by injection of 6.0
microliters of liquid distilled water and vaporization and mixing of the
liquid component was accomplished using the 1/4-inch teflon beads as
previously described. Aliquots of the gas reaction mixture were removed from
sample bulb at the reaction time intervals indicated in Table 1, and the bulbs
were stored in the dark at ambient temperatures (21-230C) between sampling
intervals. Oxygen, water vapor and UDMH reactant gas composition as well as
FDH, NDMA, and nitrogen reaction products were quantitated using the gas
chromatographic techniques to be subsequently described. The gas
chromatographic analysis of hydrazine-air mixture is also included in this

section.

Preparation of Standards for GC Calibration

Gas calibration standards were prepared in 1-liter gas sampling bulbs
using nitrogen as the matrix gas. The 0.5% UDMH standard was prepared by
injecting 12.6 microliters of purified UDMH liquid in'o the 1-liter bulb which
had been previously purged with dry nitrogen gas. To this mixture, 1.0 ml of
ethane was added as an internal standard. The 0.5% FDH standard was prepared
in the identical manner, using 14.6 microliters of purified formaldehyde
dimethyihydrazine to give the final desired composition. The calibration of
the vapor-phase concentration of nitrosodimethylamine (NOMA) was accomplished
by injection of a liquid NDMA standard in methanol such that 1.0 microliter of
the liquid standard corresponds to the same amount of NDMA which would be
present in 0.5 milliliters of a 0.008% NDMA gas standard. Additional NDMA
standards in methanol were prepared to give equivalent responses of 0.004%,
0.0016%, and 0.0008% NDMA in the gas phase.

18
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The 1% water vapor standard was prepared by adding 6 microliters of
liquid water to a 1-liter gas sampling bulb previously purged with dry

nitrogen.

A 0.1% ammonia standard was prepared by injecting 1.0 milliliter of high

purity ammonia gas into a 1-liter gas bulb purged with nitrogen.

Analysis of Standards by Gas Chromatography

The method for analyzing the UDMH, FDH, and NDMA standards employed a 2
meter long glass column packed with Tenax GC 60/80 mesh connected to a flame

ionization detector. The GC conditions were: column initial temperature

1000C for 1.0 minute, temperature ramp to 250 0 C at 150 C/min, injection
port temperature 120 0 C, detector base 3000 C, carrier gas helium at 30

ml/min. Due to the high concentrations of UDMH and FDH used, the detector
range was initially set at 10-11 a'J then changed to 10-12 (most

sensitive) during the elution of the NDMA peak. The injection volume used in
this analyses was 0.50 milliliters for the gas standards and 1.0 microliter

for the NDMA standard in methanol.

The method used for analyzing water vapor, oxygen, and nitrogen for the

UDMH-atmospheric tests used a four foot, 1/8-inch stainless steel column
packed with Tenax GC 60/80 mesh connected in series with a 9 foot 1/8-inch

stainless steel column packed with molecular sieve 5A 30/60 mesh.

The GC conditions were: column initial temperature, 40 0C for 1.0

minute, temperature ramp to 140 0 C at 150C/min, injection port temperature

1000C, carrier gas helium at 30 ml/min, detector oven 2000C, filament
temperature 2300C. The injection volume used was 1.0 milliliter.

The method for analyzing ammonia and water standards for the hydrazine
atmospheric tests utilized a four foot, 1/8-inch stainless steel column packed

with lenax GC 60/80 mesh and a thermal conductivity detector. The GC
conditions were: column 400 C for 1.0 minute, ramp to 140 0 C at 150C/min,

injection port 100 0C, carrier gas helium at 30 n1!/mi¾, detector oven 2000C
filament temperature 2500C. The injection volume used was 1.0 milliliter.
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Calibration

Calibration curves for NDMA, water, and ammonia were prepared from the

gas-chromatographic results of standards prepared from these commodities.
These calibration curves are presented in Figures 2 through 5, respectively.
Response factors for oxygen and nitrogen were calculated using room air as the

calibration gas (21% oxygen, 79% nitrogen nominal composition). Calibration
for UDMH and FDH were performed using propane as an internal standard and were

calculated on a Varian Vista 6000 gas chromatography data system in volume

percent of UDMH and FD!', respectively.

The GC retention time and detector responses for the analyzed gas

commodities using the instrument parameters described above are included in
Table II.

The GC retention time and detector responses for the analyzed gas

commodities using the instrument parameters described above are included in
Table II.
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Table II Gas Chromatography Results
Atmospheric Gas Standards

Retention Detector Response

Commodity Concentration Time (min.) (Counts)

Propane 1% (nt. std.) 0.316 3.01 X 105

UDMH 0.5% 2.995 9.925 X 105

FDH 0.5% 4.531 1.838 X 106

NDMA 0.005% 6.609 1.057 X 105*

Water Vapor 1  1.0% 0.769 5.82 X 104

Oxygen 21% (nom.) 10.946 3.43 X 106

Nitrogen 79% (nom.) 12.534 1.166 X 107

Ammonia 2  0.1% 0.487 4.0 X 103 .

Water Vapor 2  1.0% 0.737 1.85 X 105

1 UDMH Tests

2 Hydrazine Tests

* Attenuation Change on Detector X 101
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3.1.3 Nitrogen itoxide-Atmosphertc tons

Gas-phase mixtures of NO2 in helium, 21% oxygen in helium, and 21%

oxygen + 0.05% carbon dioxide in helium were prepared by mixing ultra pure gas

mixtures provided by Linde Specialty Gases. Sample No. 13 (21% oxygen + 1%

water vapor in helium) was prepared by humidifying the 21% oxygen-helium

mixture by bubbling the gas through a gas washing bottle filled with distilled

water (flow rate 0.5 lpm) prior to mixing with the nitrogen dioxide gas. Gas

reaction mixtures were then fed into large (15-liter) gas sample bags

(Calibration Instruments, Inc.) which were equilibrated at an elevated

temperature (35 0 C) by a mechanical convection oven. The large sample bags

were required for the NOx.NO sample analysis to be described below.

Sample Analysis

Gas aliquots from Test Nos. 11 through 14 were sampled at the time

intervals detailed in Table I and analyzed for NOx and NO concentrations

using a chemiluminescent analyzer (Thermoelectron Corp.). The instrument was

calibrated using a 440 ppm NO standard prior to each series of analysis.

Chemiluminescent readings were accomplished by attaching a teflon line

connecting each of the four sample bags to a five-port switching valve, theI outlet (port 5) of which was connected to the NOx analyzer. Readings could

be quickly taken from all four sample bags by sequentially switching the

five-port valve. The sampling flow rate from the chemilluminescent NOx

analyzer was 0.5 1pm, which accounted for the need of a large reaction

container.

3.2 Results
I. 3.2.1 Hd -Atmospheric Reactions

Hydrazine decay results in the 1-liter gas sampling bulb as measured by

the PDAB colori,.eetric method are presented in Table IMI. Hydrazine did not

j decay in the pure helium mixture, indicating that very little

aittodecomposition occurred on the glass surface. All samples exposed to 21%

oxygen decayed competely within 15 minutes. The addition of 0.05% carbonIl
dioxide seemed to slow or inhibit the reaction. The very rapid decay of the
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hydrazine vapor in oxygenated atmosphere is most certainly heterogeneous, and
is probably due to the large surface-to-volume ratio of the 1-liter gas bulbs
used in these tests.
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Table III PDAB Colorimetric Analysis Hydrazine Atmospheric Reaction

Percent

Test Initial Gas Reaction Time Absorbance HydrazineNo. -Composition . .. Minutes 455 nm Vapor

1 0.5% N2 H4 in He 5 0.90 0.52

30 0.90 0.52

60 0.89 0.51
120 0.90 0.52

240 0.86 0.49

2 0.5% N2H4 + 21% 02 in He 5 0.015 0.003

15 0.010 0.002

3 0.5% N2H4 + 21% 02 + 1% 8 0.005 0.002
H20 in He 15 0.009 0.002

4 0.5% N2 H4 + 21% 02 + .05% 2 0.08 0.037

CO2 in He 5 0.108 0.049

15 0.001 0.002

5 0.5% N2 H4 + 21% 02 + 1% 5 0.004 0.002
H2 0 + 0.05% CO2 in He 15 0.000 0.002

A graph of the hydrazine concentration for the five sample bulbs versus
time is shown in Figure 6.
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Results of the water vapor/nitrogen/oxygen gas analysis for the hydrazine
atmosphere reaction mixtures are presented in Table IV and indicate that both

nitrogen and water vapor are formed in these reactions and that ammonia
formation reported by Stone 5 was well below detectable limits In the present
study. Water vapor was formed in the ratio 2 moles H20 formed per 1 mole
N2 H4 reacted which is In excellent agreement with the results by Stone.
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Table IV Gas Chromatography Results Hydrazine Atmospheric Reaction

Test Initial Gas
No. Composition % Water % Oxygen % Nitrogen % Ammonia

1 0.5% N2 H4 in He - 0.01 0.07 0.21 -. 05

2 0.5% N2 H4 + 71% 02 in He 0.89 21.9 1.05 .05

3 0.5% N2 H4 + 21% 02 + 1% 1.91 26.0 0.71 ".05

H20 in He

4 0.5% N2 H4 + 21% 02 + 0.05% 0.82 18.0 0.66 '.05

CO2 in He

5 0.5% N2 H4 + 21% 02 + 1% 1.96 21.6 1.45 ".05

H20 + 0.05% CO2 in He
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3.2.2 UDMH-Atrospheric Reaction

Results of the unsymmetrical dimethyihydrazine atmospheric reactions as

analyzed by gas chromatographic techniques are Included in Tables V through

IX. The UDMH decay was fitted logarithmically to a pseudo-first order

reaction, and the correlation, slope, and rate constant of the plot of the

logarithm of the UDMH concentration versus reaction time are also included in

these figures. The mathematical development and determination of the

pseudo-first order rate constant for UDMH decay are presented in Section 3.3.

The reaction of UDMH with dry C02 -free air is very slow under the

conditions studied, exhibiting a reaction half-life of approximately 257

hours. When the UDMH-oxgen mixture is humidified with 1% H20, the decay of

UDMH is accelerated, with a reaction half-lif- of 24 hours and a concomitant

increase in both FDH and NDMA reaction products. The addition of 0.05% carbon

dioxide to both the dry and humidified oxygen mixture seems to inhibit the

oxidation of UDMH to FDH. The half-life for these reactions increased to

approximately 990 hours for the dry reaction and 46 hours for the humid

reaction. This result was unexpected and not easily explained on mechanistic

grounds; however, the hydrazine decay also appeared to be retarded by carbon

dioxide addition in less than stoichiometric amounts.
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Table V

Gas Chromatographic Analysis UDMH + He Reaction
(Test No. 6)

Reaction
Time
(hr) % UDMH % FDH % NDMA % 02 % N2  % H20

0 0.50 ... 0.02 0.096
4.9 0.49 0.0013 -0.0001

12.6 0.50 0.0008 '0.0001 ---
21.8 0.49 0.0008 <0.0001
68.5 0.46 0.0011 <0.0001 0.05 0.149 0.04

first order kinetic fit: Correlation .949
slope -. 0005
k 0.001 hr-i
half-life 693 hr
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Table VI

Gas Chromatographic Analysis UDMH + 21% Oxygen in Helium Reaction
(Test No. 7)

Reaction
Time
(hr) % UDMH % FDH % NDMA % 02 % N2  % H20

0 0.54 0.002 0.0001 22.59 0.152 0.022
5.2 0.48 0.010 0.0001 -.-- ----

11.9 0.44 0.017 0.0002 - --
21.3 0.45 0.030 0.0003 22.22 0.170 0.085
45.0 0.41 0.040 0.0004 21.10 0.509 0.116
69.2 0.43 0.102 0.0004 22.05 1.212 0.158

first order kinetic fit: Correlation 0.73
slope -. 0012
k 0.0026 hr-1
half-life 257 hr
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Table VII

Gas Chromatographic Analysis UDMH + 21% Oxygen + 1% Water Vapor
in Helium Reaction

(Test No. 8)

Reaction
Tim,
(hr) % UDMH % FOH % NDMA % 02 % N2  % H20

0 0.49 0.003 0.0001 21.14 0.134 1.08
6.1 0.42 0.097 0.0006 .... ...

11.8 0.31 0.066 0.0008 .......
21.1 0.28 0.122 0.0009 21.31 0.218 1.38
44.9 0.13 0.128 0.0011 20.71 0.428 1.50
69.1 0.11 0.219 0.0012 22.05 1.193 1.35

first order kinetic fit: Correlation 0.992
slope -. 0126
k 0.029 hr-1
half-life 24 hr
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Table VIII

Gas Chromatographic Analysis
UDMH + 21% Oxygen + 0.05% Caruon Dioxide

in Helium Reaction
(Test No. 9)

Reaction
Time
(hr) % UDMH % FOH % NOMA % 02 % N2  % H2 0

0 0.50 21.95 0.135

2.8 0.50 0.002 <0.0001 ---....
10.5 0.51 0.004 0.0002 --.-.....

19.7 0.49 0.005 0.0001 ---......
67.6 0.48 0.006 0.0001 23.35 0.158 0.11

first order kinetic fit: Correlation 0.83
slope -. 0003
k 0.0007 hr-1
half-life 990 hr

II
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Table IX

Gas Chromatographic Analysis IJDMH + 21% Oxygen + 1% Water Vapor
+ 0.05% Carbon Dioxide in Helium Reaction

(Test No. 10)

Reaction
Time
(hr) %UDMH % FDH % NDMA % 02 % N2  % H20

0 0.52 0.002 < 0.0001 21.7 0.21 1.19

5.5 0.43 0.022 0.0003 -.-- --.-

12.9 0.40 0.038 0.0004
21.4 0.39 0.103 0.0004 21.3 0.22 1.19
45.1 0.26 0.125 0.0006 20.4 0.24 1.14
69.3 0.17 0.172 0.0005 21.1 0.55 1.02

lirst order kinetic fit: Correlation 0.991
slope -. 0066
k 0.0152 hr-1
half-life 46 hr
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In the 0.5% UDMH reaction with 21% oxygen, 1% water vapor, and 0.05%

carbon dioxide (Test No. 10) 0.49 moles of FOH were formed per mole of UDMH

reacted. This result is in conflict with the stoichiometry expressed in

Equation (3). In this case 0.67 moles of FDH were formed per mole UDMH

reacted. These results indicate that the reaction between UDMH vapor and

humid air may react in a different stoichiometry ratio than the dry air

reaction. These results also indicate that 0.002 to 0.003 moles of NDMA are

formed per mole of UDMH oxidized, under the conditions studied.

3.2.3 Nitrogen Dioxide Atmospheric Reactions

The NOx concentrations of Test Nos. 11 through 14 as a function of

reaction time at 350C are recorded in Table X. The decrease in NO2

concentration as a function of time is pictured in Figure 7 and is most likely

attributed to the reaction of nitrogen dioxide with the walls of gas sampling
bag. It is also interesting to note that the nitric oxide concentration

decreases in the presence of oxygen, forming nitrogen dioxide.
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Table X Nitrogen Dioxide - Atmospheric Reaction Analysis

Test Initial Gas Reaction Time NOx NO
No. Composition (Hours) . .. Percexnt Rm P

11 0.25%( NO2 in He I0.22 113

3 0.20 118

7 0.20 138

24 0.08 100

12 0.25% NO 2 + 21% 02 in He 1 0.22 107

3 0.20 105

7 0.17 42

24 0.04 8

13 0.25% N02 +1%0+1 1 0.25 115

H20 in He 3 0. 22 95
7 0. 18 45

24 0.02 5

14 0.25% NO2 + 21% 02 +0.05% 1 0.23 107

C2 in He 3 0.20 90

7 0.14 29

24 --- 7

.4Il

.,'4
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3.3 Rate Constant Evaluation

First order rate constants for the UDMH atmospheric reactions were

calculated as follows: If the UDMH oxidation rate with excess oxygen (21%
02 in air) is first order with respect to the UDMH concentrations, then

let [UDMH]o = Initial propellant concentration at t-O.

[UDMH] a Propellant concentration at later time t.

the rate of propellant decay with reaction time is directly proportional to

the propellant concentration:

-d{UDMH]/dt = k[UDMHj K - 1st order re3ction rate constant

-d[UDMH] = k[UDMH~dt

UDMH t

-fd[UDMH]/[UDMH] = k f dt
UOMP. 0

Upon Intergration:

-In([UDMHJ/[UDMH]o) = In([UDMH~o/[UDMH]) = kt

Iog([UDMH]o/[UDMHJ) = (k/2.303)t

Iog[UDMHJ = [-kt/2.303] + Iog[UDMH]o
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Therefore a plot of the log of the UDI4H concentration versus time will give a

slope of - k/2.303.

The rate constant can also be determined by reaction half-life which is

the time required for the reactant species (UDMIH) to decrease to half its

intial value.

For a first order reaction, the half-life (t 1/ 2 ) is defined

at t = tim; c = 1/2[UDMHIo

then:

Iog([UDMHjo/0.5[UDMH]o) = (k/2.303)ti,2

tir := 0.693/k

Figure 8 shows a plot of the log of UDMH concentration vs reaction time for

three conditions (pure helium, 21% oxygen + 1% water vapor, and 21% oxygen +

1% water vapor + 0.05% carbon dioxide). It is interesting to note that the

oxidation reaction is retarded in the presence of carbon dioxide. In this

latter case, a rate constant of 0.0152 hr" 1 , with a reaction half-life of 46

hours is reported (as compared to a half life of 24 hours in the absence of

carbon dioxide).

Using the stoichiometry expressed in Equation (3), for every mole (or

liter) of UDMH decreased during the oxidation reaction, 2/3 mole (0.67) of FDH

is formed. In addition, 0.003 mole of NDMA is formed from every mole UDMH

oxidized, under the conditions studied in our tests.
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Figure 8. Atmospheric Reaction Rates of UDMH

o 0.5% UOMH IN He
s 0.5% UM0H+1% H,*21% 02IN He
L0.5%UMON1% H, 0 21% 02 0.05% COIN He
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4.0 Condensation of Fireball Components

Since the combustion products in the fireball are cooled by the

entrainment of ambient temperature air upon fireball liftoff from ground zero,

there is a possibility that certain components will condense out of the

cloud. The mathematical method used to determine whether condensation occurs

compares the vapor pressure of the component as a pure liquid to its partial

pressure in the fireball. If the partial pressure of the component ever meets

or exceeds its vapor pressure as a pure liquid, condensation will occur.

These condensed materials will coalesce and be deposited on the ground below

the approximate point of condensation.

The calculations require the input of the following data:

1) Atmospheric pressure

2) Atmospheric temperature
3) Fireball temperature

4) Volume and molar composition of fireball

5) Heat capacities and Enthalpies of fireball components

With this data input, the calculations can be performed for either N2 04 or

N2 H4 . These chemicals were singled out because of their potential for

high concentrations and their hazardous nature. Hydrazine was tested for

condensation in an A-50 valor mixture becau~e it has a lower vapor pressure at

ambient temperature than UDM4H, and is therefore more likely to condense.

The first calculation necessary is to find the temperature of the fireball as

a function of the amount of air entrained. (eq. 12)

T(0 K) - (HFB + HiNs,,)/(CpFNF + Ce ,iNa,) (12)
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where:

T (OK) - Temperature of fireball in degrees KeIv"-

HF8  - Total heat content of original fireball in calories

(13) Hair a 6.76T + 1/2 (0.606x10"3 )T2 -2044 + 1/3 (0.13x10" 6 )T3

where T is in degrees Kelvin

(14) N., = (PV/RT)XIOOO P = atmospheric pressure in atm

V = volume of air entrained in m3
R z 0.0821 m3 atm/kg qOK
T a atmospheric temperature, OK

(15) CPF= NnCpO C = Average heat capacity of fireball
"I? rn: mole percent of component n

CF = heat capacity of component n

(16) N,-= (PV,/RT1)X10 V1  Volume of fireball at liftoff (m3 )
N T= Temperature of fireball at

liftoff OK
(17) Cp - 6.76 + (0.606xlO1 3 )T + (O.13xl0O6 )T2 cal/ 1 °K,

alrwhere T is temperature of air in degrees kelvin

After the temperature of the fireball as a function of the amount of air

entrained is determined, both the vapor pressure of the pure liquid component,

(a function of temperature), and the partial pressure of the component, (a

function of concentration), can be calculated.

Vapor Pressure Equation for N2H4 :

Pv, (mm Hg) = log"-[6.506 -(653.881T(°K)) + 0.0479T( K) -4.989X10"T 2 (OK2)] (18)

where PV, = vapor pressure of pure N2H4 in mnHg

T(OK) = Fireball temperature as per eq. 12
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Vapor Pressure Equation for N204:

Pv2 = Iog" 1 9.824 - 2332/T(°K) -$457/T2(OK2 )j (19)

whereP.2 r Vapor pressure of pure N2 04 in mmHg

T(cK,,) = Fireball temperature as per eq. 12

Partial pressure for either component:

S= [NI(N, + Ni,)]XP (20)

where: P = patial pressure of component of Interest

N, = total moles of component of Interest

N• = total moles of air entrained

P = atmospheric pressure (mm Hg)

The equations for vdpor pressure are only valid for temperatures at or below

the normal boiling point of the chemical species in question. This poses no

problem because condensation cannot occur above the boiling point. The

equation for partial pressure is valid for all situations.

With these equations, it can be determined whether or not condensation

will occur. This is done by plotting both the vapor pressure and the partial

presure of the component of interest as a function of the number of moles of

air entrained. If the two lines ever intersect, condensation will occur at

that point. In the following section two example calculations, one for an

excess oxidizer case and the other for an excess fuel case, are carried out.
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Excess Oxidizer Case: O/F - 5.1

Data: Fireball radius at ground zero 35.351m

composition1 : CO = 0.020 mole % N2  = 0.1387 mole %

CO2  = 0.027 " OH = 0.022 "

H2  = 0.025 " 02 = 0.041 "

H20 = 0.144 " NO2  - 0.565 "

NO = 0.005 " H = 0.012 "

Cloud radius at stabilization2 650 m

Total heat content (HFB) = 1.40 x 1010 calories1

Initial temperature of fireball = 8100K1

Assume ambient conditions to be 1 atm & 200C (2980K)

1. S. Prince. Atmospheric Dispersion of Hypergolic Liquid Rocket Fuels,

Phase I: Source Characterization, Final Report 30 September 1982.

2. H.E. Cramer Co. Report on Cloud Growth and Dispersion Model for

Hypergolic Fuels. Personal Communication, 8 April 1983.
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Calculations:

Volume of fireball at ground zero - 4/3w (35.35m) 3

V - 185.05 x 103m3

From eq. 16, No: jlatm . 185.OSX10Mm3/(0O.0821 " 810-K)]X1000 = 2.78X106

From eq. 13, Hair g 6.76(298) + 1/2 (0.606x10" 3 )(298) 2 +

1/3 (0.,13x1G 6 ) (298)" -2044 - -1.466 cal/gn7

From eq. 15, -CPF = 9.8 cal/3,•OK

From eq. 17, Cpa 6.76 + (0.606X10- 3)(298) + (0.13X10- 6 )(298) 2

-6.95 ca1/5~rK

With these values, the equation for vapor pressure as a function of the number
of moles air entrained is derived using equations 12 and 19.

(21) T(°K) = (1.4X1O'O + (-1.466 N.,,)J/(9.8X2.78X10 + 6.95N,,]

PvI = 1og"(9.824 - 2332/T(OK) _ 64567/T2(OK 2 )

The equation for partial pressure as a function of the number of moles air

entrained, using equation 20, is:

(22) PN, = I(O.565X2.78X10')/((O.S5SX2.78X10') + N,,)]X760 (mm Hg)
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See Figure 9 for the plots of equations 21 and 22. From the graph, it is

obvious that the two lines will never intersect. Note the scale change for

the pressure values. There is a difference of approximately three orders of

magnitude betweea the two pressures. For this particular situation there will

be no N204 condensing out of the cloud.
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Figure 9. Excess N204
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Excess Fuel Case: O/F = .204

Data: Fireball radius at ground zero = 34.4mI
Composition(I): CO r 0.037 mole % NO = 0.007 mole %p

CO2  = 0.031 " N2  = 0.193

H2  = 0.035 " OH = 0.032

* H = 0.017 " 02 = 0.057
H20 = 0.203 " UDMH = 0.134

N2H4  = 0.254 "

HFB = 2.304 x 1010cal( 1 )

Temp of Fireball = 1046OK(l)
Assume ambient temp = 200C & I atm pressure.
Cloud radius at stabilization = 736 m

Calculations:

Volume of Fireball at ground zero = 4/3Trw(34.4m) 3

"= 1.705 x 105m3

From eq 16 NF = [(1atmx1.705X10m 3)/(0.0821x1046OK)x1000 = 1.99X10 6 moles

From eq 13 H, = -1.466 cal/gN

From eq 15 = 7.97 cal/gN0 K

From eq 17 Cai = 6.95 cal/gN°K

Now, using equations 12, 18, 20

and T(°K) = (2.304X10'0 - 1.466XNi,)/(7.97X1.99X10 8 + 6.05XN,,,)

"- 6.



6- Figure 10. Excess Fuel Case
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log"'(-6.506 - 6S3.SS/T(0 K) + 0.0479T(0 K) - 4.989X×10 5 T2(0K2 )J (23)

Ppbw [(O.254'1.49X106)/(0.254X1.49X106 + N.,,)]X760 (mm Hg) (24)

See figure 10 for a graph of equations 23 and 24. Equation 23 is only valid
for temperatures below 700 0R, which is the boiling point of N2 H4 . From

this graph it is evident that condensation will not occur in this case
either. There is about three orders of magnitude difference between the two
pressures.

I7
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5.0 CONCLUSIONS

Atmospheric reaction rate data for reactive fireball spec-es to be

incorporated into a computer atmospheric dispersion model are presented in

Table XI. The table lists the conditions in which the rate constants and

reaction half-lives apply.

Table XI Atmospheric Reaction Rate Constants

for Fireball Dispersion Modeling

Concentration Major
Fireball in Meteorological Rate Half- Reaction %
Species Atmosphere Condition Constant Life Products Yield

Hydrazine 0-1 ppm dry or humid air 0.2 ,pm- 1  2 hr* H2 02 NA

yAd. -1
Hydrazine Above 1 ppm dry air 0.064 hr-1 10.8 hr N2 ,H20 100
Hydrazine Above 1 ppm humid air 0.141 hr-i 4.9 hr N6 ,H20 100
UDMH 0-1 ppm dry or humid air 0.15 ppm-1 0.2 hr* NDMA 60min_-I

UDMH Above 1 ppm dry air 0.0007 hr-1 990 hr FDH** 67
UDMH Above 1 ppm humid air 0.015 hr-1 46 hr FDH** 67
NO2  10 ppm humid air 5.5XlI 4 12  5 hr HNO 3 (g) 100

mole-zNO(gI1
NO2  50 ppm humid air 5.5xl 0.2 hr HNO3(g) 100

molee-9 I 1

NO2  Above 50 ppm humid air 5.5X10 <0.2 hr HN03(0) 100
mole- 2 sec- 1

NO2  All Conc. dry air NO REACTION

* Clean, Unpolluted Atmosphere
** NDMA Formed in 0.2% Yield (.002 Miles NDMA Found Per 1 Mole UDMH Reacted)
NO = Not Available
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USER'S MANUAL FOR THE HYPERGOLIC ACCIDENT RELEASE
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SECTION 1

INTRODUCTION

1.1 BACKGROUND

The U. S. Air Force, and particularly the Air Force Engineering

and Services Center at Tyndall Air Force Base, has pursued the analysis of

existing dispersion models and the development of new approaches for

modeling dispersion in support of the Titan II safety engineering program.
The Hypergolic Accidental Release Model (HARM) is the result of an effort
to develop a computer program incorporating source characterization,

cloud-rise and dispersion model algorithms appropriate for describing the

transport and dispersion downwind from a hypergolic reaction involving the

fuel and oxidizer propellants of the Titan II missile. The hypergolic

reaction results in the formation of a thermally buoyant cloud which rises

vertically to a height related to the amount of heat generated by the

reaction, which is a function of the amount of propellant components

involved in the accidental release. The existing model (Ocean Breeze/Dry

Gulch) used to assess propellant hazards (U. S. Air Force, 1983) is not

suited for modeling dispersion downwind from elevated volume sources. The

HARM computer program is based on source characterization algorithms for

hypergolic reactions developed by Martin Marietta Aerospace (Prince, 1982,

1983), buoyant cloud models developed by Briggs (1970) and dispersion

models for rocket launches (Bjorklund, et al., 1982) developed by the H. E.

Cramer Company.

1.2 PURPOSE

The technical objective of the work described in this report is
to provide a computer program that predicts ground-level concentrations of
toxic materials resulting from a catastrophic reaction of hypergollc

propellants. The purpose of this report is to provide documentation of the

following:

I
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"* A description of the algorithms used to define the source

characteristics of selected catastrophic hypergolic reactions

involving Titan II propellants

"* A mathematical description of the cloud-rise, dispersion

models and other mathematical formulas used in the HARM code

"* User's instructions for the HARM computer program

1.3 ORGANIZATION OF THE MANUAL

The main body of the manual contains five sections. Section 2

contains a brief overviev of the major components of the HARM code, the

accident scenarios the code is designed to accommodate, and the meteoro-

logical and source model input parameters required to operate the program.

The algorithms used in the program to characterize the source, to describe

the reaction products and decay/production rates, and to predict the

cloud-rise of the thermally buoyant cloud are described in Section 3.

Section 4 contains a mathematical description of the atmospheric dispersion

models implemented by the computer code. Section 5 provides user instruc-

tions for the HARM program.

Appendix A of this manual contains example executions of the HARM

program. A program listing and magnetic tape containing the program have

been provided to Martin Marietta Aerospace under separate cover.

2
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SECTION 2

OVERVIEW OF THE HARM COMPUTER PROGRAM

The catastrophic hypergolic reaction of Titan TI rocket propellants

results in the nearly-instantaneous formation of a relatively large cloud

of hot, buoyant reaction products near ground level which subsequently

rises and entrains ambient air until the temperature and density of the

cloud reach an approximate equilibrium with ambient conditions. Depending

on the amount of fuel (A-50) and oxidizer (NTO) involved in an accident and

the atmospheric stability, the stabilization height, defined as the pcint

the cloud ceases buoyant rise, can vary from 10's of meters to heights

exceeding I km. The cloud may contain toxic components of unreacted

propellants (hydrazine, unsymmetrical dimethythydrazine, or UDMi, and

nitrogen tetroxide, or NTO) in addition to the products of the reaction.

Toxic products of the reaction include dimethylnitrosamine (NDMA), methyl

amine, formaldehyde, hydrogen cyanide, ammonia and formaldehyde dimethyl-

hydrazone (FDH). The HARM computer program is designed to calculate peak

concentrations and dosages, peak deposition due to precipitation scavenging

and isopleths of dosage, concentration and deposition due to precipitation

scavenging downwind from catastrophic reactions. The program calculations

are automated for considering the five major toxic components of hydrazine,

UDMH, NTO, NDMA and FDH. The HARM program is designed to assist the

Missile Potential Hazard Team (MPHT) in:

"* Planning hazard-safety programs for catastrophic hypergolic

accidents involving Titan II propellants

"* Real-time support of hazard-safety operations involving

Titan II propellants

"* Post-accident environmental analyses of hypergolic accidents

involving Titan Ii propellants

3
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While the program is designed for considering hypergolic accidents involving

Titan II propellants, it can easily be modified to consider other types of

hypergolic reactions.

2.1 COMPONENTS OF THE HARM COMPUTER PROGRAM

Figure 2-1 is a schematic diagram showing the major components of

the HARM computer program. Requisite meteorological inputs to the computer

program are obtained from the vertical profiles of wind direction, wind

speed, air temperature, atmospheric pressure and dew point or relative

humidity between the earth's surface and 3000 m. This information is

obtained primarily from ravinsonde measurements made at selected upper-air

stations by the National Oceanic and Atmospheric Administration (NOAA) and

by meteorological stations at selected USAF air bases. Ravinsonde measure-

ments are routinely made twice daily at 0000 Greenwich Mean Time (GMT) and

1200 GMT at these stations. The HARM program can be configured to accept

the rawinsonde data from tape and disc files or from TTY input devices such

as a modem. As shown in Figure 2-1, the rawinsonde data can be manually

edited to provide for any changes in the vertical profiles that weather

forecasters assigned to the MHPT consider to have occurred between the time

the rawinsonde measurements were made and the time of the accident.

Similarly, meteorological observations from the accident site can manually

be entered to reflect the observed near ground-level conditions at the

scene.

The HARM program is controlled by operator input and internal

management routines based on the operator's response to plain-language

queries displayed on a CRT terminal. In Figure 2-1, this complex

interactive function it simply designated by the box labeled CRT Program

Control. Provision nas been made in the computer program for selection of

calculations for the following 5 major accident scenarios:

0 Above-ground sJow leak

4

79



TAPE FILE DISC FILE MODEM INPUT
RAWINSONDE ERAWINSONDE RAWINSONDESONDSOED

DATA DATA DATA

. WETHE FRE~,CAsTEs' s/

- -- ------------------------------------------- I----- -- HARM CODE--

f CRT PROGRAM
CONTROL

SOURCE INPUTS CLOUD RISE, MATERIAL

DISTRIBUTION AND CHEMISTRY

* USER INPUT OF AMOUNT OF * BRIGGS (1970) INSTANTANEOUS
FUEL/OXIDIIER * : CLOUD RISE MODEL

* ACCIDENT LSCATION o PRINCE (1983) CLOUD
* SCENARIO TYPE CHEMISTRY
* PRINCE (1982) FIREBALL * NASA/REEDM MATERIAL

MATHEMATICS DISTRIBUTION ALGORITHMS

DOSAGE/CONCENTRATION MODELS PRECIPITATION SCAVENGING
AND AL.ORITHPS MODEL AND ALGORITNMS

A MUTI-LAYDR e NASA/REEDM PRECIPITATION

DOSAGE/CONCENTRATION MODELS SCAVENGING MODEL/ALGORITKHYS I

AND ALGORITHMS * PEAK CENTERLINE DEPOSITION
PEAK CENTERLINE DOSAGE/ * DEPOSITION ISOPLETHS
CONCENTRATI ON

•DOSAGE /CONC ENTRAT ION

I5MPLATARS

SGRAPHICS ROUTINE

L-------------------- - -.- - - - - - ---

FPRINTD SPýLAYSl PLOT DISPLAYS

FICl'UR 2-1. Schemrratic diagram illustrating miajor coi.poilt.IlLS of the HiAlXt

Comnuter Program.
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0 Above-ground major spill (nearly-instantaneous detonation)

0 In-silo accident with the silo door closed and either a slow

leak ultimately resulting in a hypergolic reaction or an

instantaneous hypergolic reaction

a In-silo accident with the silo door open and either a slow

leak ultimately resulting in a hypergolic reaction or an

instantaneous hypergolic reaction

* Stage ejection with a subsequent t losion at a user specified

height

The operator is also asked to supply the amount of fuel (A-50) and oxidizer

(NTO) involved in the accident and the specific coordinates of the accident

location. After the operator has responded to the these queries, the
program automatically selects a proper set of source inputs to be used in

the calculation of the dimansions of the fireball created by the hypergolic
reaction and the heat of the raction for use in the cloud-rice calculation.

The cloud-rise model then calculates the spatial position and dimensions of

the cloud as a function of time and distance from the accident until the

stabilization height is reached. The vertical distribution of material in

the various layers of the atmosphere, where the layer boundaries are given

by the heights at which rawinsonde measurements are available, is also

automatically calculated. The concentration of materiil in the cloud is

used in an algorithm based on the work of Prince (1983) to determine the

, half-lives and decay/production constants to be used in the subsequent

* dispersion calculations. At this point, the rawinsonde meteorological data

and the results of the cloud-rise, cloud dimension and material distribution

algorithms are output to a nrinter. The operator also has the option to

P output a plot display of the vertical profiles of wind direction, wind

* speed, temperature and virtual potential temperature as well as a simple

€p projection of the stAbilized cloud. The operator and/or weather forecaster

then have the option o' modifying the default values selected and calculated

6
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by the program to represent the major meteorological layer structure

parameters (the height of the base and top of an elevated inversion layer,

for example) and the turbulence parameters that will be used in the disper-

sion calculations. After the final selection of model input parameters has

been made by the operator, the program performs either the selected

dosage/concentration or precipitation scavenging (deposition) calculations

using the multi-layer dispersion models described in Section 4. When these

calculations are complete, the results are printed and, at the option of

the operator, plotted. If the dosage/concentration option was selected,

the print output includes peak concentration at 1-km intervals downwind

from site of the accident, and the total dosage and time-mean concentration

for the period of interest at these points. The operator can request plots

of these results for each pollutant versus distance and/or plots of the

isopleths of concentration, dosage, and time-mean concentration on maps or

map overlays. If the option to calculate deposition due to precipitation

scavenging is selected, peak centerline maximum possible or time-dependent

peak centerline deposition is printed and, at the user's option, plotted.

The user can also request isopleth plots of deposition. Example of the

print and plot output produced by the HARM program are included with the

example problems described in Appendix A.

Although not shown in Figure 2-1, there are three major modes

that the program user can choose for making calculations using the HARM

code (operational, research and production). The operational mode Is

designed for assisting trt Missile Potential Hlazard Team in evaluating

hazards and automatically selects many of the required Input parameters,

although the program user is provided an opporrunity to msodify tho selected

default valucs. When the research mode is selected, more information is

usually input by the operator. For example, the cperator can specify

values of the turbulence parameters at each height where rawinsonde data is
available rather than using the default turbulence profiles. The production

mode of the HARM code can be used to process multiple rawinsonde soundings

which are read fron, a tape or disc file. 1Ail the production mode can be

run i nteracLively froin 3 CR'I terminal, the primary puipose of the production

JL
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mode is to facilitate batch processing of multiple cases without operator

attention.

It should be noted that the HARM computer program is intended for

use in predicting the environmental impact resulting from the nearly

instantaneous hypergolic reaction. In some accidents there may be residue

material in the silo or on the open ground not consur d in the reaction.

Materiel from these ground-level sources may be emitted continuously over a

period of hours. The HARM computer program does not consider the environ-

mental impact of these sources.

2.2 ACCIDENT SCENARIOS AND SOURCE PAR.AKTERS

The five major scenarios of hypergolic acciderts that the hARM

computer program can process are listed in Section 2.1 above. The major

source parameter affecting the outcome of the calculations is the ratio of

fuel to oxidizer involved in the accident. The algorithm describing the

resulting products from the user input .' the total weight of fuel and

oxidizer involv.ed in the accident is described !n Section 3.1. In those

accidents that involve stoichiometric quantities of fuel and oxidizer (no

excess fuel or oxidizer), .here is of course no exco-4 fuel or oxidizer
available for downwind transport in the chemical cloud produced by tha

accident. In those accidents where the hypcrgolic reaction is nearly-

instantaneous (regardless of whether the accident is an above-ground major

spill, in-silo accident with the silo-door closed or open, or stage ejection),

there is never any excess hydrazine available ftr downwind transport.

Finally, all the accidents are absumed to c'cur at ambient atmosoheric

pressure except those that occur in Lhe silo with the door closed, where

the pressure is assumed to h,. 12 .0 atmospheres. Based on these assumptions,

the HAR1 model comnputer pro~rar. treats accidenti; inio~ving an above-ground

slow leak and an in-silo slow leak with the silo door open in the same

manner, since both are rssumed to occur at a pitasure of 1 atmotphere.

8
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Similarly, the program treats above ground major spills and the instan-

taneous hypergolic reaction oncurring in the silo with the silo dour open

in the same manner.

The stage ejection accident scenario used in the computer program

assumes that an instantaneous explosion occurs in the silo and an explosion

of the second stage of the Titan TI occuts at a user defined height. The

user is also required to input the total amount of fuel and oxidizer

involved in the accident. The program assumes that approximately 80

percent of the total propellant weight is involved in the silo explosion

and that approximately 20 percent is involved in the explosion at the user

defined height. In this scenario, the user is also asked if the silo door

is open or closed. If the door is closed, the in-silo reaction is assumed

to occur at a pressure of 12.6 atmospheres and the reaction aloft at a

pressure of I atmosphere. Both reactions occur at a pressure of 1 atmosphere

if the silo door is open. The cloud-rise is independently calculated for

each source. In the case of the in-silo explosion, cloud-rise begins from

a point at ground-level while the cloud-rise from the in-air detonation

begins at the user designated detonation height. The amount of material in

each atmosphecic layer from both sources is calculated using an algorithm

I"" defined in Section 3 and then summed daring the dispersion calculations.

2.3 METEOROLOGICAL INPUT PARAMETFR REQUIREMENTS

As noted above, the primary meteorological input to the HARM

cowputer program i.. in the form of rawinsonde observations. Each level of

it,formation (standdrd, mandatory a..,. significant levels) in the rawinsoride

datii stream (,.th cbservation level in thr model descriptions in Section 3

and .) is used to obtain wind and temperature profiles. The iARM code is

curcentlv df-sig,,d to jerform di:ipersinn calculati4ons in two riajor, nieteoro-

io:1oIc 1ly-e, t tIed, layers. The base of the lower layer (I.-I= is assumed to

lie at ttie eairth', surface and tCie top Llf thlk layer is ;jsumed to be located

9
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at the base of an elevated inversion (top of the surface mixing layer).

The býundaries of the upper layer (L-2) are set by the operator. If the

concentration/dosage of the material assumed to be trapped in the elevated

inversion is ot interest, for example, the operator would set the lower

boundary of the second layer equal to the top of the first layer and the

top of the second layer to the height of the top of the elevated inversion.

The boundaries of the two major layers must coincide with a height ot level

reported in the rawinsonde message. If the user designates a boundary of a

major layer other than a Kth height, the program autcmatLally selects the

Kth height closest the user input value.

The selection of the boundaries of the two major layers is

critical to the outcome of the concentration and dosage dispersion calcula-

tions. The gaseous products in the cloud produced by the hypergolic

accident are assumed to be reflected towards the earth's surface at the

tops of the major boundaries and upward at the bases of the major boundaries

(including the earth's surface) in the concentration and dosage calculations.

The boundaries of these two major layers are also used in the specification

of the vertical profiles of the turbulence Parameters used in the concentra-

tion, dosage and deposition calculations as indicated in Section 3. In the

absence of user input of the layer boundaries, the program automatically

sets the top of the lower layer equal to the Kth rawinsonde observationI" level closest to twice the cloud stabilization height. Also, the height of

the base of the upper layer is defaulted to equal the top of the lower

layer and the program sets the top of the upper layer to the Kth observation

level closest to 3000 m. Rawinsonde measurements at heights greater than

3000 m are not used by the HARM code. This default depth of the surface

mixing layer is used because the use of a Kth observation level between the

cloud stabilization height and twice the stabilization height to represent

the depth of the mixing layer tends to maximize the calculated ground-level

vapor concentrations.

In general, program users should select tha height of the base of

an elevated inversion to represent the top o' the lower (L-1) layer.

10
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Because the top of the lower layer is defined in the program as an upper

Lound to turbulent mixing, the ueer should select a height above which the

tenperature either increases or remains constant for at least 50 to 100 m.

Because the primary purpos-e of the HARM code is to assist in estimating

ground-level environmental effects produced by hypergolic accidents, the

user should generally ignore surface-based inversions or elevated inversions

with tops less a few hundred meters above the surface in selecting the top

of the lowest layer.

2.4 BASIS OF THE HARM COMPUTER PROGRAM

The computer program described in this manual incorporates many

of the dispersion model algorithms and concepts employed in the REEDM

(Rocket Exhaust Effluent Diffusion Model) Computer Program developed for

the National Aeronautics and Space Administration (NASA) for assessing the

environmental impact of exhaust products from the normal and abnormal

launches of launch vehicles (Bjorklund, et al., 1982). The REEDM model is

the product of over a decade of development in preparation for real-time

support of Space Shuttle launches and is currently used to support launches

of the Space Shuttle at Kennedy Space Center. The task of predicting the

dispersion downwind from a hypergolic accident is in many respects similar

to the task of predicting dispersion of the ground cloud produced by rocket

launches because both scenarios result in the buoyant rise and formation of

-! an elevated source with relatively large horizontal and vertical dimensions.

As noted in Section 1.1, models developed for predicting the downwind

dispersion from ground-level continuous point sources are not generally

applicable because of the large initial dimensions of the cloud, because

the source is formed nearly instantaneously, and because the dispersion

takes place in a relatively deep layer of the atLmosphere. Thebe factors

were considred In the development of the XEEDM computer pirtnm and have

* .en incor(porated in the IIAR14 models. We also note that NASA, anq par-

t•-,•ilarly LI.ngIley Research Center, has conducted s;amplitij; r.i,.irement

p, dgrawpd; using ground-based and aircratt sampling equipment ii coonltinction

11
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with normal launches of Titan and Space Shuttle launches over the past

decade. These measurements (Gregory, et al., 1974a, 1974b; 1976: Woods,

et al., 1979; Wornom, et al., 1979; Sebacher, et al., 1980 and others) have

been used to verify and improve the performance of the REEDM computer

program predictions of dosage and concentration. In general the predicted

concentrations have been within a factor of two of the measured concentra-

tions and the models tend to overpredict ground-level concentrations,

yielding conservative estimates of the ground-level environmental impact.

Thus, the decision was made to adapt many of the concepts incorporated in

the NASA REEDM computer Program for use in the HARM Computer Program for

the following reasons:

"* REEDM has proven successful in predicting concentrations

downwind from the release of large thermally buoyant clouds

"* REEDH contains the requisite algorithms for calculating

cloud-rise, material distributions and other source charac-

teristics of large thermally buoyant clouds

"* REEDM contains the requisite dispersion algorithms for

treating the downwind transport and dispersion of clouds

with initially large horizoatcal and vertical dimensions

"* REEDM uses available meteorological input information

(ra-insonde data) describing meteorological conditions in

and above the surface mixing layer

"* REEDM has moderate computer memory and run-time requirements

suited for real-time support of hazard-safety operations.

These concepts and the algorithms employed in the HIAM Computer Program to

describe the source rharacterist 4cs of hypergolic reLctlons are described

In detail in Section 3 and 4 below.

12

87



SECTION 3

HARM. SOURCE, CLOUD RISE AND METEOROLOGICAL ALGORITHMS

3.1 SOURCE CHARACTERISTIC ALGORITHMS

As mentioned above, the algorithms describing the source charac-

teristics included in the HARM model are based on the work of Prince (1982,

1983). The following discussion is principally based on these reports.

The mixing of the hypergolic rocket propellant A-50 and NTO during an
accidental spill or missile tank rupture converts chemical energy into

thermal energy. The thermal energy is used to heat the hypergolic combustion

products, vaporize excess unreacted propellant and to heat the environment

in the vicinity of the accident. The thermal energy of the fireball formed

by the hypergolic reaction and the size of the fireball are required in the
HARM model for calculating the stabilization height of the cloud of reaction

products and the chemical composition of the cloud at the stabilization

height.

The thermochemical analysis performed by Martin Marietta Aerospace

(Prince, 1982) proceeded as follows:

* Fireball combustion products were identified and adiabatic

flame temperatures calculated using theoretical thermo-

dynamic combustion properties of the propellant and the

gaseous reaction products for stoichiometric conditions

In cases where the oxidizer to fuel ratio was non-

stoichiomerric, the chemical reaction was created as a

non-equilibrium condition where the therrmal energy of the

fireball was reduced by that energy required to heat and

"vaporize the excess propellant

"13



• Tae thermal energy of the fireball was further reduced by

accounting for radiative heat transfer to the surrounding

environment

A description of the algorithms used in the HARM program for calculating

the chemical composition of the material in the fireball, the thermal

energy available for rise of the fireball and the dimensions of the fireball

are given below.

3.1.1 Chemical Composition and Fireball Temperatures

Determination of the fireball combustion products and the calcula-

tion of fireball adiabatic temperatures resulting from stoichiometric

reactions of A-50 and NTO was accomplished by Martin Marietta Aerospace

using a computer program for the calculation of complex chemical equilibrium

composition (NASA SP-273). The program reiteratively solves equations that

minimize the Gibbs free energy of the chemical reaction products and

maintains a mass balance between the chemical reactants (hypergolic

propellants) and chemical products (combustion products, oxidation products

and unreacted propellants). The output for stoichiometric combinations of

A-50 and NTO reacting at I and 12.6 atmospheres is reproduced in Table 3-1.

Flame temperatures of the fireball provided to the H. E. Cramer

Company were calculated under an adiabatic assumption where conductive,

convective and radiative heat losses to the environment were not considered.

Thus the heat of reaction caused by combining A-50 with NTO at 25*C was

used to heat the reaction products in the fireball. from 25°C to the temper-

ature at time t, or T(t). The reaction equation is:

(a + a) C H N... a N2 0 P + aH (3-I)
1 696 5.39 1'324 ' 1 J reaction

j
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TABLE 3-1

THERMODYNAMIC PROPERTIES AND MOLE FRACTIONS FOR STOICHIOMETRIC MIXING
OF A-50 AND NTO (AFTER PRINCE, 1982)

Pressure (atmospheres)
Property

1 12.6

Molecular Weight 22.448 22.993

Heat Capacity c' (cal g- K- 2.0417 1.4782

Mole Fraction:

CO 0.06301 0.05825

CO2  0.05210 0.05965

H 0.02952 0.01668

HNO -- 0.00001

HO2  0.00001 0.00003

H2  0.05926 0.04868

H 0 0.34523 0.37526
2

H 0- 0.00001
2 2

N -- 0.00001

NO 0.01260 0.01551

NO 2  -- 0.00001

N2  0.32797 0.33462

0 0.01682 0.01028

OH 0.05366 0.G4920

0 2 0.039130 0.03182

'I.
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where

a, a moles of reacted liquid hydrazine

a2 = moles of reacted liquid UDMIR

a3 = moles of reacted liquid N2 04

aj a moles of the product P

6Hreaction = heat evolving from the chemical reaction

- 1.54 x 105 cal mole- 1 of reacting A-50

For an adiabatic process

4Hf (reactants) a H (products) + c' d T' (products) (3-2)

where

C1 low pressure heat capacity of the products (cal mole K-)
p

A + BT{c) + C(T(t)) 2 + D(Tft))3

A, B, C, D - coefficients defined below

Tft) - temperature in OK at time t

Integrating Equation (3-2) yields the expression

I

S4f(reactants) M Ldf(products) + A7(t} + (B/2)(Tft))2 (3-3)
f3 4

(C/3)(T{tl)3 + (D/4)(T(t)) - E

16



where

E - A(298) + (B/2)(298)2 + (C/3)(298)3 + (D/4)(298) 4  (3-4)

Values of the coefficients A, B, C, D and E required to solve Equation

(3-3) are given in Table 3-2 and are based on the values recommended by

Prince (1982) in, his Table IV. The 4th degree polynomial in T(t} is solved

for T{t} using Newton's method. The value of T{t} of the fireball at the

time of lift-off from the ground T{ttB I is used in calculating the fireball

size and heat content of the cloud at liftoff from the ground as outlined

below.

3.1.2 Fireball Size and Heat Content

Prince (1982) based the calculations of the fireball size and

heat content of the cloud at lift-off from the ground on a mathematlcal

model, developed by Sandia Laboratories, that expresses the reaction time

tB in seconds for the mass of hypergolic propellant Wb to mix and react to

completion as

t - 0.6845 Wb1/6 (3-5)

where the units of Wb are in kilograms. The radius of the fireball varies

as a function of the fireball temperature T{t} according to the expression

r(t3 Wb R' Tt 1/36)

w
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where

P - ambient atmospheric pressure (Pascals)

R' - 8.31432 J*K-I mole-

Mw average molecular weight of the cloud (kg mole weight)

- J (3-7)
~a

Mwj molecular weight of species j

and Tit) is the fireball temperature at time t. The final radius of the

cloud at cloud lift-off rR is obtained when t is equal to t . That is,

r r(t-t B (3-8)

when T{t) - T{t-t B. The value of Tt-tB I is calculated from the time

history of the fireball temperature and is obtained numerically by using a

fourth-order Runge-Kutta method to solve the following nonlinear differ-

ential equation:

dT I AlF(reactants) - AHF(products)dr' t 'r FF

p (3-9)

-4r oB [Et, R-12/ 3 T(t') 14 /3

1.667 W 1/6 P J 411)PT/3

19

94



where

tt M nondimensional time

- t/tB

S- emissivity (set equal to I for black body radiation)

a - Boltzmann's constant
=B

5.67 x 10- 8 W J sI m

;aj

Pi = 
(3-1i)

P 
a 

p

The total effective heat available for cloud rise, H, is calculated from

the expression

H c'W T{t;tB (3-11)

3.1.3 Propellant Decay and Decay By-Products

1 Non-stoichiometric ratios of oxidizer to fuel allow excess

* propellants to remain in the cloud of reactants. Both components of the

*: fuel as well as the oxidizer also react with chemical species found in the

atmosphere to produce species not originally present in the fireball. The

HARM model assumes that the decay of material in the cloud after the time

of cloud stabilization is of the eixponentlal form

exp f-ktl (3-12)

'I 20
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where ki is the rate coefficient of decay for the ith species. Rate

coefficients, half-lives, major products and yields of the fuel and oxidizer

* are given in Table 3-3 based on the values reported by Prince (1983). At

concentrations below 1 ppm, both hydrazine and UDMH have second order rate

coefficients which are much larger than at higher concentrations and are

"dependent on concentration. They both disappear rapidly as the concentration

decreases below 1 ppm. Since the reaction products of hydrazine are the

relatively harmless species N2 and H2 , changing to H2 02 when the concentra-

tion is below I ppm, the HARM model uses the rate coefficient 0.141 hr to

"describe the decay of hydrazine at all concentration levels. The principal

exposure limits for hydrazine are 10 to 30 ppm and the overestimation of

hydrazine at concentrations less than 1 ppm will not affect hazard calcula-

"tions. The exposure limits for UDMH (30 to 100 ppm) are also much larger

than the concentration level where the reaction rate becomes second order

and the use of the linear rate of 0.015 hr-I shown in Table 3-3 will not

affect the hazard calculations for UDKH. The major products of the UDMH

reaction with air and water vapor are NDMA and FDH at concentrations above

I ppm. The production of these species is modeled using the expression

P (i} E {ilf 1 exp(-k t)] (3-13)
K K

where E K{i} is the efficiency (yield) of the conversion from UDKH to NDMA
K -1

or FDH and the value of ki equals 0.015 hr

The decay of the oxidizer is of third order as shown by the units
42 -2-1I(Z mole s ) given in Table 3-3. The half-life varies from less than

12 minutes for concentrations greater than 50 ppm to greater than 5 hours

for concentrations less than 10 ppm. Principle exposure liwits for NO2 and

N 0 are in the range from 1 to 5 ppm. For use in the HARM model calcula-
2 4

tions, a first order decay coefficient appropriate at a concentration of 1

ppn was estimatcd from considering the rate of conversion of NO2 to IINC in

the chemical reaction

21

96

Vl



TABLE 3-3

ATMOSPHERIC REACTION RATE CONSTANTS (PRINCE, 1983) USED IN HARM

Concentration Rate Half-Life Major Yield E
Species (C e a) Constant (Hours) Reaction

k Products

Hydrazine 0-1 0.2 (a) 2 (b) H202 NA (e)

Hydrazine > 1 0.141 (c) 4.9 N2 , H210 100

UDMH 0-1 0.15 (a) 0.2 (b) NDMA 60

UDMH > 1 0.015 (c) 46 FDH 67
NDMA 0.2

NO2  10 5.5 x 104 (d) 5 HNO 3  100

NO2  50 5.5 x 104 (d) 0.2 HNO 3  100

(a) Units are ppm min

(b) For a clean unpolluted atmosphere.

(c) Units are hr-1.
2 -2 -1

(d) Units are L2 mole s

(e) Not available.
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4NO2 + 2H20 + 02 - 4HNO3 (3-14)

The differential equation expressing the rate of conversion is:

d[NO2 Id 2  - k2H 2 0][NO2 ] (3-15)

where

k - third-order decay -,ice

. 4 2 4- -

5.5 x 10 mole s

and the brackets indicate the concentration of the enclosed chemical

compound. Separating variables, integrating and solving for the time tI

required for the initial concentration of nitr-gen dioxide [NO 2]0 to decay

to I ppm yields the expression

[NO2 ]O - I ppm

t - ( 2 (3-16)k3 [H2[0]NO Al[ ppm]

The equivalent first order coefficient k1 required to produce the same time

t for the decay of NO2 to a concentration of I ppm is

- lnrNOI (3-17)
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where (NO2]0 is expressed in ppm. Equation (3-17) is used in the RARM

model to obtain the decay coefficient for the oxidizer.

3.2 CLOUD RISE AND ASSOCIATED ALGORITHMS

3.2.1 HARM Cloud Rise Model

The determination of the stabilized heighz of the buoyant cloud

produced by hypergolic reactions is an important factor in the dosage/

concentration calculations because the maximum dosage/concentration calcu-

lated at the earth's surface is approximately inversely proportional to the

cube of the stabilized height. According to the algorithm described in

Section 3.1 above, the cloud of buoyant gas or "fireball" from the hypergolic

reaction forms and is ready to lift from the ground over a time period of

about 5 seconds. Experience in predicting the cloud rise from the launch-

of solid rocket launches (Bjorklund, et al., 1982) with similar formation

times indicates that the instantaneous cloud rise model based on the work

of Briggs (1970) yields stabilization heights that are in good agreement

with observed heights.

The time tkfor the cloud produced by the hypergolic reaction to

reach a height zk in a stable atmosphere is given by the expression

tk -s~
5 arccos )I ILt(k,)4~ ~ 4  (3-18)

where tk is constrained to be less than the cloud stabilization time t* and

24



St*, s05 (3-19)

stability parameter

S= I •-. (3-20)

T Tz2

g a gravitational acceleration (9.8 m s2)

- vertical gradient of virtual potential teoperature ( m !)Az
between the surface and height zk

- entrainment coefficient (0.64)

F1  ,initial buoyancy term

3& H-(3-21)I 4•c TP

5total effective heat release (cAl) obtained from rhe tourc,,
algorithm -

c " specific hent of air at constnnt pre-qtir( (0.24 cal g )

- ambient air temperature (K) near the surface

-3

P- ambient air density (g m ) niar the 5urface

r initial radduis Jf the fireball (m) ob-ained from the suurcr
- algorithm

The cloud atabilizatlon height is defined aiw

1/4
r
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According to the above formulas, the final stabilization height zI is

related to the vertical gradient of virtual potential temperature measured

over the same height. The value of z1 in Equation (3-22) must therefore be

determined through iteration. The iteration process is initiated by

assuming that z lies in the first height interval (K-I) above the surface

bounded by the rawinsonde observations at (k-i) and (k-2) and solving

Equation (3-22) for zI with

O -- 1 (3-23)
"". z2 -2z1

If z1 exceeds z the iteration continues using the virtual potential
1 z2 #

temperature from the next height Kth observation level with the vertical

gradient A/Az estimated from the least-squares approximation

0 M (3-24)

Providing that Z < 3000 m, the program finds a value of zI within an

interval (zi- S z1 5 z ). At this point the program assumes that the

gradient of virtual potential temperature in this height interval is linear

and linearly interpolates to determine, within ±10 m, the value of z1 .

Momentum flux is not considered in this application of the cloud-rise model

because inclusion of the momentum term does not affect the final cloud

stabilization height.

The cloud-rise model described above was theoretically derived

for use in thermally stable atmospheric layers (A$/Az > 0). A model based

on similar considerations is easily derived for an adiabatic atmosphere.

However, the adiabatic model predicts the cloud to rise over all time, and

the rate of rise approaches zero asymtotically at longer times. Experience

* shows that the height at which the rate of rise determined from the adiabatic

model becomes negligible for practical purposes can be predicted using a

26
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small value of Aj/Az in the stable model described above. For this reason,

the program sets At/az equal to 3.322 x 10-4 when the value developed from
-4

the rawinsonde measurements indicate AO/Lz is less than 3.322 x 10-

3.2.2 Dimensions and Material Distribution in the Stabilized
Cloud

The dispersion models described in Section 4 are derived under

the assumptions that a vertical finite line source can be used to represent

the source of material in each of the K layers defined by the rawinsonde

observation heights and that the radius of the cloud at the stabilization

height zI is consistent with that used in deriving the cloud-rise model,

e.g.:

rI u y zI + rR (3-25)

Under these assumptions, the alongwind and crosswind dimensions of the

cloud in the Kth layer are

21/2

r1 " I rI)] (3-26)

where

z M 1Z zI (3-27)

z = (ZTK + Z K)/2 (3-28)

T = height of the top of the Kth layer
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z BK - height of the base of the Kth layer

The IIARM model assumes that the source material in each Kth layer is

uniformly distributed in the vertical and Gaussian distributed alongwind

and crosswind in the horizontal plane consistent with the Gaussian model

approach used in the dispersion models. The initial standard deviations of

the alongwind axo and crosswind a y source dimensions used in the cloud

expansion formulas described in Section 4 are defined as follows:

ao,{K} = - yo{K) - RK/2.15 (3-29)

under the assumption that the concentration at one radius from the cloud

centerline is one-tenth of the maximum concentration at tie cloud centerline.

While the vertical distribution in each Kth layer is assumed uniform with

height in the layer, the fraction of the total material in the cloud

residing in the Kth layer at the time of cloud stabilization is derived

under the assumption that the material is Gaussian distributed over the

entire vertical extent of the cloud. Thus the fraction by weight of the

material of each species F{K) determinei from the algorithm described in

Section 3.1 above is given by the expression

F{K} - a M wiP{z [ K - P{z BKI (3-30)

where

z2
Pf}21 x 2. 15(z-z)

P{z} z2.5 exp -- - dl (3-31)
€2"-T r -fr

28

103



3.2.3 Spatial Position of the Cloud at Stabilization Time

The spatial position in the plane of the horizon of the portion

of the cloLd produced by the reaction and residing in the Kth layer at the

stabilization time t* is determined in the HARM computer program from the

wind directions and wind speeds obtained from the rawinsonde and the tine

from Equation (3-18) required for the cloud to rise through the tops of the

various K layers. The distance RCK and bearing 0CK at time t* of that

portion of the cloud in the Kth layer is defined by the following

expressions:

RCK [x + (t*-tp) sin [Y + K (t*-t cos 21 (3-32)

CK t K KK (333)
.. 0K =(/)-tan-I YK +U K(t*-tp sineK

X- + (t*-t) Cos EKp JK

* where

XK xK-I - sin(OsK (3-34)

YK YK-1 - K cOS(OsK) (3-35)

u = mean wind speed in the Kth layer

= (uT + U BK)/2 (3-36)

UTT wind speed measured at BhK top of the Kth layer

uB = wind speed measured at the base of the Kth layer

t time the cloud passe., through the top z., of the Kth layer,
obtained by setting zF in Fquatlon (3-In to ZTK
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K = mean wind direction in the Kth layer

=(0K + eBK)/2 (3-37)
TK BK

86 - wind direction measured at the top of the Kth layer

8 = wind direction measured at the base of the Kth layer

For the layers below the Kth layer containing the stabilization height zi,

K tp UK (3-38)

fSK -
6 K (3-39)

For the layer containing zi, &K and sK are defined as

KK4-+u BK] tpZBKj (3-40)

(sK •z BK)( I- B) 2BK] (3-41)

Finally, for all K layers above z (Z BK>Zi),

RCK RCK(Z=Zr) (3-42)

9CK = OCK(Z=z 1 ) (3-43)
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3.3 TURBULENCE PROFILE ALGORITHM

The HARM dispersion models use profiles of the standard deviations

of the azimuth wind angle Oa and elevation angle a' as prime predictors of
%% E

lateral and vertical cloud growth downwind from the point of cloud stabiliza-

tion. The computer program calculates default vertical profiles of turbulence

which can be adjusted by the user. The algorithm used to calculate the

profiles begins by determining a reference standard deviation of the wind

azimuth angle oA' R =600s), assumed representative of a measurement made
AR o

over a ten-minute period at the lowest height reported on the rawinsonde

observation (usually from 2 to 10 m above the surface).

3.3.1 Calculation of the Default Value for: a' R o=600s}
ARo

The calculation method (Goldford, et al, 1977), based on the

application of similarity relationships outlined by Colder (1972), assumes

that

a {600s) k f{B}
"TOA{ -600s) ___ A Ri # 0 (3-44)

u n • - p{Ri}

where

Gv standard deviation of the crosswind component of the wind

u mean wind speed at the measurement height of V

T reference time for the measurement of cA and aV

f(B} function of the bulk 1Pichardson number B

k Von Karman's constant =0.4
A
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*. .- ,- r .- r - - - .r 'u • •.-v * •~ U, 9 , ' X .! •: rf'. |:t- •t ii % . ij - -w ry

z - geometric mean height of the layer of interest

z 0 roughness length (default value set to 0.2 m)
0

ý(Ri} - function cf the Richardson number Ri

In the program, values of f{B} and p{Ri} are obtained from the expressions

2.7 B<-0.008

2.7+112(.008+B) ; -0.0085B<-.00175
f{B} 3.4-725.5(.00175+B) ; -. 001755B<.008 (3-45*

1.55+38.04(B+.0008) ; .0008sB<.029
2.35+5.43(B-.029) ; .029:B

and

2 Rin +02 + in [10+0)2.,/2] + 2 ta-ý+ n/2 ILJ<

O[JRi) (3-46

where

(1-16Ri)t ; Ri<O (3-47

-2
B = gz (3 -48

T u A~Z

Ai vertical gradient of potential temperature over the height

T = average temperature (*K) over the height z

4(ý- +1)
2 ; RI > 0 (3-49)

14 kA /B+ 49 7k 7 k ]
AA A

For Ri < 0, the following equation is solved by Newton's method to obtain
a value uf t for tLSI2 in Equation (3-46)
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I I

2 2 - -B (3-50)
16& [kn(z/zO) + 0.50864 - 2[tn(1+4)] - In(1+•2) + 2tan

where • is defined by Equation (3-47).

Finally, for Ri-O, a {r o=600s} is calculated from the relationship

48.816

a R(T =600s} -) 8._1 ; Ri - 0 (3-51)
AR o knvo

The program does n,.t permit a {To-600s} to be greater than 0.349 radians
ARo

(20 degrees).

3.3.3 Vertical Profiles of a and a'
A E

The dispersion models described in Section 4 use mean values of

A' and ao' in the two major meteorological layers (L-1,2). In the case

where the user enters values of oA' and a' at each k rawinsonde observation
A' E

level, the program computes height-weighted mean values fir the Lth layer

from the expression

"z z) ' fk+I + a'(k)12]S(k+l k 'k l 'k )

aL ZTTL -z BL

where

a' = mean value of the standard deviation (6' or o') in the Lth
laver

'TV = top of the Lth layer

z base of the Lth layer
B1,

33
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When values of oA and ai are not entered at each k level, the program

calculates the mean value of a' under the assumption that c' decreases with

height in the surface mixing layer according to a power-law relationship

(Swanson and Cramer, 1965; Lumley and Panofsky, 1964; Dumbauld, 1982) given

by

O'{z} Z UO Tom 600s} (3-53)

where m takes on negative values and zR is the reference height (lowest

measurement level reported on the rawinsonde message). The mean value of

c' in the L-1 layer is defined as

Az

a {(T 600s} ZTL l 6009}(zTL+m Z +MA o OIR T'00}zL -RJ z dz -(3-54)ATLR zo (z TL-ZR )(A+m)d R M

ZTL~ZR

It can be shown, for reasonable combinations of the values of m and ZTL,

that the value of a(fL-1,o,-600s) obtained from Equation (3-54) can be

approximated by the simple expression

~~. (.c T W600s)
•:o{Llo-6O0s} - OAR (O6082 (3-55)

R 0

The value of oA at the top of the L-I layer can be approximated by the

*• expression

"UR{ -600s}
a f{z (L-1),T -6OOs) (3-56)
A T1 o " 2.7
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The assumption is also made (Cramer, et al., 1964; Osipov, 1972) that the

value of a' can be adjusted for the time t* required to form the stabilized
A

cloud from the relationship

0- L A , -600s) }6(t(3-57)

and

aI(Tz (L-1), o=t*1 . o({Z (L-l),To 600s) } - (3-58)
A TL oATL o060

As noted in Section 2.3, the HARM code in the default mode assumes the

surface mixing layer is capped by an elevated inversion where atmospheric

turbulence levels are expected to be minimal. To account for the expected

reduction in turbulence levels above the surface wixing layer, the program

reduces the level of turbulence at the top of the next Kth layer above the

surface mixing layer to 0.01745 radians (1 degree). The average value in

this Kth layer is then assumed to be given by

a-{ZTL-LI},)T¶ t*) + .01745
A {Krint*) 2 (3-59)2

The top of the second major meteorological layer (L-2) is defaulted to the

top of the data considered by the program (-3000 m). The height-weighted

mean value of o' in the second layer is defined by the expression
A

{K,T-t*ZTK-Tt, + .01745 (TLT2-K(3)
,.-A 2, T-t* Z TL1.72 -,ZT lL-I'12 ft*-- (3-60)
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If the user chooses to assign the base of the major upper layer at some Kth

layer above the surface mixing layer not coincident with the top of the

surface mixing layer and uses the default turbulence profile, the program

assumes the average value of ao in the layer is 0.01745 radians. Finally,

the program assumes that the mean turbulence over the layer depths of

interest is approximately isotropic and thus that the mean effective value
of OE' is equal to the mean value of a' calculated for the layer.

EA
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SECTION 4

HARM DISPERSION MODELS

The dispersion models used in the HARM computer program are based

on Gaussian model concepts which experience has shown to be well suited for

most practical applications. Pasquill (1975) and Gifford (1975) discuss

Gaussian dispersion modeling concepts and alternative approaches. As

pointed out by Gifford, the Gaussian apptoach, when properly used, "is

peerless as a practical diffusion modeling tool. It is mathematically

simple and flexible, it is in accord with much though not all of working

diffusion theory, and it provides a reliable framework for the correlation

of field diffusion trials as well as the results of both mathematical and

physical diffusion modeling studies." In the HARM diffusion model applica-

tions, the material in the cloud formed by the hypergolic reaction is

assumed to be uniformly distributed in the vertical within each Kth layer

bounded by rawinsonde observations and to have a bivariate Gaussian distri-

bution in the plane of the horizon at the time of cloud stabilization. It

follows from these assumptions that the models are of the general form

identified with Gaussian models for line sources (in this case, a vertical

line source) of finite extent.

4.1 DOSAGE AND CONCENTRATION MODELS

For convenience, the dosage and concentration formulas described

below are written with reference to a rectangular coordinate system with an

origin at the ground beneath the spatial position of the cloud residing in

the Kth layer at the time of cloud stabilization. The x axis is directed

along the axis of the mean wind direction in the Lth layer and the y axis

is directed crosswind or perpendicular to the mean wind direction. In the

computer program, the origin of the polar coordinate system is at the point

of the accident and appropriate coord!nate transfornmation formulas are used

t4, idjutt fnr the. displarement of the soUrce rloud in the Kth layer from

this point.
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The dosage, or time-integrated concentration, at any point (x, y,

z) in the Lth layer due to a source in an internal Kth layer is given by

the expression

D FIKF exp 2
DLv 2 2/' OyL(ZT2 - zBK)UL

21(zO L - 2 L zLB

-i ( " - )

TL BL 1L

q)

1+1, (-2 i( z L - ) + z 7)]

r2r

I 8
-21(z - )L + 2zB BK Z)

crf TL B L B

"a 0zL

iv erf TL BL TK Z)

'~ ~'I ~ zL

+ erf 2(z (TL z BL BK +Z
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"1Y +1 r ( 21(z TL - z BL ) + 2z BL - Z BK - 2+ y err - zo

IT czL

(Continued)

" erf 2( zTL zB 2zBL +ZT )
~ zL

where, for convenience, 0* is set equal to unity and

F{K} - fraction of the material in the Kth layer (see Section 3.3)

y - reflection coefficients permitting the user to assume, if
justified, partial reflection of material at the base of
major layer boundaries (default - I for complete reflection)

azL - standard deviation of the vertical distribution of material
in the Lth layer due to the source in the Kth layer

= O•ELXrz (-

x rz distance downwind from a vertical point source over which

the vertical cloud expansion is linear (default value
equals 100 m in the HARM code).

4 - coefficient of vertical cloud expansion (default value
equals 1.0 in the HARM code).

a effective value of a' in the Lth layer (see Section 3.3)°EL

T 0 standard deviation of the crosswind distribution of material
* YL in the Lth layer due to the source in the Kth layer

22X+X %,-Xry (,-a)) t•e
I xrv \ )Xr, x ) [-4-•j (4-3)

ry
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x = distance downwind from a virtual point source over which
the crosswind cloud expansion is linear (default equals
100 m in the HARM code)

x W virtual distance
v

o(K) I/a

-W + X (1-a) (4-4)

a a coefficient of crosswind cloud expansion (default equals 1
in the HARM code)

AL - effective value of a' in the Lth layer (see Section 3.3)

Ae -= (e - 0 ) (B) /180) (4-5)

BL

The total dosage at the receptor position (x, y, z) is calculated by

summing the contributions from all sources, i.e., DL - j DLtk.

The peak concentration, or highest concentration which occurs as

the exhaust cloud passes the point (xy,z), is given by the expression

XPK - DL (4-7)
u 0xL)

where

axL =standard deviation of the alongwind distribution of material
in the Lth layer due to the source in the IKth layer
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2~x + o2()12 (4-8)
L4. V Xo

L(x) alongwind cloud length at the distance x

0.28 AuL x
; AUL > 0

0.281AuLx L x

L{x} Az < O'Au < 0 (4-9)
UL

Az0 A'z 2: OU L < 0

ZTL

E (Zk+ Zk) (Uk+÷ - k)

Au, - k-I (4-10)
z TL - BL

The peak time-mean concentration, or highest time-mean concentra-

tion to occur as the exhaust cloud passes the point (x,y,z), is

P T A D- erf 2 TA"(4-11)

where

TA 0 time in seconds over which the concentration is averaged(default is 10 minutes in the HARM code)

4.2 PRECIPITATION SCAVENGING MODEL.I

The weight of material from the Kth layer deposited on the ground

as a result of washout of material by rain Is gIven by the expression
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W A F(K} exp - - Y. xp _A^ ]e [ ti (4-12)

K 2rayLLu L 2\'yLf 2-U

where

hr = fraction of material removed per unit time

ti - time precipitation begins

The principal assumptions made in deriving Equation (4-12) are:

(1) The rate of precipitation is steady over an area that is

large compared to the horizontal dimension of the cloud of

material

(2) The precipitation originates at a level above the top of the

cloud so that hydrometeors pass vertically through the

entire cloud

(3) The time duration of the precipitation is sufficiently long

so that the entire alongwind length of the cloud passes over

the point (x,y)

Most laboratory, rheoretical and field studies to determine the

scavenging coefficient A for gases have focused on sulfur dioxide (SO 2 )

because of concerns about the environmenLal impacts of this industrial air

pollutant. As referenced by McMahon and Denni~on (1979), Chamberlain

(1953) derived a theoretical expression relating A to the rainfall rate J for

SO 2 given by

-1 -40.53

Mrs 1) 10 JO (4-13)
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where J has units of mm per hour. Also as referenced by MeMahon and

Dennison (1979), the laboratory experiments of Beilke (1970) indicate that

A for SO2 is

As-1 - 1.7 x 10-4 jO.6 (4-14)

Assuming a linear relationship between A and J, Maul (1978) inferred from

sequential hourly SO2 concentrations in rural areas that

A(s- 3 x 10- J (4-15)

On the basis of a literature review, McMahon, et al. (1976) selected for

use in their long-range transport model the similar expression

A{s- 1 - 6 x 10-5 1 (4-16)

Table 4-1 lists values of A calculated using Equations (4-13) through

(4-16) for a range of rainfall rates. The theoretical values of A given by

Equation (4-13) are approximately double the values obtained from laboratory

experiments given by Equation (4-14) over the range of precipitation rates

shown in the table. Although Equation (4-15) should tend to overestimate

scavenging coefficaents because ut impoicntly includes other removal

mechanisms such as chemical conversions, the values of A obtained are the

lowest in the tahbe. The A value obtained using Equations (4-13) and

(4-16) tend to become equivalent as the intensity of precipitation increases.

For a precipitation rate of 5 mm hr- , Thompson and Cicerone (1982) give A
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for nitric acid vapor (HNO 3 ) as 2 x 10-4, which is consistent with the

predictions calculated from all four equations. It is important to note

that most field estimates of A are lower than the values given in Table

4-1. For example, excluding a case in which desorption of SO from rain
2

drops is believed to have occurred, the field measurements of A for SO

summarized by McMahon and Dennison (1979) range from 1.3 x 10-5 to 6.0 x

10-5. The decision was made to use Equation (4-16) as the default expres-

sion for A in the HARM model because it is based on field measurements and

because it predicts values of A that are intermediate between Equations

(4-13) and (4-15). Because precipitation rates J are often expressed in

inches per hour, the expression for A in the HARM model is

A{s-1 = 1.524 x 10-3 R (4-17)

where R is the precipitation rate in units of inches per hour.
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SECTION 5

HARM COMPUTER PROGRAM OPERATION

This section provides the complete execution and dAta-preparation

instructions for the HARM computer program. The HARM computer program is

designed for use on most computers supporting FORTRAN 77. The HARM program

consists of a main program element HARM and the following primary subrou-

tines, all scheduled by the main program: HINOM, HDATM, GDATMHCLDM,

FIREM, HCONM, HCDRM, HPDPM, HPDRM, HCIMM, HMMRM and HISOM. The HARM

operating instructions in Section 5.1 assume the user has assembled and

loaded the HARM program and has prepared a meteorological upper-air

(ravinsonde) data file. Section 5.2 describes the method made available in

the HARM program for automated generation of forms for use in subsequent

plotting of meteorological data and peak centerline concentrations, peak

centerline time-average concentrations and peak centerline dosages.

Formats for rawinsonde input data that the HARM program is designed to

accept are given in Section 5.3.

5.1 GENERAL HARM OPERATTNG INSTRUCTIONS

The HARM computer program can be executed in a completely inter-

active environment, in a completely batch environment or in a combination

of the two. Schedule the HARM computer program according to the normal

method on your computer. Section 5.1.1 below specifies the operating

instructions for an interactive environment and Section 5.1.2 contains

instructions for a batch environment.

5.1.1 Interactive Proeesing

The 1IAR!! computer program is executed in an interactive environ-

ment only when the logical unit number specified by DATA UNIT is an
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interactive device (CRT,TTY,etc.). After the user schedules HARM, the HARM

program begins execution by displaying the following message:

V. HYPERGOLIC ACCIDENT RELEASE MODEL
(HARM)

UPDATE #### LOCATION KSC
* * ENTER BA TO CHANGE PREVIOUS INPUT VALUE.

ENTER RS TO START AT BEGINNING OF PROGRAM.
ENTER EX TO ABORT PROGRAM.

% THE FIRST INPUT OPTION SHOWN IS THE DEFAULT. ******

where the value of #### is the update level of vht. copy of HARM the user is

executing. The above display also reminds the uqer of certain conventions

that will apply to most input requests throuvhput tce operation of the

program. Specifically, the following conventiois apply to interactive

processing:

0 The first option shown is the default option unless stated

otherwise in the explanation of the option. The default

option is obtained by typing the SPACE key followed by the

RETURN key. In the following text, the SPACE key will be

denoted by V and the RETURN key by CR.

* Most options can be entered by typing the first character of

the option name followed by CR. However, for those options

that have the same first characters, you must enter sufficient

characters to make the entry unique or type the entire name

of the option. Underlining has been used in this section to

indicate the minimum set of characters to be entered for

each option.

* For most input options, the entry of an RS followed by CR

will cause the HARM nrogram to restart.
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"* For most input options, the entry of a BA followed by CR

will cause the program to go back to the previous input

,option display.

"* For input options where multiple values are required, the

values are positional and each must be separated by a comma.

Two consecutive commas indicate an empty field with the

respective variable retaining its previous (default) value.

Do not type CR until the entire string of values has been

entered.

The remainder of this section will show the HARM prompt as a

display asking for either data or for a response that will direct the

program along optional paths. Each display is printed in uppercase type

with a leading display number (record number). The display number is used

for order and cross-referencing against batch data record numbers and is

accompanied by a code in parenthesis (ORP;CW). The letters 0, R and/or P

that appear prior to the semi-colon indicate that the display will appear

under the Operational, Research or Production modes of operation. The

letters C and/or W indicate that the display will appear for Concentration

(dosage) or Washout deposition. If the particular letter does not occur in

parenthesis, the display does not appear for that mode of operation and/or

that calculation. The program will prompt with only those displays that

are required for the mode of operation and calculation quantity you select.

The HARM Interactive display prompts are explained below in the order they

appear to the user.

1. - (ORP;CW)

ENTER DATA UNIT, MET. DATA UNIT, OUTPUT UNIT, PLOT UNITS (UP TO T11RFE)
DEFAULTS ARE: 1, 8, 6. 12, 12, 12:

where

DATA - Logical input number from which thie HARM program la to read
UNIT the input data and control information. The number specified
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DATA - determines whether the program will execute in an interactive
UNIT or batch environment. If the number entered (or default)

(Cont.) is the logical unit number of an interactive device

4 (CRT,TTY,etc.), the program assumes an interactive environ-

a ment and solicits all input data and commands via displays

to the device specified by DATA UNIT. The default is

obtained by typing a comma indicating an empty field. The

default logical unit will then be the unit from which the

HARM program was scheduled. If the number entered for DATA

UNIT is the logical unit number of a non-interactive device

(magnetic tape, card reader, paper tape, etc.) or a number

equated with a disc file, the program assumes a batch

environment. The program will be completely batch or will

require some interactive user input, depending on the input

data. All program interactive messages and displays are

written to the unit from which the batch run was initiated.

See Section 5.2 for special input values for DATA UNIT used

j for generating meteorological and maximum centerline plot

forms.

MET. Logical unit number previously equated to the file containing
DATA the meteorological upper-air (rawinsonde) data.I UNIT

q OUTPUT - Logical unit number for print output. The default printer
UITIT unit (6) is obtained by typing a comma indicating an empty

field.

PLOT Logical unit number for meteorological profile plot output.
UNIT I The default unit (12, is obtained by typing a conma

indicating an empty field.

PLOT - Logical unit number for maximum centerline (concentration,
UNIT dosage, deposition) profile plot output. The default unit
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PLOT (12) is obtained by typing a comma indicating an empty
UNIT 2
(Cont.)

PLOT - Logical unit number for isopleth (concentration, dosage,
UNIT 3 deposition) plot output. The default mit (12) is obtained

by typing a comma indicating an empty field.

2. - (ORP;CW)

ENTER RUN TITLE *

A title of up to 48 characters in length may be entered, the

asterisk indicates the 48th character position. This title will appear in

all headers printed to the output unit. The default is a blank line.

3. - (ORP;CW)

ENTER RUN TYPE (OPERATIONAL, RESEARCH, PRODUCTION):

As explained in Section 2.1, the Operational (0) mode is designed

for use during real-time accident support operations and automatically

calculates many of the user inputs. The Research (R) mode allows the user

to specify a more complete array of inputs and provides more detailed

output which is useful for case studies. The Production (P) mode is used

to process multiple cases and is primarily executed in a batch environment

as described in Section 5.1.2.

4. - (ORP;CW)

METEOROLOGICAL DATA FILE FORMAT IS (WMO, FREE-FIELD):

The default is the world-wide standard WMO format described in

Section 5.3. For Production mode runs, multiple cases (data sets) may be
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stacked in the file provided each data set is separated by a logical end of

file (zero length record). Because Production mode runs require a response

to prompt 4 for each case, both WMO and free-field formatted cases may be

contained in the same file.

5. - (P;Cw)

ENTER NUMBER OF RUNS TO BE MADE (1):

This display only occurs for production mode runs and asks for

the number of cases you wish to process. The default value is given in

parenthesis. There must be this number of data cases stacked in the file

referenced in Display 4.

6. - (ORP;CW)

ENTER MODEL TYPE (CONCENTRATION/DOS. ,WASHOUT DEP.):

The HARM program contains two different dispersion model options.

The user has the option of either calculating concentration, dosage and

time average concentration (C) or deposition due to washout by precipitation

(W).

7. - (ORP;CW)

ENTER ACCIDENT TIME AND DATE (1000 EST 22 MAR 1982):

The program uses the current time and date for the default

displayed in parenthesis. If you desire to enter another time and date or

* change any part of the default, the values are entered immediately below
Sthe corresponding time, day, month, etc. of the default display. Abbre-

S

b

I,
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viations for the month are - JAN, FEB. MAR, APR, MAY, JUN, JUL, AUG, SEP,

OCT. NOV. DEC.

8. - (ORP;CW)

ACCIDENT OCCURRED IN A SILO/OPEN FIELD:

The following entries through Display 13 define the conditions
existing at the moment of the hypergolic reaction and therefore are the

determining factors in the calculation of cloud composition, size and heat

content. Enter the answer most closely describing the accident description.

If the accident occurred above ground the program skips to Display 12.

9. - (ORP;CW)

SECOND STAGE EJECTION (NO/HEIGiC ý'_

The HARM model allows the user to enter the height in meters

above ground level (AGL) at which the ejected second stage detonated. An

entry of (N) for no ejection or a detonation height 0.0 will cause the

program to include the propellant in the second stage with that of the

first stage in the computation of the fireball parameters (see Section

2.2).

10. - (ORP;CW)

REACTION WAS SLOW LEAK/INSTANTANEOUS:

In reactions where the oxidizer to fuel ratio is less than the

stoichiometric ratio, the initial rate of reaction determines the fate of

the hydrazine component of the fuel. If the accident was not initiated by

the rapid mixing of large quantities of fuel and oxidizer, the slow leak

option should be chosen.
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11. - (ORP;CW)

SILO DOOR WAS CLOSED/OPEN:

A reaction in a silo with the door closed takes place at a higher

pressure than one with the door open, resulting in different reaction

products and different final proportions of chemical species.

12. - (ORP;CW)

POUNDS FUEL IN REACTION; (DEFAULT-106500):

A.,

The default is the total amount of A-50 fuel contained in the

first and second stage of a Titan II missile ready for launch, enter onlyp the amount of fuel consumed in the reaction. If the second stage was

"ejected and detonated above the ground, then the fuel on board both stages

should be entered here. The program automatically allots fuel to the first

and second stages in approximately an 80-20 ratio.

13. - (ORP;CW)

POUNDS OXIDIZER IN REACTION: (DEFAULTs201015):

The default is the total amount of NTO contained in the first and

second stages of a Titan IT missile ready for launch. Enter only the

amount of oxidizer consumed in the reaction. The second stage ejection isI. treated in a similar way as explained under Display 12 above.
%'

%'

S14. - (R; IJ)
OA

ENTEF CLOUD SHAPE (SPHERICAL, ELLIPTICAL):

This parameter defines the shcpc of the cloud and the distri-

bution of source material. The option allows an Elliptical (M) shape
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and a uniform vertical distribution of source material in each Kth meteorolo-

gical layer (see Section 3.2). The default is a spherical (S) shape with a

Gaussian vertical distribution of material within the cloud. We suggest

the (S) option be used for most accidents and the (E) option be used only

when there is evidence that no residual material remained near the ground.

15. - (R;CW)

ENTER GAMOAX, GAJMAY, GAMMAZ (0.64, 0.64, 0.64):

These entrainment parameters control the growth of the cloud

between formation and stabilization in the alongwind, crosswind and vertical

directions respectively. The default values are (0.64, 0.64, 0.64).

16. - (ORP;CW)

ENTER ACCIDENT SITE LOCATION (UTh COORDINAT$S TN KILOMETERS):

Enter the Universal Transverse Mercator (UTM) coordinates of the

accident site as a pair of numbers separated by a comma with the UTM east

coordinate first followed by the UTM north coordinate. The UTM coordinates

in meters may readily be determined from the standard USGS series of

topographical maps. Divide the values found on the maps by 1000 (conversion

from meters to kilometers) and enter the resulting numbers. If the users

facility has a plotting capability and a standard hazard map exists, the

accident site coordinates will be checked to see if they are within the map

boundaries. If not, then the following message is displayed:

ACCIDENT SITE LOCATION IS OUTSIDE OF LOCAl. MAP

CONTINUE? (YIN):

The default response proceeds with data entry. The negative (N)

response causes a return to Display 16 to correct the accident site location.
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17. - (ORP;C)

DO CALCULATIONS AT? (SURFACE, STABILIZATION, DEFAULTmO.0 METERS):

This display only appears for concentration/dosage calculations.

Washout deposition is calculated only at the surface. An entry of (_)

results in calculations of concentration/dosage at the surface. An entry

of (ST) results in calculations performed at the cloud stabilization

height. If a numerical quantity is entered, the calculations are performed

at the entered height.

18. - (R;CW)

ENTER REFLECTION COEFFICIENT (DEF.-TOTAL-1.O):

Enter the fraction of material reflected at the surface. The

value entered here refers to the fraction of vapor material reflected at

the ground surface and/or the base of an upper layer. The default value is

total reflection or unity.

19. - (R;CW)

ENTER DIFFUSION COEFFICIENTS (ALPHA-1.O, BETA-l.O):

This option permits the user to change the coefficients of the

crosswind a and vertical 8 cloud expansion coefficients from the default

values to values other than unity.

20. - (R;CW)

ENTER DOWNWIND EXPANSION DISTANCES (XRY-100.O XRZIO0.O):

This option permits the user to change the alongwind distance in

meters over which rectilinear cloud expansion in the crosswind and/or

56

131



vertical directions occurs (see Equations 4-2 and 4-4). Tf a change is

desired, enter a pair of numbers for XRY, XRZ respectively.

21. - (R;C)

ENTER CONCENTRATION AVERAGING TIME (TIMAV-600.O SEC.):

This option allows the user to change the time over which peak

time-mean concentration is calculated (see Equation 4-11). The default

value is shown in parenthesis. If a change is desired, enter the new time.

22. - (ORP;W)

CALCULATE (MAXIMUM POSSIBLE,TIME-DEPENDENT) WASHOUT DEPOSITION?:

This display appears only for calculations of washout deposition.

Maximum possible (M) produces the maximum possible deposition on the ground

due to precipitation scavenging independent of the time when precipitation

begins (ti-x/uL in Equation 4-12). Time dependent (T) washout deposition

produces the deposition on the ground due to precipitation scavenging that

begins at the time ti specified in Display 25.

23. - (ORP;W)

ENTER RAINFALL RATE (HEAVY, MODERATE, LIGHT, ANOTHER INCHES PER HOUR):

This display appears only for washout deposition and asks for the

rainfall rate in inches per hour. The standard rates of heavy, moderate

and light correspond to 0.3, 0.2 atid 0.1 inches per hour respectively. If

the user wishes to specify 'i differenic rainfall rate, enter the rate in

inches per hour.
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24. - (R;W)

ENTER RAINFALL SCAVENGING COEFFICIENT (LAMBDA-4.572E-04):

The rainfall scavenging coefficient A appearing in Equation 4-12

has units of s and is determined from Equation 4-17 depending on the

value of R in Display 23. The value of A in parenthesis above

(LAMBDA-4.572E-04) is for heavy rain (R-0.3 in/hr in Display 23). If the

user desires to use a value of A other than the value calculated using

Equation 4-17, the desired value must be entered here.

25. - (ORP;W)

ENTER TIME RAIN STARTS AFTER ACCIDENT (TIMEI1O.O0 MINUTES):

This display appears only for time-dependent washout deposition.

The default time of start of precipitation is displayed in parenthesis. If

the user wishes to specify the start time, enter the time desired.

26. - (R;CW)

PRINT DETAIL MODEL PARAMETERS? (NO,YES):

This option allows the user to select a summary or detailed

print-output and is available only in the research mode.

27. - (ORP;CW)

At this point the input parameters have been selected and HARM

displays all of the parameters and program options selected for review.

DO YOU WISH TO CONTINUE WITH THE MODE!. CALCULATIONS? (YES/NO):

If a review of the displayed program options and parameters discloses ani

error, the user has two options: 1) either use "BA" repeatedly to back up
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to the prompt for the parameter or option needing correction or 2) enter

(N) to restart HARM.

28. - (ORP;CW)

DO YOU WISH TO PLOT THE METEOROLOGICAL PROFILE (YES,NO):

The meteorological data profile is used to assess the quality of

the rawinsonde data and to determine the height of the layer boundaries to

be used in the dispersion calculations. The'ipLok'rom plots vertical profiles

of wind direction, wind speed, temperature and vLrtuil ot-ntial temperature

as well as the dimensions of the stabilized clouý pr ie•_,cLo on a vertical

plane extending from the accident site in the direction of the mean wind

direction in the lowest layer. (Examples are given in Appendix A).

29. - (ORP;CW)

MOUNT A METEOROLOGICAL PROFILE FORM ON PLOTTER LUih#
SPACE - RETURN WHEN READY

ENTER F TO PLOT THE FORM:

This display appears only when (Y) is given in reiponse to

Display 28 above. The logical unit to which the program sends the plot is

given by ## in Display 29. A meteorological profile form or blank paper

must be mounted on the plotter and the plotter left in a teady state before

a response is entered to this display. Forms generation for meteorological

profiles is discussed further in Section 5.2.

30. - (ORP;CW)

HEIGHT AT THE TOP OF THE UPPER LAYER (METERS): 3048.00
HEIGHT AT THE BASE OF THE UPPER LAYER (METERS): 2438.40
HEIGHT AT THE TOP OF TIHE LOWER LAYER (METERS): 2438.40
+ + + + + + . STABJLIZATTON HEIGHT + + + + + + . 1246.39
* + + + + + + + CALCULATION HEIGHT + + + + + + + 0.00
HEIGHT AT TImE BASE ('F THE LOWER LAYER (iFETERS): 0.00
DO YOU WTISl TO (;HANGF (NEITF.R,tJPPER,,LWER) TRANSITION j.AYER:
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The HARM program uses two major meteorologically defined layers

as discussed in Section 2.3. The bc~undaries of these layers must coincide

with heights reported in the rawinsonde data file. If the user selects any

height other than those shown in Display 30 above, the program will auto-

matically select the height from the rawinsonde data file closest to the

value entered by the user in the following displays. The program sets the

base of the lower layer to 0 (surface) and defaults to twice the cloud

stabilization height for the top of the lower layer. The program also uses

the top of the lower layer as a default value for the base of the upper

)ay.ýr and sets the top of the upper layer to the highest rawinsonde

measu-ement level read by the program (nominally 3000 m). These layer

heights are used as defaults because a value for the height of the top of

the lower layer between the stabilization height and twice the stabilization

height maximizes ground-level vapor concentrations. However, the user is

expected to alter the default values of the base and top of the major

layers based on rhe print output of the rawinsonde data, the plot of the

meteorological profile, or forecasts of meteorological conditions at the

time of the accident. The user should generally select the height of the

base of an elevated inversion to represent the top of the lower layer and

base of che upper layer. It should be noted that the primary function of

selecting the top of the lower layer is to represent a boundary to turbulent

mixing. For this reason, the temperature should begin to increase or

remain constant above the selected height for at least 5,) to 100 m. The

primary purpose of the HARM program is to assist users ia estimating

environmental effects. The user must, therefore, reflect on the expected

effects of the selected layer heights on the calculated concentration/dosage

levels. For this reason, the user should likel:- ignore surface-based

inversions or elevated inversions with tops less than a few hundred meters

above the surface in the selection of the top of the lower l3yer unless

there is very strong evidence that the cloud above this layer will not

penetrate to the surface. Also, if the model is being used to estimate

concentrations at the flight level cf sampling aircraft and this flight

level is in an elevated inversion, the base and top of the upper layer

should correspond to thc base and top of the elevated inversion. If there
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is no elevated inversion, the user can specify a single layer by entering 0

for the top or bottom of the upper layer or by changing the top of the

lower layer to a height greater than the calculation height. Also the user

is cautioned to limit the top of the upper layer to the height precipitation

originates when calculating washout deposition.

31. - (ORP;CW)

ENTER THE HEIGHT AT THE TOP OF THE LOWER LAYER (DEFAULT=2438.40 METERS):

The program will use the height from the rawinsonde data file

closest to the value entered here. If the value entered here equals the

top of the sounding, the program assumes that only a single layer is being

considered and will set both the top and base of the upper layer to zero.

If the value entered is greater than the base of the upper layer, producing

a region of overlap between the layers, the program changes the height of

the base of the upper layer to the value entered, removes the overlap and

goes to Display 30. If the value entered produces a gap between layers the

program goes to Display 33 if concentration/dosage is being calculated. If

washout deposition is being calculated, the program automatically removes

the gap by changing the base of the upper layer to the value entered and

then goes to Display 30.

32. - (ORP;CW)

DO YOU WISH TO CHANGE (TOP,BASE) HEIGHT OF THE UPPER LAYER:

Options to modify either the height of the top (T) or base (B) of

the upper layer.

33. - (R1P;CW)

ENTER THE HEI;HT AT TIHE BASE Or TEE UPPER LAYER (DEFAUI.T-2438.40 METERS):

The program will use the height from the rawinsonde data field

closest to the value entered here. If the value entered equals zero,
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the program assumes that only a single layer is being considered and will

set the top of the upper layer to zero and, if the top of the lower layer

is less than the top of the sounding, will go to Display 31. Otherwise the

program will go to Display 30. If the value entered is less than the top

of the lower layer, producing a region of overlap between the layers, the

program changes the height of the top of the lower layer to the value

entered, removes the overlap and goes to Display 30. If the value entered

"produces a gap between layers, the program goes to Display 31 if concen-

tration/dosage is being calculated. If washout deposition is being calcu-

lated, the program automatically removes the gap by changing the top of the

lower layer to the value entered and then goes to Display 30.

34. - (ORG;CW)

ENTER THE HEIGHT AT THE TOP OF THE UPPER LAYER (DEFAULT-3048.00 METERS):

The program will use the height from the rawinsonde data file

closest to the value entered here. If 0 is entered the program assumes

that only a single layer is being considered. If the height entered is

less than the top of the sounding or 3048 m, whichever is less, the program

asks for confirmation by repeating Display 34. Other conditions which are

checked are: Calculation height must be below the top of the highest layer

defined; the top of the upper la- f used, must be higher than the top

of the lower layer.

35. - (ORP;CW)

ENTER SIGMA AZ, SIGMA EL (13.82 DEG):

The default turbulent intensity SIGMA AZ and SIGMA EL value shown

.. in parenthesis are the program's approximation to the standard deviation of

the azimuth and elevation wind directions at a height of approximately 5 m.
The SIGMA AZ value corresponds to o (Tr =600) in Fquation 3-44. The

ARo
program follows the rules outlined In Section 3.3 for calculating and
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assigning SIGMA AZ values to the meteorological sounding livels. If the

user is in the Research mode and does not intend to input SIGMA AZ at each

sounding level (see Display 36 below), he program calculates the SIGMA AZ

at each soundlng level using the same ru's specified in Section 3.3.3

(Equations 3-55 and 3-56) as if the program had selected aR( To=600 s9.

However, if the user is in the Research mode and intends to input SIGMA AZ

at each sounding level in Display 36, the value entered here is used

unmodified as the value at the base of the first meteorological sounding

layer and the remaining values are entered in Display 36 below.

The default value of SICIMA EL shown in parenthesis is identical

to the defaulted value of SIGMA AZ. This value of SIGMA EL is automatically

treated similarly to SIGMA AZ in the program. That is, the layer values

used in the program are derived from this input using the same rules given

by Equations 3-52 through 3-56 under the assumption that, after the rules

have been followed, the turbulence over the layer depths of interest is

isotropic. However, if the user is running in the Research mode and

chooses to input SIGMA EL at each sounding level in Display 36 below, the

value entered here is used unmodified as the value at the base of the first

meteorological layer and the remaining values are entered in Display 36.

36. - (R;CW)

DO YOU WISH TO INPUT SIGMA A & SIGMA E FOR EACH LEVEL? (NO,YES):

When SIGMA A AND SIGMA E values are entered for each meteoro-

logical sounding level, the program uses a height-weighted mean (similar to

Equation 3-54) to calculate the value used within each meteorological

layer. If the user desires to enter the SIGMA A AND SICGA E values, enter

a (Y) here and enter the values for sounding level 2 through the top

sounding level in Display 37. The program assumes the values for level I

(surface) were entered in Display 35 above.
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37. - (R;CW)

ENTER SIGMA A, SIGMA E (IN DEG) FOR LEVEL ## (20.000,20.000):

Enter the values for SIGMA A and SIGMA E respectively, in degrees

and separated by a comm. The display gives the level number as #0 and the

default values shown in parenthesis. The program will repeat this display

for each meteorological sounding level.

At this poirt, values for all of the program variables and

options have been entered and the calculations are being performed. After

a short period of time during which the line

NAME MODEL PROCESSING RANGE AT N000 METERS

is displayed once for each range at which calculations are made, the

program prints the centerline values of concentration, dosage, time-mean

concentration or washout deposition. Here "NAME" will be either

"CONCENTRATION/DOSAGE" or "WASHOUT DEPOSITION" and "N000" will be the range

from the accident site where "N" is the distance in kilometers.

38. - (OR;CW)

DO YOU WISH TO PLOT MAXIMUM CENTERLINES? (YES,NO):

This option enables the user to plot maximum centerline profiles

of concentration, dosage, time-mean concentrntions or washout deposition.

39. - (OR;CW)

MOUNT A CENTERLINE PROFILE FOFM ON PILOTTER LU ##
SPACE - RE'iI'RN WHEN READY
ENTER F TO PLOT THE FORM:

Mount a maximum centerline profile form or blank paper (see

Section 5.2) on the plotter with the logical unit number specified by 0# in
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the display. Make sure the plotter is ready to receive commands prior to

entering VC R if a form is mounted cr prior to entering (F) if a blank sheet

of paper is mounted.

40. - (OR;CW)

PLOT MAXIflJM CENTERLINE VALUES FOR; (N02,N2H4,UDMH,NDMA,FDH):

This display will appear only if there is more than one species

present. Only species present will be displayed.

41. - (OR;CW)

DO YOU WISH TO PLOT CENTERLINE PROFILES FOR ANOTHER SPECIES? (YES, NO):

This option enables the user to replot the just completed profile

or to plot a maximum centerline concentration, dosage, time-mean concentration

or washout deposition profile for another species.

42. - (OR;CW)

DO YOU WISH TO PLOT ISOPLETHS? (YES,NO):

This option allows the user to plot isopleth patterns of concentra-

tion, dosage, time-mean concentration or washout deposition.

43. - (OR;C)

PLOT ISOPLETHS OF: (CONCENTRATION ,DOSAGE,TIME MEAN CONCENTRATION)

This option is displayed only if concentrntlon has been calculated.

44. - (OR;CW)

PI.O' I SOPIK.TIIS FOR: (NO2, I:2114 , LIM111 , I)DMA, FDH)
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This option is displayed only if there is more than one species

present. Only species present will be displayed.

45. - (OR;W)

PLOT ISOPLETHS FOR SUM OF LAYERS OR LOWER LAYER OR UPPER LAYER?:

Washout deposition on the ground is calculated as the contribution

from the lower layer, the upper layer or the total given so the sum of

layers. This option allows the user to plot the contribution of each layer

separately or the total deposition and the default is the total deposition

(sum of layers).

46. - (OR;CW)

MAXIMUM CONCENTRATION OF N2H4 - .9723 PPM
DEFAULT ISOPLETHS ARE: .9723E-01 PPM

.2917 FPM

.4862 PPM

.6806 PM
.8751 PPM

ENTER FIRST ISOPLETH VALUE (SPACE - RETURN FOR DEFAULTS)

This display shows the maximum value of the quantity (concentration)

calculated by the program for the species (N2H4) to be plotted. Also,

default isopleth levels chosen by the program are shown. If the user

chooses to use the defaults, VCR is entered. However, if the user wishes

to specify the isopleth levels, the first specified value (in the same

units as shown in the display) is entered at this point. The second

through tenth values are then entered in Display 47 below.

47. (OR;CW)

ENTER SECOND [SOPLETJI VALUE (SPACE - RETURN TO TERIIINATE ISOPLETH INPUTS)
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Upon entering the second isopleth value, the program will return

to this display replacing the word SECOND by THIRD, THIRD by FOURTH, etc.

until VCR is entered or until ten values have been entered.

48. - (OR;CW)

DO YOU WISH TO PLOT ISOFLETHS FOR ANOTHER VARIABLE
OR SPECIES? (VARIABLE, SPECIES, NEITHi ':

This option allows the user to plot isopleths of any combination

of variables or species. The word variable applies only tc concentration,

dosage and time-mean concentration. When calculating washout deposition

entering either a (V) or an (S) will allow plotting of an alternate species.

49. - (ORP;CW)

DO YOU WISH DISCRETE RECEPTOR CALCULATIONS? (YES,NO,LU# OF DATA FILE):

This option allows the user to calculate values of concentration,

dosage, time-mean concentration cr washout deposition at a specified

location relative to the accident site. If the user wishes to enter the

discrete receptors interactively, a (Y) is entered and the location is
entered in Display 50. If the user desires to enter the receptors from a

data file, the logical unit number previously equated with the receptor

data file is entered at this point. The discrete receptor data file

contains a maximum of 50 discrete receptors. Each discrete receptor is

entered on a new line (record) in the following format -

RANGE(iIETERS),AZIMUTH(DEGI•EES),HEIGHT(METERS),COMMENTS

Type the range to the receptor in meters relative to the accident

site followed by a comma. Type the azimuth bearing hi degrees measured in

the clockwise direction from 0 degrees north relative to the accident site.

Also, if concentration/dosage is being calculated by the program, the user

can specify the calculation height by entering a comma after the azimuth
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entry followed by the cAlculation height. Comment information may be

entered in columns 31 through 50 and is printed along with the results of

each receptor point. If you do not enter 50 points in the discrete receptor

data file, the last image in the file must be a -1 beginning in column 1.

50. (ORP;CW)

ENTER DISCRETE RECEPTOR LOCATION RELATIVE TO ACCIDENT

SITE. A 20 CHAR. COMMENT MAY BE ENTERED STARTING
UNDER THE ASTERISK. *
RANGE(M),BEARING(DEG),HEIGHT(M):

The word HEIGHT does not appear for washout deposition calcula-

tions because this quantity can only be calculated at the surface. The

range is entered in meters relative to the accident site and is followed by

a comma. The bearing is entered in degrees and is measured relativc to the

accident site in a clockwise direction from 0 degrees north and is followed

by a comma if the height is to be entered. Enter the calculation height in

meters only fcr concentration calculations. If comment information (town

name, etc.) is desired, begin the comment immediately under the asterisk

that appears on y .ur C'T screen or TTY page by entering spaces following

the height or bca.ing. A maximum of 20 comment characters per discrete
point are saved fo.- print output. As each discrete receptor location is
entered, there will be a short pause to calculate the quantity. The

program will then display the calculation results on the CRT or TTY andj print the results or save for later printing depending on previous options.

51. - (ORP;CW)

DO YOU WISH TO ENTER ANOTHER DISCRETE RECEPTOR LOCATION?

(YFS ,NO):

This display appears only if the answer to display 50 was yes (Y)

and allows you to return to enter up to 50 discrete receptors interactively.
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52. - (OR;C)

DO YOU WISH RESULTS FOR ANOTHER CALCULATION HEIGHT (YES,NO):

This display asks whether or not the user wishes to calculate

concentration at another height. If (Y) is entered, the program returns to

Display 17, then skips to Display 26 to continue processing.

53. - (OR;W)

DO YOU WISH TO CHANGE WASHOUT DEPOSITION
CALCULATION TYPE? (YES,NO):

This display asks whether the user wishes to change the washout

deposition calculation from maximum to time-dependent or from

time-dependent to maximum. If you enter a (Y), the program will return to

Display 22.

54. - (ORP;CW)

DO YOU WISH TO PROCESS ANOTHER METEOROLOGICAL CASE (YES,NO):

This is the last HARM display and asks whether the user wishes to

continue with another meteorological data case. If (N) is entered, the

program terminates. If (Y) is entered, the program restarts at Display 1.

5.1.2 Batch Processing

The HARM computer executes in batch environment when the input

logical unit number specified by DATA UNIT is a non-interactive device

(card reader, magnetic tape, paper ripe, disc file, etc.). The program can

be executed completely as a batch rtin or may require some Interactive input

depending on the user selected options. All messages and interactive

displays are written to the logical unit from whict, the. batch run was

initiated.
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After being scheduled, the HARM program prints the following

message with system log device or scheduling logical unit:

HYPERGOLIC ACCIDENTAL RELEASE MODEL
HARM

UPDATE#### LOCATION HEC
ENTER BA TO CHANGE PREVIOUS INPUT VALUE.
ENTER RS TO START AT BEGINNING OF PROGRAM.
ENTER EX TO ABORT PROGRAM.
THE FIRST INPUT OPTION SHOWN IS THE DEFAULT *

Where the value of #### is the update level of the copy of HARM you are

executing. The reminders in the above display (a "BA" returns to a previous

display option and "RS" restarts the program) are applicable in the batch

environment only when the program solicits an interactive response and

only"BA" should be used. In the following text, each input option is shown

with the respective record or reference number. These record numbers are

the same as those given in Section 5.1.1 under Interactive Processing. In

addition, each record number is accompanied by a code in parenthesis

(OP;CW). The letters 0 and P that appear prior to the semicolon indicate

if the input option is required for the Operational and/or Production modes

of operation. The letters C and/or W indicate if the option is required

for concentration or washout deposition. An optional parameter must be

present in the input data file if the record code for that parameter

contains the letter (0, P, C, or W) of an option chosen by the user. In

setting up the input batch data file, the following conventions must be

observed:

"* The first option shown in the record description below is

the default option, unless stated otherwise in the explan-

ation of the option. The default option is obtained by

entering VCR (space return).

"* For input options where multiple values are required, the

values are position~al and each must be separated by a comma.
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Two consecutive commas indicate an empty field with the

respective variable being defaulted.

0 Input options that require an interactive response are

treated in the same manner as outlined in Section 5.1.1

under Interactive Processing.

0 All input options and values typed into the input data file

must begin in column I of each new record.

Enter the HARM input control data in the following order:

1. - (ORP;CW)

ENTER DATA UNIT, MET. DATA UNIT, OUTPUT UNIT, PLOT UNITS (UP TO THREE)
DEFAULTS ARE: 1, 8, 6, 12, 12, 12.

where

DATA - Logical input number from which the HARM program is to read
UNIT the input data and control information. The number speci-

fied determines whether t.e program will execute in an

interactive or batch environment. If the number entered (or

default) is the logical unit number of an interactive device

(CRT, TTY, etc.), the program assumes an interactive environ-

ment and solicits all input data and commands via displays

to the device specified by DATA UNIT. The default is

obtained by typing a comma indicating an empty field. The

default logical unit will then be the unit from which the

HARM program was scheduled. If the number entered for DATA

UNIT is the logical unit number of a non-interactive device

(magnetic tape, card reader, paper tape, etc.) or a number

equated with a disc file, the program assumes a batch
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DATA environment. The program will be completely batch or will
UNIT require some interactive uler input, depending on the input

(Cont.) data. All program interactive messages and displays are

written to the unit from which the batch run was initiated.

See Section 5.2 for special input values for DATA UNIT used

for generating meteorological and maximum centerline plot

forms.

MET. Logical unit number previously equated to the file containing
DATA the meteorological upper-air (rawinsonde) data.

UNIT

OUTPUT - Logical unit number for print output. The default printer
UNIT unit (6) is obtained by typing a comma indicating an empty

field.

PLOT - Logical unit number for meteorological profile plot output.
UNIT I The default unit (12) is obtained by typing a comma

indicating an empty field.

PLOT - Logical unit number for maximum centerline (concentration,
UNIT 2 dosage, deposition) profile plot output. The default unit

(12) is obtained by typing a comma indicating an empty

field.

PLOT - Logical unit number for isopleth (concentration, dosage,
UNIT 3 deposition) plot output. The default unit (12) is obtained

by typing a comma indicating an empty field.

2. - (OP;CW)

RUN - A title of up to 48 characters in length may be entered.
TIT!.E This title will appear in all headers printed to the output

unit. The default is a blank line.
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3. - (OP;CW)

Run Type - Enter (0) (default) for operational or (P) for pro-

duction mode. Note that batch processing does not

allow a research mode.

4. - (OP;CW)

Meteorological - Enter (W) for WMO or (F) for free-field to designate
Date File Format the format of the next data set to be read. For

Production mode runs, multiple cases (data sets) may be

stacked in the file equated with the MET. DATA UNIT

provided each data set is separated by a logical end of

file (zero length record). The Operational mode

processes only one case per program execution.

5. - (P;CW)

Number of - Under the Production mode only, enter the number of
Runs data cases to be processed from the file specified in

Record 4. The default value is 1.

6. - (OP;CW)

Model - Enter a (C) (default) for concentration, dosage and

time-mean concentration. Enter a (W) for washout

deposition.

7. - (OP;CW)

Accident Date Enter the accident time and date or leave a blank

record for the default. The IIARM program assumes the

current time is the default time and date. The format
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7. - (OP;CW) of the default time and date is the same as that used
(Cont.)( t to enter the date here and is

HHHH VESTVDDVMMMVYYYY

where:

HHHH - the hour (1000)

EST - Eastern atandard Time, but may be entered
as LST, PST, etc.

DD - the day (22)

MMM - the month, selected from - JAN, FEB, MAR,
APR, MAY, JUN, JUL, AUG, SEP, OCT, NOV, DEC

YYYY - the year (1982)

) V - space

I Entries made in Records 8 through 13 define the conditions

existing at the moment of the hypergolic reaction and therefore are the

determining factors in the calculation of cloud composition, size and heat

content. Enter the answer most closely describing the accident description.

If the accident occurred above ground, the program skips to Record 12.

* 8. - (OP;CW)

Accident Location- Enter (S) if the accident occurred in a silo and (0) if

the accident occurred above ground.

4 9. - (OP;CW)
!

Stage Ejection - Enter the height in meters ACT. at which che ejected

second stage detonated. An entry of (N) for no ejection
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9. - (OP;CW) or a detonation height iO.O will cause the program to
(Cont.) include the propellant in the second stage with that of

the first stage in the computation of the fireball

parameters.

1O. - (OP;CW)

Reaction Rate Enter (S) if the reaction was initiated by a slow leak;

enter (I) if the reaction was initiated by the rapid

mixing of fuel and oxidizer. If the accident was not

initiated by the rapid mixing of large quantities of

fuel and oxidizer, the slow leak option should be

chosen.

O 11. - (OP;CW)

Silo Door - Enter (C) if the silo door was closed; enter (0) if the

Position door was open. A reaction in a silo with the door

closed takes place at higher pressure than one with the

door open, resulting in different reaction products and

different final proportions of chemical species.

12. - (OP;CW)

Fuel Weight - The default is the total amount of A-50 fuel in pounds

contained in the first and second stage of a Titan II

missile ready for launch, enter only the amount of fuel
consumed in the reaction. If the second stage was

ejected -nd detonated above the ground, then the fuel

on board both stages should be entered here. The
program automatically allots fuel to the first and

second sLages In approximatelv an 80-20 ratio.
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13. - (OP;CW)

Oxidizer Weight - The default is the total amount of NTO in pounds

contained in the first and second stages of a Titan II

missile ready for launch, enter only the amount of

oxidizer consumed in the reaction. The second stage

ejection is treated in a similar way as explained under

Record 12.

I "(Records 14 and 15 are not used in batch operations)

16. (OP;CW)

Accident Site - Enter the Universal Transverse Mercator (UTM) coordinatesSCoordinates of the accident site as a pair of numbers separated by

a comma with the UTH east coordinate first followed by

the UTH north coordinate. The UTM coordinates in

meters may readily be determined from the standard USGS

series of topographical maps. Divide the values found

on the maps by 1000 (conversion from meters to kilometers)

and enter the resulting numbers. If the users facility

has a plotting capability and a standard hazard map

exists, the accident site coordinates will be checked
/, to see whether they are within the map boundaries. If

not, then the following message is printed:

7 ACCIDENT SITE LOCATION IS OUTSIDE OF LOCAL MAP

17. - (OP;C)

Calculation - This record is required only for concentration/dosage
'• hleight calculations. Washout deposition is calculated only at

the surface. An entry of (5) results in calculations

I
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17. - (OP;C) at the surface, (ST) in calculations at the cloud
(Cont.) stabilization height and any numerical, entry will

result in calculations at the entered height.

(Records 18 through 21 are not used in batch operations.)

22. - (OP;W)

Washout - This record is required only for calculations of
Deposition washout deposition. Maximum possible (M) produces the

Type
maximum possible deposition on the ground due to

precipitation scavenging independent of the time when

precipitation begins (timx/uL in Equation 4-12). Time

dependent (T) washout deposition produces the deposi-

tion on the ground due to precipitation scavenging that

begins at the time ti specified in Record 25.

23. - (OP;W)

Rainfall Rate - This record is used only for washout deposition. Enter

the rainfall rate in inches per hour. The standard

rates of heavy (H), moderate (M) and light (L) corre-

spond to 0.3, 0.2 and 0.1 inches per hour respectively.

These rates may be selected by entering the appropriate

letter.

(Record 24 is not used in batch operations)

25. - (OP;W)

Time Rain Starts - This record Is used only for time-dependent washout

depositton. To %ijucify the start time. enter the time

desired.

(Records 26 and 27 are not used In batch operations)
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28. - (OP;CW)

Plot - Enter (Y) (default) for yes, (_N) for no or (F),
Meteorological which specifies the profile form also be plotted.

Profile
Meteorological profiles are plotted on the logical unit

specified by PLOT UNIT 1 in the run command.

(Record 29 is not used in batch operations)

30. - (OP;CW)

Boundary - Because the default boundary layer values are not known
Layering apriori, enter (Y) to display the default boundary

layer values. Any other entry causes the program to

use the default boundary layer values and go to Record

35. When a (Y) is entered, the program temporarily

enters interactive processing. The program will then

interactively prompt the user for the layer values in

the same manner indicated under Display 30 through 34

under Interactive Processing, Section 5.1.1. At the

end of interactive processing, the program continues

with Record 35.

35. - (OP;CW)

Wind Direction - Because the default SIGC(A) and SIGMA(E) values are
StandardStandard not known apriori, enter (A) to display the defau'.Deviation

values and interactively modify them if desired.

Any other entry will cause the program to use the

default values and go to Record 38.

(For a Production run, Records 38 and 42 are not entered)
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(Records 36 and 37 are not used in batch operations.)

38. - (O;CW)

Plot Maximum - Enter (Y) (default) for yes, (N) for no or (F),
Centerline which specifies the maximum centerline form also be

plotted. If (Y) or (F) is entered, the program enters

interactive processing and will remain there during the

plotting of all maximum centerline displays. The

interactive prompt displays for maximum centerline

plotting are shown in Display 39 through 41 under

Interactive Processing, Section 5.1.1. All maximum

centerline plots are plotted on the logical unit

specified by PLOT UNIT 2 in the run command.

42. - (O;CW)

Plot Isopleths Enter (Y) (default) for yes or (N) for no. If (Y) is

entered, the program enters interactive processing and

will remain there during all isopleth plotting. The

interactive prompt displays for isopleths are shown in

Display 43 through 48 under Interactive Processing,

Section 5.1.1. All isopleth plots are plotted on the

logical unit specified by PLOT UNIT 3 in the run

command.

49. - (OP;CW)

Discrete Enter (Y) (default) for yes, (N) for no or the logical
Receptors unit number of the data file containing the discrete

receptors. If (Y) is entered, the program enters

interactive processing and prompt, the user for the

d(screte receptors as shown in Displays 50 and 51 under

iitti.L1vt, rroces:•h•g, SectLion .1.1. Tf a logical
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49. - (0';CW) unit number is entered, the program will read all
(Cont.) discrete receptor points from successive records from

that unit in the following format

RANGEO(),AZIMUTH(DEG),HEIGHTI ),COMMENTS

Enter the range in meters to the receptor relative to

the accident site. Enter the azimuth bearing in

degrees to the receptor, measured clockwise from 0

degrees north relative to the accident site. Enter the

height in meters only if this is a concentration

calculation. These three values are separated by
p.t.

commas and begin in column I of the record. A maximum

of 20 characters of comment information may be entered

beginning in column 31. There are a maximum of 50

' * discrete points possible and if you have less than 50

points, the last discrete point must be followed by a

record containing -1.

(Records 50 and 51 are not used in batch operations.)

52. - (o;C)

Another Calcu- Enter (M) if calculations for another height are
lation Height desired or (N) if not. If (Y) is entered, the new

height is entered in a record immediately following
this rccord and a continued data file must be built

starting with Record 18 above.

53. - (O;W)

Another WJashout Enter (M) if an alternate washout deposition
Deposition Type calculation type is desired (maximum posoible or

time-dependent) or (M) if not. If (Y) is entered, this

record must be followed with a continued data file

starting with Record 22.
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54. - (OP;CW)

Another Case - Enter (Y) (default) if the program is to continue with

another data case or file containing multiple cases.

An (N) terminates the program. If (Y) is entered, the

input data file must be continued from Record 1.

5.2 PLOT FORIS GENERATION

The HARM computer program has the option of generating plot forms

for the meteorological profiles and for the maximum centerline (concentration,

dosage and deposition) profiles independent from the normal program opera-

tions. Prior to executing the program, prepare the plotter to receive the

plot because the HARM program starts to plot immediately upon execution.

To generate meteorological profile forms, enter 99 as the output

unit number in response to Display I

At the completion of each plot form, the program will display the

following message on your interactive unit:

DO YOU WANT TO PLOT ANOTHER METEOROLOGICAL PROFILE FORM?
CHANGE PLOT PAPER BEFORE A YES (YES OR NO)

The default reply is (Y) and will continue to plot forms as long as you

desire. An (N) response terminates the HARM program.

To generate maximum centerline profile forms enter 98 as the

output unit number in response to Display I.

At thu completion of each plot form, the program will display the

f[tlowing message on your interactivc unit.

DO YOU WANT TO PLOT ANOTII1R CENTERLINE, PROFILE FORti?
CHANCF PIOT PAPER BEFORE A YES (YFS OR NO)
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The default reply is (Y) and will continue to plot forms as long as you

desire. An (N) response terminates the HARM program.

5.3 DESCRIPTION OF METEOROLOGICAL DATA FORMATS

The HARM program accepts rawinsonde data in two formats: 1) The

world-wide standard as defined by the World Meteorological Organization

(WMO) and used by the National Weather Service for dissemination within the

United States and 2) a plain language unencoded format useful for entering

data from the archived data available from the National Climatic Center.

The WMO data format is designed for transmitting meteorological

information rapidly and accurately and therefore the information is encoded.

The procedures for encoding the data may be found in the Manual on Codes,

Volumes I and 2 available from the World Meteorological Organization and

are used by the National Weather Service and the Air Weather Service.

Algorithms to decode FM35-V TEMP (upper-level pressure, temperature,

humidity and wind report from a land station) and FM32-V PILOT (upper-wind

report from a land station) are included in HARM. These two code forms

each are divided into four parts, two parts contain data for levels at or

below 100 hPa (about 50,000 ft) and two parts for levels above 100 hPa

(1 hPa - 1 mb). The algorithms are designed to ignore those parts for

levels above 100 hPa and decode only the standard and significant data

levels at or below 100 hPa. The algorithms then discard all data above the

first reported level greater than 3000 m (about 10,000 ft) above ground

level. An example of a typical transmission is shown in Figure 5-1. The

ability to decode these standard forms permits HARM to access the required

rawinsonde data with a minimum of operator involvement.

The other format represents all data in plain language and uses

positional information in assigning values to variables. This format is

designed to pernit rapid transcription of data from the hard copies of

archived rawinsonde data as supplied by the tJational Climatic Center. The

82

157



TTAA 62157 74794 99017 22456 33515 00150 20456 33517

85526 11665 00513 70129 05273 35017 51515 10159-

TTBB 6215/ 74794 00017 22456 11982 18445 22948 15222

33940 14419 44914 13216 55900 11600 66891 12260 77882

12265 88870 12270 99850 11665 11820 09463 22801 07861

33790 07464 44778 06867 55762 06064 66754 05663 77734

06472 88730 06475 99707 05673 11700 05273-

PPBB 62150 74794 90012 33515 35020 00519 90345 02018

01516 00514 90678 35010 36010 00512 909/I 36015 910//

35515-

FIGURE 5-1. Typical coded W1O upper-air transmission. The coded meteor-
ological data in this figure corresponds to the meteorological
data used in the example problems described in Appendix A.
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archived data sheets are copies of the output printed by the computer

system at the upper air reporting station and therefore may also be avail-

able for case studies and post-accident review from individual station

records. The data is organized into two types (pressure/temperature data

and height/wind data). The format for both types is free field where the

Individual elements are separated by commas. The first type (the

pressure/temperature data) requires that four data items be entered on each

line: pressure [hPa], height above mean sea level (MSL) (m), temperature

['CJ and dew point depression [9C]. If the height is unknown, the program

will compute the height z k using the hypsometric equation between the

adjacent data levels k and (k-1)

z k - ik_! - 29.271 T* in(Pk/Pk-) (5-1)

where

- the mean virtual temperature for the layer between levels
k and (k-i)

z° the altitude of the upper air reporting station

If the height is missing from the input of the pressure/temperature data

type, its position must still be accounted for by entering a pair of

commas. The second data type (height/wind data) has three data items on

each input line: height (MSL) [m], wind direction (deg) and wind speed
(knots). Data of both types should be entered in sufficient density to

define the temperature, wind speed and wind direction profiles from the

surface to 3000 m ACL to within I°C, 1l m/s and ±5' respectively. A

negative value in the first data positior. is taken to indicate the end of

data. If the height/wind data are entered for the same heights as the

pressure/temperature data, the two data types art! automatically combined

tot use by HARM. Otherwise the number of meteorological data levels will

be the number cf distinctly different heights reported or calculated for
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the two data types as entered. Interpolation of temperature, wind speed

and wind direction is done linearly with height. It is required that the

highest entered pressure/temperature data value be a a height ZMAX equal to

or greater than 3000 m AOL and the highest entered height/wind data value

be at or above zMAX'

To maintain compatibility with the WHO standard, a header record

is required which contains a five digit station identification number

(IIiii), the day of the month (dd), the time of the observation GGmm to the

nearest minute in GMlT. The three data items are entered in a free field

format with each data item separated by commas. Figure 5-2 is an example

of the plain language format.
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74794,12,1515
1017,5.22.4,6.4
5,337,15
1000,150,20.4,5.7
150,337,17
982,305,18.5,4.5
305,351,20
950,590,15.4,2.3
590,003,19
948,610,15.2,2.2
610,004,19
940,681,14.4,1.9
681,008,19
914,914,13.2,1.6
914,019,18
900,1047,11.7,0
1047,028,17
891,1133,12.2,10
1133,018,16
882,1219,12.2,14.5
1219,015,16
870,1334,12.2,20.4
1334,013,16
850,1526,11.6,14.9
1526,004,13
820,1829,9.5,12.6
1829,351,10
800,2029,7.8,11.1
2029,352,10
790,2134,7.4,13.5
2134,358,10
778,2263,6.8,16.5
2263,005,11
762,2438,6.0,14.2
2438,006,12
754,2520,5.6,13.2
2520,007,13
750,2559,5.7,15.1
2559,006,14
734,2743,6.4,22.4
2743,000,15
730,2786,6.5,24.5
2786,359,16
707,3048,5.6,22.6
3048,354,17

Figure 5-2. The free field format rawirsonde data used to enter the data
for the example problems described in Appendix A.
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It
APPENDIX A

EXAMPLE HARM PROGRAM CALCULATIONS

Example HARM program calculations have been made to obtain

concentration and dosage downwind from a number of hypothetical accidents.

The accident scenarios are described in Section A.1 below. Section A.2

describes the meteorological data used in the program calculations and the

results of the calculations, including the computer printout, are described

in Section A.3.

A.1 ACCIDENT SCENARIOS

Three example calculations have been made to illustrate the

operational applications of the HARM computer program. The scenarios are:

"" A large above-ground major spill occurs in which the total

fuel (A-50) in the first and second stage st the fuel

holding trailer (107,650 pounds) and the total oxidizer

(NTO) in the first and second stages of the oxidizer holding

trailer (216,000 pounds) are involved in an instantaneous

hypergolic reaction,

"* A smadler above-ground spill occurs. In this scenario it is

assumed that the A-50 and NTO for the first stage of the

Titan II have been loaded into the missile. The A-50 in the
second stage of the fuel holding trailer (21,400 pounds) and

the NTO in the second stage of the oxidizer holding trailer

U• (54,000 pounds) -.re assumed to be involved in the accident,

which begins as a slow leak and ends In a hypergolic

reaction.

I
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0 An accident occurs in a silo with the silo door closed. The

missile is fully loaded with A-50 (106,500 pounds) and NTO

(201,015 pounds) and the accident is assumed to be an

instantaneous hypergolic reaction.

The accidents are all assumed to occur at the same location

(Titan Complex 41) at Kennedy Space Center (KSC). We point out that the

accidents are purely hypothetical and that KSC was selected as a site

because rawinsonde data and site maps were available for our use in making

the calculations.

A.2 METEOROLOGICAL DATA

The meteorological sounding data file for a rawinsonde released

at 1015 EST on 12 November 1981 at KSC has been used as the meteorological

input file for all the accident scenarios described below. The free field

input format described in Section 5.3 was used to input the data. The data

input file read by HARM is shown in Figure 5-2. The left-hand portion of

Figure A-i shows a plot of the vertical profiles of wind speed (WS), wind

direction (WD), dry bulb temperature (DT) and virtual potential temperature

(PT) created by the HARM computer program based on the data file in Figure

5-2. As shown in Figure A-i, the user has selected the depth of the mixing

layer to be 1048.8 m, which corresponds to the base of an elevated inversion

signified by an increase In temperature above this altitude. Thus the top

of the lower major meteorological (L-I) layer is 1048.8 n, which also forms

the base of the second (L-2) major meteorological layer. The top of the

second meteorological layer has been set to 3048 m.

A.3 RESULTS OF THE HARM PROGRAM CALCULATIONS

A.3.1 Large Above-Ground Major Spill

Figure A-2 shows the IIARN program OutpuL of NJI4 , UDNH, NDMA and

FD!l concentrat ions, dosage and lO-min tiliie mieed cuictnt rations for tLhe
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''else NYPEESOLIC ACC UaL AEAE ) ~
UPDATE 1330 LOCATION NEC 0

a a a 49OVE GROUD. LAIC1 SPILL

• oeoe.,.egu,o5.e osieo,seseeseese

s:e•sN TINE OF EXECUTION, 2266 EST DATEt 9 Fle 1954 *•O@*•
• 00eo• TINE OF ACCIDE NT 11U35 EIT DATE: 12 NOT 1911 ease:o

osessoeee.RODEL INPUT OPTIONS SELECTED A1E AS POLLONS:5oe5ooo5ae

tUN TYPE: OPEATIOONAL
NETEIROLOGICAL DATA FILE NINE' YKII213
NODEL TYPE: CONCENTNAtION/UOSACE
THE ACCIDENT OCCURRED IN YTEt OPEN
POUNDS OF FUEL INVOLVED 1N IE ACCIDENTf 107639.

POUNDS OF OXIDIzEr INVOLVED IN TUE ACCIDENT: 21606.
ENTRAINNENT PARANIETERS: GAINAX8 .64

GARRATS 64

GANNAZz .64
ACCIDENT SITE LICATIONI UtNI' 1I?.5

UVINI 20 66
CALCULATIONS TO It DONE At (UNTIlS)' 9
DIPFUSION COEFFICIENTS: ALPNA I .90

O17A-m IO.6

IOUNUIND EXPANSION DISTANCESt NlYo 100 .6
3122 10.6to

CONCENTRATION AVERAGING TINE (SEE)l *90 .o

FRINI OUt VILL OW' SUNNAIT

FIGURE A-2. HlARM pro)gram output listing for an an interactive run for the

3bove ground large spill accLideua scenario.
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*eoooeoo~eoE.oo.o.os u(Teut@LOGICBL gitA o@...oo,@*.6,,0@ooQ0

RON IVNSIN t 1 $SING U1EItOOLO61CAL PAT$ FILE, 111215

7657 NON 09101 7 MIND$ 0 VEI2*1
tAVINS@N04 tUN A N/NN O-1
CAPE CANAVERIL iFI, PLIBION
Ciny NOR 0434

lINE' 1015 1i1 bat[$ 12 NIT 1921

SUaFACE DENIITY (GCN6o3)l 1159.43

LEVEL ALTITUSI 011. sPItS T14F P'116 OP913 fit$$ IN
No. (FT) (A) it[6) (i/5) (ITS) (DEC. C) (II.) (%)

16 4.5 337.0 7.72 15.42 22.4 22.59 0.0 1011.9 67.9
a 493 150.3 337.0 5.75 30.02 20.4 22.29 0.0 3let.# 79.9

o 1000 304.3 351.0 10.30 20.0t 11.5 21.13 0.0 121.3 75,0
4 J936 55011 3.9 5.p0 19 *2 10.4 21.48 0.0 950.0 06.0
5 2000 609.6 4.0 9.70 19.02 13 2 21.46 0.1 W47.9 .0

6 2235 651.3 5.0 5.71 15.02 14.4 21.30 0.0 940.s of.*
I 3000 l14.4 I5.6 9.Z7 11.02 23.2 22.36 9.0 514.4 90.0
3 3441 1041, 20.0 1.75 17.02 11.7 22.29 0.0 900.9 l1g.#

3718 1133.2 11.0 1.24 16.#2 12.2 Z2.75 0.0 191.0 50.0
t0 4000 1215,2 16.0 8.24 16.02 12.2 22.41 0.0 991.9 39.0

it 4375 1133.3 132. 1.14 16.92 32.2 24.32 0.0 g70.0 Z4.0
12 5000 1524.0 4.1 7.21 14.02 1.? 25.96 9. 1350.4 3$1
13 5005 1521.5 4.0 6.65 13.01 11.6 23.19 0.0 350.0 33.0
14 6140 11213. 351.0 5.11 10.01 5.5 26.02 0.0 01159 41.9
1I 6653 2029.4 3532.0 5.15 10.01 ?.0 27.14 0,0 100.9 45.0
1i 6670 203),0 352.0 1.15 10.01 7.9 27.11 0.9 990.9 46.0
1 7400 2133,6 350.0 5.15 10.01 7,4 zp265 6.0 790.3 33.0
1i 7425 2263,1 5.0 5.66 11.01 6.1 23124 0.0 ?1I.O 30.0
1 14000 2431.4 6. 16.33 12.41 6.0 29.21 0.0 163.5 35.0
20 0269 2524.4 7.0 6.69 13.01 5.6 259.77 9.0 754.6 2.0

21 $396 2555.1 6.9 7.21 14.02 5.7 30.31 0.0 750.0 34.0
22 9400 2742.2 4.9 7.72 15.02 6.4 32.7! 0.0 713.6 Is0,
23 9140 2713,9 359,0 0.24 16.02 6.5 33.2? 0.9 720.0 15.0
24 10000 3941.0 334.0 1.7?3 ? 1.02 S. 3 14 0 0 ? ?.0 17.0

- INDICiATS ?NOT DOT$ 11 LINIOILY INTIEPILITIO FROM INPUT NITEOROLOC?

FIGURE A-2. (Continued)
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STABILIZED CLOUD PARARETERS oeeqegeo.o.ooo

NET. TOP CLOUD iANSEEo IEALING
LAVER OF LATIN RISE TINE FISH SITE rooH SITE

NO. (NETERS) ($ICOOS) (RETERS) (RitleS)

1 150.3 13.4 5110.6 157.0
2 304.5 33.5 972. 0 163.5
3 559.1 103.1 6266.3 176.2
4 6059 1 05. 611 .2 131.7
5 631 133 6 611. 2 133.7
6 914 4 223.1 3949.3 159.6
7 1046.3 29.35 5675.0 19.7
3 1133.2 349.3 5513.9 193.2
5 1219.2 413.9 5463.4 192.6

10 1333.5 623.7 3471.4 192.2
11 1524.0 62.? . 5471.4 192.2
12 1525-3 621.7 0 3471.4 192.2
13 1121.3 623.7 * 5471.4 192.2
14 2029.4 621.7 * 5471.4 192.2
15 2033.0 613.7 * 5471.4 192.2
16 2833.6 623.7 3471.4 192.2
17 2263.1 0.0 0.0 0.0
1t 2433.4 0.0 0.0 0.0
19 2520.4 0.0 0.0 0.0
20 2559.1 0.0 0.0 0.0
21 2743.2 0.0 0.0 0.0
22 2715.5 0.0 4.0 0 0
23 3043.0 0.0 0.0 0.0

* INDICATES CLOUD STASILLZITION TINE 149 USED
cc - RANCE FAIN Slit I AT CLOOID STaILIZiTION TINE

CLOUD STAIILIZATION oaoa oooooooc

CALCULATION REIC! (R(EtERS) 0.00
ITAIILIZATION NEIGNI (AE IIS) 1253 . 0
STABILIZATION TIRE (SEC$) 620.72
Filly NIXING LAVER NEIGNTs R1aEaS ) TOP * 1043 .2

31 A1 0.-00
SECOND SILECTED LAYER NEIGNTs ( REIERS) lOP 33043 .0

AS.1043-32

S!GflAi(Z) Al THE SURFACE (I IIE ES 13.3753
SIGiAt(EL) AT TIE SURFACE ( DECREES 13 3.5793

FIGURE A-2. (Continued)
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e6 e0eee00e64006000046060 ee~ee~eeee.eeeaee . .eee~~eee..e~eIe*.eeeee.ube~eeeS s e**
oo e e(NOlN) 6e0eeo

e*0 e VVIPSNT1 9330 LICITINN NIC ,eaae,
CINCE¢TI¢tIO@/315261 MODEL too*@*

NORMluS CINTBYLIUE CALCILATIINI oeoess
fees@$ *ease.Io CNOVE 9O211N, L1I61 SPILL sees$$

CALCULITIIIS| 119 DONE At 0.0e I OILAiND APPLY TO TIC LAIN~ 89TICIN 0.00 AND 1041.1Z 1 41,L

OODalmul Pool TIC ACCIDENT SITE AT ( 17.53, 26.06)

IRE METEOROLOGICAL DATA 11 POR3 101 191 12 NOV 1I11
ACCIDENT Till IS 1013 lI7 12 NOV 1931

TINE oF SIICITISU Is 2201 917 1 Flo 1994

P1,4 CLOOD CLOUD
IMAGE IfORING 1l3ci2- .2I36IL 5P.l6II5

FROM17 SIT 32OM1139 TN13D 29.of76 71231

E I ItI)I DECRIES) (rpm) (IN 10|11

3]94.$12 t2?.963 1.447 10.1. I oe 1

6]30.072 161.413 .219 9.423 13.039?299.394 166.4?4 .340 16.9114 15.e|9

1166.2614 131.470 .192 12.663 17.093
9002.486 139613 .197 1q.631 19.032

10003,113 I11.914 .3| 1 309 3 91.031
11113.602 II9167 .S113 3?.3 23.046
120230 17 11313161 .22 I4.442 43.0156
1.019.361 .S1.14 .9 21904 47.063
140220.90 11399?2 . 23 6 21.723 49.147
1.,24614 2 6132.9 5213 24,364 41.08?16417.641 1#2 70 .1922 .91 ee13.091

17023,266 132.330 .0194 27.66 51.194
1O2t9.1760. 1211630 .109 2.2736 53.21
19461.19 121.534 .197 3.902 59.13220012.731 112. 63 J13 32.3 4 41.144

21121 453 12.60. .102 4.164 57.26
22011.1329 2.35 .113 43.194 53.161
02016.500 .Ill lS 3 23 IE 11
441.42 6 Ila .N00 71 9? 31. #$1 41. 194. 2523012.S02 11.836 .#to 40.670 31.204
616 0 .934 .1 614 .0141 42-303 $3.216

37009.469 111,36 8019 43.931 $3+220
Jo8 ti - 3 1aI 6 .00 414 41. 157 $3?-241
39020.379 112.166 .069 47. 13 39. 533

'• 1.447 ItIM MH AXIMlUM fileg CONlll4tR TONl 133 4 0

FIGURE A-2. (Continued)
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too$$* (NRAs) **Goes
*seesS VDI335O LOCATION NEC $o$see
$e*oft COCEINTRATION/'OIA•E ROSEL $*too
$*Soso 1ASKIIN CINTEULINE CALCVL4TIONS Geoes*

oeaeso hOOVE CROUND, LAIGE SPILL 55DOS0

e5.... too SPECIES N24o
soooeoeooe..e**eoo5oeaeooooeooooo oegeoeeogss eoss esoeseoeeoo eeo eoooseeessc oossseo

CALCSLITISII nElE SOME AT 0.00 N ACL
ANi APPLY 10 13! LATIO 9ETl|EN 0.03 AN$ 1041.82 n NSL
DOM5INO Floss TIE CC15i11!2 SITl ( 17.51o 20.O0)

THE NETEIIILOGICIL DATA IS FlOE 1015 ESt 12 NoV 1931
OCCIDENT TINE Is 1015 W51 12 NOV 1501

TINE OF 1E1COTISM IS 2200 EST 9 FES 1904

CLOUD CLOUD
RANGE SIERINC TOTAL ARRIVAL DEPARTURE

FUON SITE FROS SITE DelAiE tInE TINE
(nEYEtS) l0E1REES) (OPR SEC) (AIN) ( |IN)

5354.311 157.?63 It500 10l.30 I1.061
0339 3?7 161.413 t.599 5.423 13.035
7?00.354 166.4o0 3.065 109594 I13.O9
0007.977 177.462 3.104 12.005 17.923
9001.21 132.511 12.509 14.36S 19.032

10027.439 134 259 195.23 16.063 21.03l
11032.359 184.409 21.116 17.759 23.046
12037.66 114.523 23.535 19.442 25.036
21037?.22 114.356 22.390 21.0O3 2?.065
14029.400 113.725 20.097 22.725 29.076
15033.?49 113.355 13.925 24.364 31.93?
10021.072 113.411 17.318 260.01 313091
27023.266 123.015 15.902 272636 23.109
102313.57 111 410 14.061 29.270 27.122
19027.770 13.1215 23.621 30.512 359.32
20124.414 182.849 12.093 32.314 41.144
22021.453 112.00 11.574 34.164 43. 16
22013.828 112.230 11.146 35.794 45. 18
23026.500 182 139 10.496 37.423 47.180
24014.426 12 .00! 9.I11 39.031 49. 92
25027.152 182.63O 9.305 40.073 1.204
26025.242 112.543 3.910 42.305 $3.216
27023.413 132 403 3.477 43.S32 55.228
21021.371 182.253 3.4O0 43.357 57.241
29020.379 132.166 7.710 47.113 59.253

RANGCE EADING

23 33 15 ITE NAXIAUN TOTAL DOSAGE 2237 2 234 5

FIGURE A-2. ((,.nti nued)
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4 S6.6 4 WR 100Mt#*o

cc...' ~AOOVE 9290011. LARGE SPILL ''C

ChLCOLATIvul via[ long AT 0. 00 1 act
AND APPLY To THEL LIVER ILTUIEE 0.00 AND 1041.32 4 MgL
00#NdIND FROM TNI ACCIDENT SITE AT t 7.53. 20.0s)

TUE O(CIE0OLOCICAL DAYS tf FAIN 1015 LIT 12 NOV 1911
*ACCIDENT Till is 1015 13T 12 NOT 1911

Till of EZECvTION is at## LOT 9 FES 1914

All* CLOUD CLOUD

5254.3133 ........ 1 9 ... . .... 11.003
6310.176 161.413 .400 9.423 12.02t

8007.977 177.462 .006 12.663 07.021
72001.254 162.571 .020 10.364 19.032

11122.35$ 114,409 .$29 17.759 23.046
12017.166 114.523 .039 19.4412 23.036
23037.222 114.336 .03? 21.013 27.065
14029.400 183.729 .414 22.725 29.076

15033.741 111.339 .032 24.364 23.037

17027.266 362 035 .427 27.626 15.109

19027.770 303-11502 34.902 31.132
20024 414 182.345 .)1 1.314 41.144
21021.433 112.600 Sit0 J4.164 43.136
22011.123 102.389 .019 25.794 45.168
23016.500 182.185 .037 37 422 47.130
24014.426 332.002 .41? 39.031 41.192
25027.232 192.60S .$16 40.673 51.204
26025.242 112.)43 .013 42.203 33.216
27023.410 112.401 .024 43.533 15.221
21021.671 l#2.%33 .022 45.337 57.241
29020.175 182.166 .012 47.183 39.233

.03?5is TUE 4NAIBRV 10 0 #IN. EAla CONCENTAII4 207. 34.

FIGURE A--2. (Continued)
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.... *oo00e. 00000000 osoS•o~ogoOO•eOOO ... oo.oeg••o...e ..... ioOOgQg•goo go *ggg.,*g

CooCoo (NAN") sees**

UPDATE 3350 LOCATION NEC *as$**
ieoe.. CONCENTRATION/DOSAGE MODEL seee$e

No0oe, MAXIMUM CENTEELINE CALCULATIONS *$oseo

ogeoCo #O!E GROUND. LARGE SPILL 0g..oo

oeoooe~.Ie SPECIES VDon "eCoo

CALCULATIONS MERE DONE it 0.00 N ASL
AND APPLY TO TWE LATER UETIEtN #.00 INS 1041.12 I NIL
DOVUNIND FROM TUE ACCIDENT SITE AT ( 17.35. 20.06)

THE METEOROLOGICAL DATA IS FROM 1015 EST 12 NOV 1913
ACCIDENT TINE IS 10135 ST 12 NOV 1901

TINE OF EXECUTION 1$ 2290 EST 9 FES 1934

PEAK CLOUD CLOUD
RANGE IESAINC CONCEN- ARRIVAL DEPARTURE

PROS SITE FROM SITE TRITIUM TINE TInE
(METERS) (DECREES) (PPN) (SIN) (SIN)

$334.813 157.963 .?72 14.l90 11.061
6330.973 111.413 .117 9.423 13.03$
7200.314 166.470 .133 10.964 15.029

1165.261 161.472 .102 12.165 17.023
9002.406 171+$73 .106 14.365 19.032
10003.133 111.914 .133 11.163 21.031
11013..00 112.867 .133 17.759 23.046
12020.177 133.396 .151 11.442 25.036
13019.361 113.144 .142 21.013 27.063
14020.010 123.037 .130 22.725 29.076
15022.932 113.135 .118 24.364 31.01?
1617.6410 12.709 .107 26.901 23.093
17023.266 113.013 .097 27.631 35.109
1l019.176 182.663 .089 21.2?0 37.121
9OtS 69 112 .347 .032 30.902 39.132

204122.73 112.063 .4?! 32.534 41.14
21021.453 112.10o .069 34.164 43.156
2201.121 12.39319 .064 35.794 43.11
34116.300 132.119 .060 37.423 4?.119
24414.426 112.005 .056 39.031 41.152
25012.382 111.136 .052 40.673 51.204
26010.934 13 .610 .049 42.305 53 211
27009.469 131 .36 .046 43.931 .228
20100 .156 11 .402 .043 45.557 57.241
21020.371 112.166 .041 4?.133 59.253

RANCE UEANINS

.7?2 IS THE MAXIMUM PEAK CONCENTRATION 5314.1 231.0

FICURE A-2. (Continued)
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(NAIR) *eOeee

UPPaIT 3359 LOCATION NEC
CONCEITRATION/DS3A1E EASEL eec..,

*eeo.S NAXIAIR CINTEILIUE CALCULATIONS ees**

RIM *0 1 0 CUN, LAWGE SPILL

SoCeoS PFOR SPECIES up*"

CALCULATIONS gEIl pOll AT 0.00 N O6L
AND APPLY TO TIE LOVER SETVIEN 0.00 AND 1041.12 N 46L
DONZINI r'NOR INE ACCIDENT Sife AT 1 t7.$3, 29.04)

THE NETEIROLOCICAL DATA IS Piell 1915 EST 12 NiO 191
ACCIDENT Till is 1915 EST 32 iNV 1931

Tilt OF EXECUTION is 2290 [EI 9 FIo 1934

CLOUD CLOUD
4ANGE IEAlINC TOTAL ARRIVAL OEPaltyll

FROM SITf Fell Sill $1SAGE TINE TIRE
( T111) (01111St ) (Ppa SIC) (IIA) (Ill)

344.113 W5.963 6.135 10.390 11.061
633 .3 1 1#1.413 I. 023 .423 13. 03
7200.394 164.470 1.644 14.964 15.029
3007.917 177.462 2.076 12.663 17.023
9091321 132.5t1 .463 14.363 19.032
10027.439 114.239 19.634 14.043 21.023
11#32.359 134,499 12.596 17.75 23.9046
120.7.161 134.523 12.8?1 19.442 25.046
13937.322 J14.356 12.393 25.93! 27.04!
140292400 133.729 11.419 22.72 215.076
15933.749 133.855 19.436 24.364 11.037
16023.072 113.411 9.11 26.-01 33.e95
17023.261 133.015 .134 27.634 33.109
10021.373 113.410 31.83 29.270 37.121
19027.?70 1l33115 7.474 30.902 39.132
20024.414 112.149 ?.too 32.534 41.144
21021.453 132.6108 . 4. 34. 164 43.136
22013.123 112.339 4.35l 33.754 45.141
2301l.30# 132.119 64012 37.423 7.180
24014.424 112.005 5.791 39.031 49.152
25027 12 112 .615 3.42 4. 6?4 St.244
26023.242 132.543 5.16? 42.305 53321.
27023.433 132.403 4.934 43.931 33,221
23021.372 132l233 4.723 45.33? 57.241
29020.379 112.166 4.331 47.1133 39.23

RANGE UEAIIN6

12.317 It nE NAKInUN TOTAL DOSAME 12037.2 134.5

FIGURE A-2. (Continued)
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fees*$ HARK) @ease$

so.. PDATE el50 LO0CATION NEC *020s0
CONCENTRATION/DOSACE NODL*g

NAOXINI CENTINLINE CALCULATIONS

AROVE CROUNDo LARGE SPILL Goos

FOR SPECIES UORN

COLCULMTIONi ME 3061 AT 0.90 N AGL
AND APPLY TO 749 LATER 51701EN 0.00 AND 1040.12 R AGL

OOUNSIND FPAIN tI ACCIDENT SITE it ( 17.50. 20.06)

T1E REKEAOIOOCICAL DOTA IS FRON 1013 EST 12 NOV 1931
ACCIDENT TINE is 1015 EST 12 NOV 1931

TINE OF EXECUTVION 15 2206 EST 9 FES 1964

i 10.0 iNIH
NEAN CLOUD CLOUD

RANGE BEARINC COtEa[- ARRIVAL DEPARTURE
FRON SITE FAIR SITE TIITIO TINE TINE

(nrEIT ) I DEGREES) IPPA) (4 0) KINI)

3394.913 157.913 .010 14.106 11.961
6330.078 161.413 .402 9.423 13.039
?260.394 166.470 .603 10.964 15.02S
see7 977 177.462 40) 12. 663 17 021
102.3521 132-511 ft1 14.365 15.932

10427,439 134.259 .011 16.063 21.033
11032.359 114.409 .021 37.759 23.046
12037.161 160 523 .921 19.442 2.5036
13037.322 134.351 .021 21.015 27.065
14029.400 113.729 .$1i 22-725 29.076
15033,748 103.639 .41? 24.364 31.03?
16e23.072 13.411 .016 26.001 33.096
17023.266 13-019 .015 27.616 33.1#9
11033.571 113.410 .014 29.270 37.121
19027.770 111.121 .013 3f.992 3 1.132
20024,414 182.149 .412 32.534 41.144
21021.453 112.603 .431 34.13 4 43.136
22013 .- 21 132.319 .011 35.794 43.161
2301 .500 112.139 414 37. 43 47. Is
24013.426 162.005 .10 39.0531 49.192
25027.152 132.633 .009 40.673 31.204
2602 .242 112.543 009 42 .305 33. 216
27023.401 112.408 .003 43.931 53.722
21021.171 112.233 .001 4535. 7 57.241
91020.371 182.166 .003 47.113 59.233

RANGE IENaING
....... o.°.o.o..o.

.021 1I T1E KAXInUR 10.- RIN. NEAN CONCENTrATION 12037.2 104.5

FIGURE A-2. (Continued)
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poO0000 (NATH) 000000

$*sees UPDATE 8350 LOCATION HNt **seeo
gouoe. CONCENTATION/POSACE MODEL $toss$
O64O0e NAXINVI CENTESLIME CALCULATIONS **sees
oeooee gooses

oAOVE CROUNO, LARGE SPILL
S..o.. 000000

fee SPECIES NORA eloped
g•e@OgOO~eOO••e••eoeeOO•e•eeeeooooe•o.0. 00*06e00008600060 e*eeee000.eeee0eS0e06ee

CALCULATIONS BEEF DOME AT 0.00 N ASL
AND APPLY 10 THE LINES 9EINEEN 990 ANL 1043.32 A OIL
POUNVIND PION THE ACCIDEUT SITE 17.39. 29.06)

THE NETEIROLOCICIL DATA 11 FROK 1015 EST 12 Nov 1911
ACCIDENT TIRE is 1015 IS? 12 NOV 1,31

TINE OF EXECUTION 1 2201 ES3 9 FEO 1914

PEAI CLOUD CLOUD
RANGE 3EARINC COUCEN- ARRIVAL DEPART94E

FNON SITE PROO S111 TUATION TIRE TINE
(nITMt ) (DEGREES) (FPS) (RINI (NIX)

11011.917 113.381 .002 17.7*9 23.046
12020,37? 103.396 .001 19.442 23.056
13015.361 113.144 .09 1 21.093 27.063
14020.050 13.037? .001 22.725 29.076
15022.932 123.135 .002 24.364 31,0P?
16017.641 132.?09 .402 26.001 33.090
17023.266 132.015 .032 27.616 25.0,9
11019.176 112.663 .002 29.2?0 37. 21
1961 .699 112.347 . t01 3 0. 2 39.132
20012.730 112.063 .001 32.534 41.144
21021 .452 112.609 .001 34. 114 43. 15
22013.828 112.339 .001 35.754 45.263
230616.50 112.109 .,o1 37.423 47.130
24014.426 132.005 .002 39.051 45.192
25012.532 181.133 .002 409673 t1.204
26010.934 111.600 .002 42.305 53.216
27005.46t 11 .5336 002 43 531 55.228
23021 .71 12 3283 .002 45 .557 7.241
29020.379 112.166 .001 47.113 35.253

tANG! lOEtiNG

.002 12 TNE NAXINUN PEAK CONCEN7RATION 16017.6 102.7

FIGURE A-2. (Cntinued)
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CDHARN ,
oUPDATE 3350 LOCATION NEC $oes*
"COCENTRATIDONID3ARE MODEL 4$40

NA aI RNI CENTERLINE CALCULATIONS o*esasI, uole'e AeOVI GROUND, LARGE SPILL OeSt

o..oo. *P*a FOR SPECIES NO Nio

CALCULATIONS WERE DONE AT 9.00 A ACL
AND APPLY TO THE LAVER SETVEEN 0.00 AND 1041.82 A ASL
DOOHUIND FROM THE ACCIDENT SITE At ( 17.51, 20.06)

THE METEOROLOGICOL DATA IS FPON A101 EST 12 NOY 1991
ACCIDENT TINE IS 1013 1ST 12 NOV 1981

TIRE OF EXECUTION 15 2200 EST 9 FEB 1,34

CLOUD CLOUD
RANGE 81ARINC TOTAL AR1IVAL OEPARTURE

PFO* SITE PFOM SITE DOSAGE TINE TINH
(N1TERS) (DEGCEES.1 (PP9 SEC) (AIHN (NIM)

3194 113 157.963 @0 10.300 o 1061

6330 17?9 11 413 .001 9.423 12 0 3
7206 516 166 269 .02 10 .964 13 079
30?7.97? 177.462 .003 12.663 17.023

10033.643 114.712 .039 16.063 21.033

11040.383 114.911 .050 17.759 27.046
12037.166 I34.5.13 .071 19.442 23.056
13037 .32 114 .356 079 21.015 27 665
14040. 473 1 4 .371 D03 22.725 29. 076
'5033 74 3 433. 5 .036 24.364 31 .0?
160o8.072 113.411 .037 26.001 33.013
17023.266 113.015 .033 27.636 33. 109
13031 .57 3 13.410 .69 29. 270 37. 121
1 027 .770 1 3.115 090 0 .902 39. 132
200 4 .4 14 1 2 341 .099 32 .34 41. 1 44
21921 .453 132 603 091 34 .164 43. 156
22013.328 102.389 .091 35.794 45-163
230 16 .500 132 .129 .01 37 .423 47. 110
24014.426 112.003 .092 39.051 49.192
25027.132 362 610 092 40. 173 1 -20
2602 3.242 132 543 .92 42 .30 3. 216
27023 433 212.400 .092 43.931 55.221
23021 .32 132.233 .092 45.557 7. 241
S9020 379 162.66 109 4723 5 1 ) . 23

RANGE SEARING

0ý3 iS THE KAX;NUN TOTAL 005CE 290320.4 102.2

F]CURI: ,,-.. (Cont inued)

A-i 4
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*eeooS9 O(SeaeNR~see~geS.e n) .. ,e.s******.*u...,. o.

UPDATE 1350 LOW IION NEC ee*
ooC ¢ONCENTOATION/DStABE $BOIL

oMXINUA CINTEULINI CALCULhTIONS
*eoee eoeeesees*ee.*~,.......,
eOeee, R6VAi GROUND, LARGE SPILL oooe.o

eocene PFee SPECIES %NOA ,eo

CILCUL1TIONS VEIE OlNi if 0.01o I 46L
ANO APPLY TO THE LATER 1ETV1IN 0.90 AND JW41.02 I A6L0 OVNVIND FR*g THE ACCIDEl1STEA IS| ?1 ( 17.0 20 46

THE RETEIAOLOfCICL 0014 11 FAR 10g ]EST| 12 Nov 1991
OCCIDENT 1141 IS J10 1liET 12 Nov I1I I1

TIRE OF EXECUTION 13 2201 EST 9 M| 1994

/10.0 Nix.RIA(N C L 0 9 CLOUD
• ANG 91ARINC CINCEN- A tI II AL |PORpia|a

SFtDA fill FRON SITE INATION 71N1 TIRE
I ANt 7its) I ofGotIs) P P I) AIN f 41

•. )to is Tug OAXINUN it.# MNI . RNiN reNCINIRA1ION 2 9 0. 4 19•.

A-15
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Sesoe (HAoR) 9 1 0e

UPDATE 1350 LOCATION NEC @solos
CONCENTRATION/DOSAGE RODEL 00000.

ArXIMUn C10N11tLINE CALCULATIONS

AIOVE GROUND. LARGE SPILL
*sees. *ases.

P SPeCIES PON *sees
*5esCeoESoeeoooeoseoSooeeosoeeie~eogiooe55ooe*5o*ooooeeeeSsiBoOesooeoeeSoe

CALCULATIONS VERE DONE AT 0.00 A AGL

AND APPLY TO TUE LAYER IETMEEN 0.09 AND J4s' 52 R Act.
PONVWIND FROA NS T ACCIGEIT S11T AT ( 17.30. 20.05)

IHE METEOROLOGICAL DAY$ IS FAOK 1013 EST 12 NoV I!S1
ACCIDENT tilt IS 10135 El 12 NMV 19$1

TIRE OF EXECUTION Is 2293 ESi I FES 1514

PEAK CLOUO CLOUD
RANGE SEARING COnCEN- ARRIVAL DEPARTURE

FROe SITE FROR SiTE TRUTION TIRE TIRE

(KETTENS (DEGREES) (PPI) ( A I) ( IN)

53314.13 137.963 .S33 10.103 11.061
63304. 78 161.413 .0 3 9.423 13 03ý

7200.314 166.470 .#?7 10.954 13.029
3173.60? 169.189 .071 12.665 17.020

178.673 .092 14.365 19.032
10005.83 101.984 .166 16.093 21.031
11018.167 113-3. 1 .22 17.7359 23.346
12020. 7 183 .396 276 19. 442 25. 056
13019. 361 13.104 .302 21 .0 5 27 063
14020.099 133 087 .315 22.725 29.076
.5022.932 133.313 -321 24.364 3 1.0?
16017.641 112.70, .322 26.001 33.090

17023.266 13 .015 .322 27. 636 3 10
13019.176 12.663 .321 29.270 37.121
19015.69i 182.347 .313 30.902 39.13.
20012.733 132.063 .3135 32.334 41.144
21v21 .43 132.500 .312 34.164 43.1'6
2201.8438 182.339 .103 35.794 453 16
23016.50• 112.139 .304 37 423 47 190
14014 .426 12.2 00! 300 39.05! 49. 192

25 12 532 1 33.36 296 4.673 53 .244
26I10. 34 1 31.60 292 42.305 53 216
2.70ý .469 361.536 .237 43.-31 55.-223
2102 .171 12 .233 .283 45.557 37 . 241
2902o.379 132 166 2273 47 103 59.253

RANGE SEARING

.322 Is 11 RfTIXUN PEAK CINCINTiAT ION 30317 6 102 7

F1 C11 Rý A-2. fc~nt itlned)

A-I f,

d I!gO



•ee9(HORN)} .O.Oto

'coo UPDATi $33e LOCATIOt t N NoC
000000 CONCEINTATION/1OSACE MODELo
00669 NSAKINON CINTERLINE CALCOLOTIONo
toee.o *tooo o

*oo.., N|OVE CROONS, LN161 SPILL $ees

FRP IPECIES FOR *soeoa
eeeoeoeeeteo.00 OeeeeeoOeee~tottotteteotoeOOtOoeeeeeeoeeotoeottoeooeoteto*eet 0.0

COLCULATIONS Pill o0lE 4T 0.00 R 46L
AND APPLY TO T49 LAVIN SEMUEN 0.A0 1i 1343.521 3 OIL
DOVNVhfe FROM INE OCCIDENT SITE AT ( .7.56, 20.06)

THE OIEEOIOLOCICIL Sit* 11 FROM lI1 EST 12 ROY NVlM
ACCIDEiT ?INC i1 1015 a1? 12 INV I291

TIM F XEiCUIOIN 11 2200 13? 9 FES 1914

CLOUD CLOUD
RANCE 61E1ING TOTAL ARRIVAL DIPAilUAE

PRON SITE FRO" SitE 333CC! TIME TIRI
(NEA IR) (DE19EES) (PPC SIC) IIN) (AIN)

..........................................................

5394.311 157 .63 .421 10.303 1J.061
63)0.978 11.413 .273 9.423 13.0)9
7206.316 166.269 .700 J0963 4 15.029
103.97? 177.462 I.1, 12.0663 17.03
9014.572 103.27? 5.864 14.365 1 1.022
10023.643 184.712 1.163 16.063 21.011
l1040.31) 104.921 19.460 0.7$9 23.046
12017.166 114.523 22.?76 19.442 25.036
12017.322 114.336 21.210 21.035 27.031
14040.4?3 114.371 27.812 22.712 29.0?6
15011.740 113.S51 20.663 24.364 31.037
16028.0?2 111.411 29.174 26.001 M.ts
17023.266 2$3.013 2.3.1 27l6306 $3.10
110313.570 S32.010 29.74 2t.7O 27.222
12027 ?70 1#3.113 )$.$Is 30.102 39.132
20024.414 112.149 )0.200 325334 4J.144
21021 453 132.601 30.352 34.164 42 156
22018.120 1 e2.2C3 0.0473 33.794 43.160
22026.500 112.101 31.186 37.423 47.110
24014.426 112.05 03.706 39.0 1 49.332
25027,152 112.683 3.762 40,671 5 204
21025.242 102.543 30.144 42..,0$ J3.216
27022,41C I12.400 20.914 43.531 55.228
23021 .3I 132.233 30.9?6 45 557 5?.241
29020 379 192.166 3.423 47.113 $9.233

ERNIE 311R17•

3.0132 15 TNI NMAIMUM TOTAL DOME0l 2t02t 4 2 2 2

FIGURE A-2. (Continued)
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oe*8qSS*o@oSSeo.Soo .g*S~gdoeo SSgoe@oo* ODtS**OO~ge~~ e*OO46O*4OgSSO1OSOISOe •*tSo

0obpe (H sos) S*ooee a
to soo UPDATE 1350 LOCatION CEC 1o

'C,... CONCENTR TION/DOSCE NMODEL sosee
'S.,,' RAXINUN CENrEtLINE CALCULATIONS **$see

A OVE CO ROUND. Lute $PILL see p#

**$too
oooFit SP |ECIES FOR *Osseoe

CALCULATIOnS IMEE DONE ar @.00 N AGL

AND APPLY TO THE LATER DETHEEN 0.00 AND 1048.?2 1 19L
DOMvINO FROP THE ACCIDEIT SiT[ aT ( 17.s0. 20.06)

THE NETEOAlLOGICAL DATA IS FdON 3915 EST )2 NOY 1911

ACCIDENT TIRE I 10i5 EST 12 NOV 1931
TINE OF EXECUTION IS 2208 EST 9 Ff3 1984

REAP CLOUO CLOUD
taNaE *1aaINC CONCIq- ARAIVAL OlPiTIUaI

FEOn SITE FROM $lE1 RAATION TIRE Tint
(WTlls) 4 IDtIEESi (PPF) IRIH) (RIN)

............................................... ooeeee.....

5394 it1 117.963 .0901 10.33 11.061

6330.879 i61.413 .991 1.423 13.031
7206.16 • 23.2469 .OO1 10.O64 13.025
0007 977 1?77 2 .00 12.663 17,028

9014 .572 111 3.2? 7l 14 .36 15 032
1133.641 114.12 .022 16.063 31.039
10940.313 11.4921 .953 25.?70 23.046
12807.166 2343.21 .040 19.442 235136
i02 .432 194-3106 .01 23 006 24 .$3
14040.473 10432 1 .046 22-723 2. 0,16

13033.33 M-8331 .041 243 64 435 07
16078 .07?2 113 . 11 4 26 - of 33 °tO 9

1023.266 of S W2. 636 34 5e09
0e31. 113.4 0 .3 29522o 377121

19025. ?0 1 3 .13 3.. 902 39 ,132
20024 414 112. 4 .430 32,534 41.144

1021.451 102-6 0 1 34 164 43.1 6
22411l 21 1 l2 - so90 33 . P's4 43. 16
21016 3 11 0 2 1 9 03 31 423 47 - 8o

2702t 43 I3.400 3 39 .031 . 112
50 ' 2 I T 1A2INUN . 16 0 Ni H 4REA 6C3?1 1 20I

We26o29 2 42 1 02. 3 fS 14 2 3• D 1 2 1

2?02 4I 2 .401 24. 131 (33 221
21921 . 7 I1 1 12 . 21 8 eo 415 3| ? 241
2912 2, 9 I 1 166 & 41 4 7.I103 39 233

-ONGF I AllUC

(132 Is THF M I MUM to 9 MIN. A14N CONCEN1R8iO? ; 020.4 If2 2
17 IGURIF A-2. (C:ont Ltued)



large above-ground major spill of A-50 and NTO. This output was produced

from an interactive run where all parameters except the layer-height and

accident description parameters were defaulted. The first page of Figure
V.

A-2 (page A-4) shows the time and date of the hypothetical accident, the

time and date of the program execution, and the options selected for

execution of the HARM program. The second page (page A-5) of Figure A-2

shows the meteorological data, based on the input data in Figure 5-2, used

by the program in performing the calculations. Page 3 of Figure A-2 (Page

A-6) shows the results of the cloud-rice calculation. The time for the

cloud to rise through the kth meteorological layer and the range and

azimuth bearing of that position of the cloud in the kth layer at the time

of cloud stabilization is given at the top of the page. For example, the

cloud took 13.4 s to rise through 150.3 m. At the cloud stabilization time

of 628.7 s, the portion of the cloud remaining in the lowest layer was

% . located 5471.4 m from the accident site on an azimuth bearing of 192 deg.

The cloud stabilization height, as shown at the bottom of the page, was

calculated as 1253.5 m and the reference values aAR (To600s) and aER were

both calculated to be 13.6 deg. Page 4 (A-7) shows the peak centerline

ground-level concentrations of N H in parts per million (ppm) parts of air
2 4

as a function of distance downwind from the accident site along the cloud
trajectory. In this case the highest calculated concentration of N 2H4 (1.4

ppm) occurred at 5395 m downwind from the accident on an azimuth bearing of

about 158 deg. It must be stressed that the HARM computer program does not

calculate concentrations that may have occurred at distances less than the

point of cloud stabilization. For this reason, there may be higher ground-

level concentrations at distances less than 5395 m from the accident site.

The last two columns on the page provide estimates of the time the leading

edge 0o the cloud arrived at this distance and azimuth bearing from the

site ar-d the time the trailing edge of the cloud left the point. The peak

* centerline grcund-level total dosage (time-integrated concentration or ppm

sec) produced along the cloud trajectory is shown on Page 5 (page A-8) of

Figure A-2. Page 6 of Figure A-2 (page A-9) shows the values of peak

centerli.ne 1O-mrjlnute mean concentration along the cloud trajectcry. For

example, the colctilations show that the highest 10-minute meon ground-level

"A-19

183
!



concentration that could be experienced is 0.039 ppm at a distance of about

12037 m from the accident at a bearing of 185 deg. Pages 7 through 9

(pages A-10 through A-12) show the results of the calculations respectively

for UDMH concentrations, total dosage and time-mean concentrations.

Because there was an excess of fuel in the postulated accident, no NO2 was

present in the stabilized cloud. Pages 10 through 12 of Figure A-2 (pages

A-13 through A-15) show the results of the calculations for NDNA. Note

that the units of concentration, dosage and time-mean concentration are

respectively parts per billion (ppb), ppb sec and ppb. Also note that no

values of time-mean concentration are listed on page 12 of Figure A-2 (page

A-15). The HARM program does not print values less than 5 x 10-4 (ppm,

ppb, ppm sec, ppb sec). Thus, the time-mean concentrations of NDMA in this
)4

scenario are less than 5 x 10- prb. Finally, pages 13 through 15 of

Figure A-2 (pages A-16 through A-18) show the results calculated for FDH.

The HARM program was also asked to produce graphic displays for.

this accident. Note that the right-hand portion of Figure A-I sho4s the.

dimensions of the stabilized cloud as viewed from a point at a right-angle

to the mean wind direction. Figure A-3 shows a plot of peak-centerline

ground-level UDMH concentration (solid line), total dosage (+++÷) and

10-minute time-mean concentration (oooo) downwind from the site and is

based on the results of the calculations printed on pages 4 through 6 of

Figure A-2 (pages A-10 through A-12). Finally Figure A-4 shows UDMII

concentration isopleths plotted by the HARM progrzm on the map of KSC for

the above-ground large spill. The isopleth labeled B is for a concentra-

tion of 0.2 ppm. The area enclosed within this isopleth is expected to

experience peak concentrations equal to or greater than 0.2 ppm as a result

of the hypothetical accident.

A.3.2 Small Above-Croiind Spill

Figure A-5 shows the HIAWII program output of NO concentrations,
2

dosage and 10-minute time mean concentrations for the small above-ground

spill scenario. There was no N2 I4, UDMIt, NDMA ..und FDII present in the cloud

A,-20
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e* SI **s*egsee* *e*e * e *.. seeo e see.&$eseeeg gas a ee*ae*e.

Sel~e* NYPERCOLIC ACC¢ISENTL RELEASE 50911 geeee
5oeeCe (NASH) geOOO)

easeeo MPOATE 0350 LOCATION NEC asess
5ge5.geeeesseeee egegesgegegegeee

e seo 4ROVE GROONDo SHALL SPILL *g...e
eeeeeegoeesegg oeasa seeeeeeeeege~eee
oeeeog*egeee segeo geaeoeeeeggeeoeg

so TIRE OF EXECUTIONc 2226 EST DATE: 9 FEI 1914 eoeee0
TINE OF ACCIDENT: 1013 EST DATEt 12 NOV 1911 sees$@

aeeoooe~eeasee~eegoe.eoeoeeeeseaeeeeeeeeessggeeeeaeeeeegeeeegseeee

egeeseegeeNODEL INPUT OPTION! SELECTED ARE AS FOLLOW 0eeeeeeeeee

RUN TYPE' OPERATIONAL
NIETOIOLOCICOL 0A1A FILE ANIE: V 1a213
NOVEL TYPE: cONCENTiArION/POSACE
THE ACCIDE OCCURRED IN lot: OPEN
POUNDS OF FUEL !NVOLVED IN THE ACCIDNT!: Z140*.
POUNDS OF OXIDIZIE INVOLVED IN TIE ACCIDNTI: 34900.
ENTRAINNENT PARANETERI: GANANAI .64

CANNATA .64
6AUNAIN 64

ACCIDENT SIT LOCATION: UTNI. i? SO
VIrN. 20.06

CALCULATIONS TO It DONE AT (4ET||1)t 9.e0
DIFFUSION COEFFICIENTS: &LP0E t8.00

DOONUINO EXPANSION DISTANCES: siTa 1t.0o
INZO 140 0.

CONCENTRATIOM AVERACING TINE (SIC)l 600.09
PAINT 001 VILL WE' SUNNAUY

FIGURE A-5. HARM program output listing for an interactive run for the
small above-ground spill a.ccident scenario,

A-23
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METEOROLOGICAL CATO

PUN NURSER: I USING MIETEOROLOGICAL bath FILE, VK1215

TEST *so 09101 T MINUS 0 VK1213
141IMSONDE RON AN,'G NO- I
COPE CANAVERAL A F 3. F LORIA 1
ASCENT NSA 0434

SOUNDING*...****
TIME: 1015 ;;1 D A IE 12 N 0 1 3831

SURFACE DENSITY (C/N..2): 1 1$0. 43

LEVEL ALTITUDE oiR. SPEED TEMP PrEEp OPTEMP PRESS am

HND. ( FTI) (N0) (DPE 6) 1(N.'3) ( 115) (DE 9. C) (ItS.) ( %) .,.

331 4.S 337.0 7.72 15.02 22.4 22.99 0.0 3033.9 67.0

2 493 350.3 337.0 1.7s 17.02 20.4 22.29 0.0 i090.0 70.0

3 1000 304.,8 31.0 10.30 29.9.1 18.3 21.13 0.0 932.3 73.0
4 19336 3590 1 3 .0 9 . ?3II 19.02 135.4 23. -451 0.0 95 0.0 33.0

5 2 0 00 3 05 9 4 .0 95.7 41 3. 02 135.2 21. 4 6 0 .0 94 7.9 1 7.0

6 2235 3 681 .2 8 .0 9. 73 19 .02 14. 4 213. 30 0.0 540 .0 33.09
7 3000 914.4 15J.0 1.2? 13.02 13.2 22.35 0 0 114.4 90.0
1 3443 31043 8 280 0 3 75 1 7 02 1 1 .7 22.20 0. 0 909 0 10to0 0
9 3 7131 1 13 3.?2 18.0* 824 13 .02 12 .2 2 2.73 0 .0 31.0I 3 0 .0

1t 4000 1219,2 16 0 8.24 16.02 12.2 23.43 0.0 111.9 19.11
121 437 5 1 333 35 33.09 3.24 163.02 12. 2 24 .33 0 4 fro0.0 24. 0
1 2 5000 1524.,0 4 .0 7 .21 1 4. 02 131 .7 25 .53 0.0 $so 4 35 .0
13 3005 315 253.5 4 .0 3 .369 13 .031 11 .3 253.359 0.0 359 .0 353. 0
14 3000 18Ž8.8 351 0 5.13 10.01 5.5 23.32 0.0 831.9 41.0

13 3358 2029.4 352.9 3.13 10.01 7.3 27.14 0.0 339.0 43.0

33 WO7 2033.0 352 0 3.13 10.01 7.8 27.33 0 a $to0 8 46.0
1 7 7 00 0 2 13 3.36 3 58.-0 5 .15 10 .031 7 .4 2 7 .35 0 .0 7 9 0.3 3 3. 0

Is '423 2233.1 5.0 5.33 11.01 6 1 23.24 0.0 7Ft.# 30.0
I5 f 00 2433 .4 3.-0 3. 18 32 01 3.0a 2.25 0. 0 7331.3 S 35. 0
20 8239 2520.-4 7 .0 3.351 13 .0 9.3 -629.77 0 0 754.-0 39. 0
21 3396 2559.1 3.0 7.21 14.02 5.7 30.28 0 0 750.0 34.0

-22 9000 2743.2 0.0 7.72 15.02 0.4 32.75 a a 733.3 11.9
23 9140 2785 1 355.0 8.24 13.02 6.3 33.27 0.0 710 0 15.0
24 10000 3043.0 334.0 8.75 17.02 3.6 35.14 0.0 707.0 17.0

1 4 01C A IE S TNAT DATA IS5 LINERALY I NTEAPOLA!ED FROM INPUT NEIEOR@LOGY

d~.FICURV A-5. (r.onr ni md)
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"STAI[LIZEo CLOUD PAIRAETERS SSOSUOS..e00.oe.

NEt. TOP CLOUD 114115140 sll!ingLfAYEfIt OF LAYER 11S1 TIRE FleOa Sit[ PION SIT40. (lills ) (SECOIND) (NITERS) (EiTEll)

1 J50.3 21.0 7797.2 117.02 304.0 63.3 3537.3 163.93 590.1 204.4 9423.? 176.1
4 601.6 217.4 9209.4 131.23 611,; 269.3 5195.3 133.1* 514.4 563.6 191. 3 1S.47 1i4l.1 713.1 864a.3 1S3 .1
8 1133.2 946.3 W 3970.6 1,3.29 1219.2 946.3 1571.6 193.2to 1333.5 946.3 3570 6 191.2It 1524.3 946.3 W 3570.6 193.212 1523.5 946.3 35731.6 193.2Is 1320.0 946,3 • 0570.6 193.214 2292.4 0. 1 *.@

Il 2033.0 3.0 *.O 0,916 2133.6 0.0 0.0 0.g? 22 A3. I.i 0.0 0.0to 2431.4 0.0 0.0 0.0
19 2520.4 0.0 4.9 0..20 2559.1 0.0 0.9 0.021 V743.2 0. 9 0..
22 2783.3 .9. 0.0
23 1043.40 0.0 0..9 9 . 9

I ]NDICATES CLOUD ST68SLIZOTION TINE INS UStoRANGE PRON 3171 15 AT CLOUD STAIiLIZATION TINE

*eseeeeeeg, Lu SIU0IAIILIZATlOi *N******,*

CAL:ULATION :64 IsRI (nME•T11S 
0.00STsOILIZATION NEICNT (METERS) 

I067.05ST141LIZA1TION TIME 'SECS 946.26FIR$T NIXIING LAYER NEImGNT (NiTta$) TOp 14346.132

IASJ| 0.00
SECOND SELICTED LAYER NEIGCTt (NETERl) TOP * 3040.00

SIGMAhAT) A? IRE SURFACE EIf ES 0355SI3NEAgj) AT TN[ SURFACE (II 3I 3.5793

FIGURE A-5. (Continued)
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Se o*o*$Qeooeeege~o...ooaeoeoo~ooeooeeooeooeaeoooouoeb~aeeeeS@.oeee*oeooeoot eeC0

Ooo HANRM) eooe.*

o 0o 0 UPDATE 1359 LOCATION NEC sees.g
got*** COMCENTRATION/DISACE NOBEL $eooeo

MAXIMUM CENTERLINE CALCULATIGSNI049

ABOVE GROND,. SMALL SPILL oeo

SCCeo •FIN SPECIES NO2
o*..ooeoeo.eoeeeoeeeottoe....eeeoe.eee..oooooeoeeeooeoeoleooeeeeeoe@OeSOeo eobOOS

CALCULATIONS WERE DOSE Ar 0_00 A ICt
AND APPLY TO TIE LAYER IETNEEN 6.00 AND 1048.32 N SCL
DOWUNIND FROM THE ACCIDETr SITE AT ( 17.31, 20.06)

THE RETEOROLOCICAL DATA IS FROM 1015 EIT 12 NOV 1901
ACCIDENT fil[ Is 1015 EST 12 NOV 19, 1

TINE OF EXECUTION is 2226 EST I FEI 1984

PEAK CLOUD CLOUO
ARIE9 OIANINC COUCEN- AARIVAL DEPARTURE

FROM SITE FROM 3S7E TARfION TIRE TInE
(METEIR) ( AEGR EE) (PPI) (AIN) (NIm)

85§3.344 1 39.136 .399 1.3013 17.473
13C9.331 l13133 .121 14.334 19.470

10307.142 165.931 .461 16. 150 21.474

11230 5386 67213 .214 17.097 23.432
12000.875 179.32 1?$ 19.461 23.491

13025.738 183.623 .214 21.113 27.502
14031.316 113.343 .43l 22.762 29.513
15031.730 183.743 .346 24.410 31.524

16037.211 113.927 .330 26.053 33.536

17037.625 183.823 .105 27.693 33.341
11029-608 133.307 .271 29.339 37.560

19033.652 183.427 .254 30.971 39.572
20027.135 183.034 .231 32.616 41.384
2102 .6233 112.670 .212 34.23 2 43.396
22030.033 11 0 12 193 33 . 18 4 . $09
23025 - I9 1 2 .?3 7 179 37 , 21 47. 620
24022.22 102.• 484 .166 35,134 49.633
239 10. 9ee a12 , 152 134 40 716 31.-643
26021.902 102.766 .143 42.41? 33.63?

27027.023 132.381 .133 44.047 $$.670
23024. 402 12 .410 123 45. 676 17.62
21022. 0 162 .251 .117 47. 30 59. 69

.391 15 INE MAXIMUM PEAK CONCENIRATION 356I.2 159.2

FIGUPE A-5. (Continued)
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N

UPDATE 9350 LICOATON NEC *oe0e0

CONCEINTRATION/DSIME NODEL esoeo
soeo~o nAXIMNn CENTEILINE CALCULATIONS oooo

ASeVE GROUND. SMILL SPILL

Seeoes PFit SPECIES NOm De
seee•o••e~••os...0005550esooo• eo. so se~eo.... o • e5eee50 oe0ee050550e5 555o00500000

CALCULATIONS VERE DOE iT 0.00 N A4L

AND APPLY TO TUE LATIN SEYTEEN *.00 ANI 1t41.02 U 49L
DOUINO fN FROM E ACCIDENT SITE A' 17.53. 2g.o 6

THE UEfEOAOLOCICAL DATA IS F1fl l015 EST 12 Nov 1901
ACCIDENT TIl 11 Je1s WT 12 NOW 1901

TINE OF EXECUTION IS 2226 EST t PEI 1104

CLOUD CLOUD
RAN6E 011aiNG TOTAL ARRIYAL EPAfatREl

FROM SITE FRON SITE Desist TIN TIAe
MMSTERS) (DEGREES) (PPI SIC) 4KIN) (1IN)

8361.344 119.156 3.201 17.30$ 17.475
93900.339 161.331 .S7 14.P14 19.470

1011O| 7.142 165.98] 2.911 16.130 21.4?4
11614.466 177.123 3.34 l?.007 23.412
12030 .293 184. 0 6 !12 242 19. 461 23-.491

14433.121 113.033 27.134 22.762 29.313

1O40.S695 134.630 2e.104 24.410 31.524
16047.13? 114 .412 2? .444 26. 05 33.336
17040.672 14 .350 23 .17 27. 691 3.540
11040.532 Il .163 23. 23 29 339 37?,60
13033 632 103.427 21.308 304973 33.372

;4 20440.121 113,643 19.776 32.616 41.584
S21034 .770 13 ,314 I .361 34 .22 43.396
220 .030 .01a e012 It. 120 33 11? 45 its
23M25 .39 112 ?37 11 426 37 ?21 47.62 --
24436. $74 113 1S0 15 .72 39 154 49.633
23033 .074 102. 93 14 221 40. 786 51.645

S2029.902 2 1fa766 11,49? 42.417 31.613
2?427.023 182 31 12. 769 44. 047 35.70
21024.402 102.410 1 a 14# 45.671 3?.612
13022.016 132.231 11.530 47.303 539.693

RANGE 1AInIA

21.104 13 THE MAXIMUN TOTAL 006141 1304S.? 114.6

FICURE A-5. (Cmtainued)
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O~e°DMAINI ) seoes$$

UPpatE 8330 LOCATION NEC $*goes
0o0009 CONCENTROTION/DO3AGE MODEL .ees@*

MAXIKUM CENTERLINE CALCULATIONS *$sees

*oo.aa A4OVE CROOND, SKALL SPILL

90t suagaSOD ~OsOSsOSOeeSeae.SeeoeeOeOOaaIaa OOB*o* oo ~FOR SPECIES N02 oo~

CALCULATIONS VERE DONE AT 0.00 R AGL
AND APPLY TO TNE LIAER IETBEER 0.00 AND 1040.62 N ACL
DONUHIOD FROO THE ACCIDENT SITE AT ( 17.31, 20.06)

THE METEOROLOCICAL ODTA 1I FROM 1015 EST 12 NOV 1961
ACCIDENT TINE IS 1013 EST 12 NOV 1I1

TINE OF EXECUTION IS 2226 EST 9 FEB 1914

10.0 Ni.
MEAN CLOUD CLOUD

RANGE 1EA|ING COICEN- ARRIVAL DEPARTURE
FlOw SITE FROI SITE TEATION TINE TINE
(I113t5) (IDEREES) (PPN) (IN KIN)

835 .344 13$.156 405 17.305 1.473
9300-. 39 161.339 .001 14.834 19.470

10307.342 165.931 .005 16.150 21.474
11014.96 177.123 .406 17.107 23.432
J2030.293 134.086 .020 19.461 25401
13049.066 104.939 .01? 21.113 27.302
14033 1 13.033 443 22. 762 29.511
15048.693 114.630 .44 24.410 31.524
16047.137 114.412 .043 26.053 33.536

1104' 31 113,863 .0139 21.9 37.360
19033.652 14.3420 .034 30.95 359.72

2 040.121 1 3 643 .031 22. 6 41.3 4

2134 .770 163.314 t 31 34 .22 43.596
22030.055 111.012 .029 35.167 43.603
23025.193 132.737 .027 37.321 47.020
24036.574 133.180 .023 39.154 49.633
25033.074 132.963 .024 40.736 31.643

2 029 . o 901 2 .76 6 022 42 . 3 . 63 ?
2 027.923 112. 11 .421 44. 4 33.6 7V

021 24 402 112.41 0 020 43 6 3 7.682
29022 01 12.231 19 47305 59.693

RANGE IEARING

.447 1I TUE MAXIKUM 10.0 KIN. AERN CONCENTRATION 1043.7 134.6

FTGI.IRF - . (('ontinued)

A-28
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Ii
because there was an excess of oxidizer involved in the hypergolic reaction.

As indicated on page 3 of Figure A-5 (page A-25), the cloud stabilization

height in this hypothetical accident (1072 m) is less than for the large

above-ground spill described above because less heat was generated by the

smaller amounts of fuel and oxidizer involved in the spill. The maximum

peak ground-level concentration, as shown on page 4 of Figure A-5 (page

A-26), is 0.60 ppm and occurs at 8561 m downwind from the accident at an

azimuth bearing of 159 deg. As shown on pages 5 and 6 of Figure A-5 (pages

A-27 and A-28), the maximum NO2 total dosage is 28.1 ppm sec and the

maximum 10-min time mean concentration is 0.05 ppm.

Figure A-6 is a plot of peak-centerline NO concentration, dosage
2

and 10-min mean concentration and Figure A-7 shows NO2 concentration

isopleths on the KSC map for the small above-ground spill scenario.

A.3.3 Silo Accident with the Door Closed

Figure A-8 shows the HARM program output of UDMH, NDMA and FDH

concentrations for an in-silo accident with the silo door closed. There

was no N2H4 and NO2 remaining in the cloud at the stabilization height

because an excess of fuel was involved in the hypergolic reaction. The

maximum peak centerline ground level concentrations of UDHM, NDMA and FDH

are 0.914 ppm, 0.001 ppb and 0.464 ppb respectively. The corresponding

maximum peak centerline ground-level dosages of UDHM, NDMA and FDH are

18.5 ppm sec. 0.13 ppb sec and 44.6 ppb sec respectively. The maximum peak

centerline 10-min mean concentrations of UDMH, NDMA and FDH are respectively

0.03 ppm, less than 5 x 10-4 ppb and 0.074 ppb.

Figure A-9 shows a plot of UDMH peak centerline concentrations,

dosage and ]0-min mean concentrations for the in-silo accident. Isopleths

of UDHII conrcentrations for the accident are shown in Figure A-10.

A-29
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*.....O . ..l*. . .. . .. . .. .B. . .. . .. , . .. . .: : .

.4,*0 HYPER OL|; ACCI ENqTAL RELESE ; ODCL '-* E

U P'.. UPDATE 8330 LOCATION HEC

... '.* 000 CLOSED. INSTANTANEOUS

.a*S*,,ooSo@oo*o ooo,,ea.,So6***B*

T...o TN E OF EXECUTION: 2141 EST DATE: - FE 193 o.oolo

T I A E IEF ACCIDENT: ,DI, EMT DE0 1. NOV a , a::SI:*:: ......~US~ .......... sa .................. '''

M. 0 0eeNOOEL INPUT OPTIONS SELECTES a IE AS FOLLOWS: * V I**

RUN TPE: OPERATIONAL

N1HEIEOLOGICAL 7ATA FILE KANEI VK1215

MODEL TYPE: CONCENTRATION19DOSAGE

T14E ACCIDENT OCLURRED IN THE: IILO

THE REACTION WAS: INSTINIANEOUS

THE SILO 0003 9A$5 CLOSED

POUNDS OF FUEL INVOLVED 1 N T1 E aC C1ENT: 106304.

POUNDS OF OXIDIZER INVOLVED IN THE ACCIDENT: 20101!.

ENTIRAINNENT PARAMETERS: GAANAXE .64

GANNATa 64
CAAROZO .64

aCCIDENT SITE LOCATIONa UTNXA 17. 3

UT aV 20 -0

CALCULATIONS TO BE DONE AT (RETEIS) 0. 00

DIFFUSION COEFFICIENTS: ALPNA-I .$0
IEIAmI .O0

OWVNWIND EXPANSION DISTANCES: RaYs 100 90

xaZz 100 00

CONCENTRATION AVERAGCHC TIME (SEC): 609.90

PRINT OUT WILL $Eý SUMMART

9

F~ I (:1.;: ,\-++, llAl~ prtr:,,,. .cut put i tijrig for an interact ive run for the

ii,-,l I , bjj-,rfnt with rhe( #;11( dooT closed.

A-3 ).
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7

IUN NuNIEt 1 9$106 NIM/OROLO9UCAL DTAI FILE$ ;;1215

TEST Not 49141t minlus e V91213

CaPE CANAVERAL MF3s FLORIPA
ASCtsf NSA 0434

o**e;eeeoSe0o#B5S8 SOUIJNlG ee*o*6,ie4*eSooUNIN
VlIlV loll EST 00191 I2 Nov l911

SURFACE DENSITY (C/NSo3)l 1190.43

LEVfEL ALTITUDE pit. SPEED flOP P~flP DPf~lP M1111 IN

go f ( T ) ( N (#I&) 1(0/1) ( { S Il) .O t C) (IBI. ) I x)

1 16 4.9 337.0 7.72 13.02 22.4 22-99 e.O 1016.9 i7.0
2 49 10. 3 7T. 01-. . Iell r0.4 0. *proup P1o 3 o 0

t 1ope 304.1 351.0 1.3 20.02 15.2 21.4 0.0 947.3 73.0
4 936 390.1 3.0 9. 7 19.92 13.4 21.41 0.0 930's .0 6 0

- 2000 609 f 4.0 9.78 19.#l i2 Is. 21 46 0.4 94?.9 17.9

1 2233 61f.2 9.4 .1.7 19,0 14.4 211.39 9.0 $4 .0 18.9

2004 914.4 19.0 9.2? 13.02 12.2 22.36 1.0 914.4 ?0.0
S441 1043. 23.0 .7 17.1 I? II. ? 2 -2 0 .0 g0 .0 1it .9
1 710 1133.2 1.0 1.24 11.02 12.2 22.75 0.0 391.0 50.0
o 4000 219. 16.9 1.24 11.02 12.2 23.42 0.0 301.9 23.0

4 75 1233 . 3 13. 1. 2 .02 I2.2 24. 22 0.0 3 .0 24 .0
S000 1524.0 4.0 F.21 14.42 I1.? 25916 4.0 350.4 25.9

S0OS 1525.3 4.0 6.63 13.01 11.6 25.89 4.0 5I. 25.0
4 6000 1123. 351. I 5.1 10.41 9.5 26.32 0.0 3i9.9 41.9

I 65s 1$ 2023.4 .32.0 1.13 10.01 ..1 2?.14 0.0 300.0 45.0

11 670 2032.0 352.9 5.13 10.01 7.3 27.35 0.0 600.0 46.9
060 21133.6 3.0 5.15 10.41 ?.4 2?.65 4.0 ?790. 33.9

7425 2262.1 5.0 3.6$ 11.01 6.1 23.24 0.0 778.0 30.0
19 00 2431.4 i.0 i6.1.O1 12.0 6. 9 2 .4 711.3 33.6

20 1269 2 20.4 . 6. 9 11.0 3.l 29.7 4 • .0 714.0 39.0

21 1396 2559.5 6.0 7.21 14.02 V.? 20.23 4.0 750.0 34,a

22 9000 2742.2 0.0 7.?21 .42 6.4 32.71 0.0 722.3 38.0

23 9140 27935.9 359.0 8.2416.2 6.5 2.2?1 0.0 720.0 15.9

24 10000 3041 0 354.0 $.?1 17.02 5.6 35.14 0.0 707.0 17.0

• -ZNOlCI$ fAT DATA IS LINEARLY INTERPOLATIE FNOO INPUT ITD0O3LOGV

FICURE A-8. (Co:! tinued)
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o~lolo**oooooo*** 5AIILIZED CLOUD PAIAUETER oSeeoeoeo**

NET TOP CLOUD RA1466o DEARIUC
LAYER OF LATER RISE TInt FROM SITE FROM SITE

No. (METERS) (SECONDSI (METERS) (METERS)
.................. ..... ... .. .*-.-. ... .-. ... . . . .-. .--- .-.- . . . -. .. . .. . .. .. .. ..

1 150.3 1. 5 455. 7 157 0
2 304 3 34 3 5374.5 163 5
3 3i0 1 100 3 5615.0 176 2
4 603 6 106.1 6510 .6 181.7
3 631 2 12 S. 65 10 . 13 38
6 514 4 '20 - 5b32. 4 189 7
7 1043 8 257 6 5184.9 1S 91

1133 2 336 .2 419.4 1'3 4
2 121 .2 39 . 9 3372 .9 12 . 7

10 1533 3 61 4 5376. 2 12
I1 1234 0 13.4 3 537 .2 12 2
12 125 3 65 1.4 * 537 5 2 152 2
13 1231 6 1 .4 3 337 .2 1sZ 2
14 2029 4 613.4 3356.2 152.2
1I 2033.0 618.4 5376.2 112.2
16 2133 6 611.4 a 5375.2 152.2
1 2263 1 613.4 5375.2 1512.2
Is 2431.4 O.0 9.0 0.0
19 2520 A 1.0 0.0 0 0
20 2359 1 0.0 0.0 0.0
21 2743 2 00 A.5 GA
22 2735.• 0 0.0 0o
23 30431 0 . ..0 0.0

* INOICATES CLOUD STA3OLIZAItON TIRE IAS USE*
o RANCE FROM SITE 15 AT CLOUD STAIIL1ZITtON VTIM

*04,..*oS*O*o0o0o*OO CLOUD 3TRII1ZATIDR to.eoee.Beso4....ee.

CALCULATION MEICHT 4METERS) 0.00
IIASILIZAT1ON MITCH? (REtERS) 3253.50

AI IL IZAI1OM TI1 SIIts 6 1 .41
FIRST MIXINC LAYER HEICHT: (R11ER1 ) TOP 1 043.02

BASE. S 00
SECOND SELECTED LATER HEIGHT: (RETE 1 ) TOP a 3043 00

SAlEt 1043 .2

SICMAR(Ez) AT THE SURFACE (DEGIC ES) 13.5753
ZIIC RE (EL) AT THE SURFACE Mi GM $l ) 13.3793

FIGtLRF A-8. (Cont I nuJed)
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0e0e00 (NAIR) ooee*e

$40o00 UPDATE 3250 LOCATION NEC Soso*$

CONCENTRATION/DOOA61 NODEL *$Goeo

RAXINOR CENTERLINE CALCULATIONS see*

Ceoooo DOOR CLOSED, INSTANTANESUS ooC3o1

cc.... FOR SPECIES UODE .oeoe

CALCULATIONS MERE DONE At 0.00 N ACL
AND APPLY TO THE LAYER 1ITUEEI 0.00 AND 1043.32 N IOL

OOUNHINO FROM THE ACCIDENT SItE AT 1 37.53. 20.46)

THE NETEOROLOCICAL DATA IS FROU 1015 13T 12 NOV 19S1
ACCIDENT TINE IS 1015 EST 12 NOV 1931

TINE OF EXECUTION IS 2140 EST 9 PFE 1984

PEAK CLOUD CLOUD
fANCE IEANING CONCEN- ARRIVAL 01PAITOOE

FROM SITE FlRo SITE TRATION TINE TINE
(RETEINI) (E 6aIEE ) ( PPN) (AIN) (IIN)
.... ...................................................

5302.438 13S.210 .914 10.7$0 11.042
6320.137 161.704 .154 9.262 13.021
7194.44? 166.660 .260 10.164 13.013
1159.328 163.073 .141 12.66S 17.012
9002.480 173.072 .162 14.365 19.016

10004.646 111.?76 .214 16.062 21.023
11012.172 182.713 .221 17.759 23.021

i2019.471 133 281 .2•7 19.431 25.041
13018.134 113.045 .203 21.093 27.031
14013.D99 113.00i .106 22.73 29.001
15021.896 111.113 .163 24.371 31.0o2
16016.769 112.641 .153 2.-007 23.0$3
17022,375 192.957 .139 27.642 3.093
11418.391 112 600 .127 29.275 37.100

19015003 112-296 .116 34.907 ?9.L18
20012.133 112.014 .107 32.338 41.130
21020.762 i12.366 .095 34.160 43.141
22018319i 132.349 .092 32.797 45.13
23015.922 112.130 .006 37.426 47.163
24013.091 1I1,961 .030 39.053 49.177

15012.091 I llot .0?7 40.680 51.190
26000.492 131.647 .070 42.307 53.202
27009t0.46 13 03 .066 43.933 55.214
23021.336 132.255 .062 45. 51 57.220
29019.371 182.140 .0531 47.184 59.231

RANCE I(AIIN6

.914 IS THE NAXIRUM PEAK CONCENTRATION $382.4 153.3

FICURE A-8. (Cootinued)
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*,.u..atwOt$ObS.O**OeOSOQeO@**teeJ~et*Oo*SSSOSOO**RO*OISCSS@OeOISOOQOtte*SIOB@*Q$

UPDATE 3350 LOCATION I EC I0Aooa
e o eCOHCE?8 TMON.'OOSDCE MODEL oees$

,AXIMUM CENTERLINE CALCULATIONS ,oo..o

000o CLOSED. lUSTANTANEOUS oAx1oo

a.o..o OFR SPECIES UVIn

CALCULATIONS VERE DOWE aT 0.00 N AGL
AND APPLY TO THE LATER OETMEEN 0 00 AMC 1043 02 N A&L
DOOVM IND FROM THE ACCIDENT SITE AT ( 17.51, 20.41)

THE AETEOAOLOCICAL ATA IS FRON 1015 EST 12 tia 1931

ACCIDENT TINE IS 1013 ElT 12 N30 13S1

TIRE OF EXECUTIOn IS 2141 EST 9 FEI 1934

CLOUD CLOUD

RANGE SEARING TOTAL ARRIVAL DEPAITPRE
FRO SIE FROA SITE DOSAGE TINE TIRE

(METES ) (DECREES) (fPN 1EC) ANIH) (RIA)

53392 .438 13 .290 7.ý24 0 1 9. 790 11.02
1320.153 111.704 1.330 9.262 13.021

7194 447 1 .61O 2.3S9 1.9564 1e.013
S004 730 173 .049 3.509 12.663 1 . 12

9012 31 is .015 10.026 14.353 19.016

10031 413 114.-51 13.?31 16.462 21.023
13033 43I 134.303 It 230 17.7!9 23.031
12035.361 184.423 1 .4635 19.431 23.041
13035 194 114.273 17.554 21.093 27.031

140239 187 13.652 16.259 22.733 29.061
15032.607 113.7$4 14.931 24.371 33.072
102 ? 6 0 3 133 349 13 .727 2.907 3 83
17022.375 182.537 12.i52 27.642 31.093
18030 5?2 Ili 361 11.744 29.275 37.106
IN1 641 13 063 9 10 .94? 30.g07 39 .11

20o23.550 1i2.003 10.247 32.330 41.130

21020 762 112.516 9.621 34.151 43.141
22011.199 112 349 9.071 33.P97 45 153
23015.922 132.SO .313 37.426 47.163
24013 393 11.9051 1.144 39.053 49.177

25026.523 182 . 57 7 746 40. 610 51 .1 0
26024 648 132 .313 735 *a .it? 3 .22
2?022.926 102 . . 7.057 43.933 55 214
20021 331 112.233 6.755 415.10 57.226

1:: 71 32 1404 400 4 . 134 1 230

RANGE EA4RINg

11.465 13 ITE MAXIMUR TOTAL DOSAGE 12035.6 114.4

FTfUTF A-8. (Continued)
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5ooe0, (HARK) eoS."R
l•**** UPDATE 1350 LOCATION NEC seo...

CONCENTRITION/1OSAGE MODEL
NAXIKUM CENTERLINE CALCULATIONS 00eeD*

so... P00OR CLOSED, INSIANtANEOUS

o* 5560 FOR SPECIES UODN 05****

CALCULATIONS MERE DONE it 0.00 K RGL
AND APPLY TO INE LATER IETIEEN 9.00 AND 1041+12 R ASL
POUNVINO FROM THE ACCIDENT SITE AT ( 17.53, 290,o)

THE RETEOIOLOCICAL DATA IS FROM 1015 EST 12 NOV 1901
ACCIDENT TIRE is 1015 EST 12 NOV 1901

TIME OF EXECUTION 13 2141 EST 9 Fes 1984

19 .0 #IN.
KEAN CLOUD CLOUD

RANGE SEARING CONCEN- ARRIVAL DEPARTURE
FROM SITE FROM SITE TRATION TIRE TIRE

(RETERS) (DEGREES) (PPN) (RIN) (I1NM)
..... ... ................................................
53312438 1S3.290 012 10.790 11.042
6320.157 I1I1704 .902 9.262 13.021
7194.44? 166.663 .004 10.964 5.o013
3004.739 171.041 .006 12,665 17.012
9012.316 113.015 .417 14.365 11.016

10031 .41 134.555 .026 16.062 21.023
11038.418 114.935 .030 17.759 23.031
12035.561 114.425 .031 19.451 25.041
13035.904 114.273 .029 21.093 27.051
14023.187 113.652 .027 22.?33 29.o61
15032.607 133.794 025 24.3?1 31.072
16027.066 133.349 .023 26.097 33.013
17022.375 112.957 .021 2?764 35.095
13030.672 13 3.62 .029 29.275 37.106
19026.941 113.069 .01l 30.907 39.118
20023.660 112-805 .017 32,533 41. 130
2I020.762 112.566 .016 34. 16 43. 141
22013.199 112.349 .03 35.797 45.133
230135.922 112.150 .014 3?.426 47. 165
24013.190 II .968 .014 39.053 49. 177
25926.523 112.657 .013 40.600 51 190
26024 641 112.513 013 42. 307 53.202
27022.926 182,379 .412 43.933 55.214
23021.336 112,255 .011 45.553 97 226
29019.871 112. 140 .011 47. 1 4 59 230

4ANGE SEARING
.031 15 THE RAXIMUN 10 0 ]Mi . MEWN CONCENTRATION 12035.6 164 4

FIGURE A-8. (Ccitinued)
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Soso:: UPDATE 3350 LOCATION NEC eee'.

CONCENTRATION.'DOSIAE MODEL
MAXIMUK CENTERLINE CALCULATIONS sees'o

a,.... **sees

''tt' D000R CLOSED. INSTANTANEOUS gooeey

tteooe FOR SPEIESJ NONA e e e

C;!LCULOTION$ VER D ONE AT 0.00 A A&L
AND APPLY TO THE[ LATER 9EY [EEN 0.40 AND 1049.82 Af 49L

•,DOVWVIND FRONl THE ACCIDENT SITE AT ( 17 - 8, 2 .0 4 )

TME RfErEDtOLOCICOL DATA IS FRON 1013 EST 12 NOV 1981
ACCIDENT TINE is 19 315 t T 12 NOV 1991STINE OF EXECUTION IS 2141 EST 9 FED 1184

PEAK CLOUD CLOUD
A AA c EIE [ t N G COn[EN* 0111 VAL 0 fP aNaI Ia

0N~ 0 51 T FRON 31IE[ T R TIO T 1 A11R Ti RE
(NFTERS) DEGREES) tppl) I I N HI1#)

10 00 ? 45? 1 2 23 1 002 16. 062 21 023
11017 373 1 3.23? 401 17.139 23.031
12019.471 114 281 .40 19.431 25.041
13018.154 1 3 045 .40 21.093 27.0%1
1401 8 1 6 1 31 002 iof 22. ?33 29. 061
1502 1 5 89 $ 1 13 MO 24. 3 ?1 31 0 ? 2
16616.768 1 2.641 .0O 26.007 13.013
I1?0 2.3 75 1 2 .937 40 1 27 .642 35 093
101 8-l 3i 1 2.601 .401 29.273 37.106
19015i 0 1N2.2S6 .00 30.907 39.111
20O 12.133 1 2.014 .0 1 32 .330 41.130
21020 762 182.366 .401 34.168 43.141
22 01 9 119 192 . 41 0o 33 797 43 1 33
2101 5 922 102 . I S 091 37 .426 47 1 63
2401 3 98 Il 1 560 to 1 31 053 49 177
25 01 2 0il I I1 . ol of 1 40. 610 31 .190
2690 .492 M -| 647 .001 42.307 33.•20
27009 066 111.303 .00 43.933 33.214
21021.136 192.253 .441 43.339 57.226
29019 .$71 192 .140 so1 47 184 39. 231

RANGE BEARINfG

FICURE A-8. (Conti1nued)
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I1
ltttet (~NAN") Ott

UPDATE 3350 LOCATION NEfC a~S
e esCDNCEMTARIIONII'OSAGE MODEL *CS

MANIMIIN CENTERLINE CALCULATIONS

000o CLOSED, INSTANTANEOUS

ee.o FOR SPECIES NONA

CALCULOTIONS MERE DONE AT 0.00 A ACL
AND APPLY TO THE LATER IETMEEN 0.00 AND 1048.32 N AOL
DOU V INP FROM TNE ACCIDENT SITE AT ( 17.53, 20.00)

THE METEOROLOGICAL DATA IS FROM 1015 EST 12 NOY 1981
ACCIDENT TIRE IS 1015 EST 12 NOV 1901

TINE OF EXECUTION 15 2143 EST 9 FEI 1964

CLOUD CLOUD
A RANGE SEARING TOTAL AARIVAL DEPARTURE

FROM SITE FARO SITE DOSAo& TINE TIRE
(METERS) (aDECtES) (PPI SiC) (AIN) ( IN)

5332.430 153.210 002 101750 1.042

6320.157 11.?04 .002 9.262 13.021
7200.907 166.453 .003 10.964 13.013
0D4.730 138.0495 .006 12.665 17.012
390o.73 173.405 .020 14.365 19.012

•100311 4 18 1 4 .5•53 16 .J 062 2 . 023
11031.48 134.0355 .006 137.?. 23.031

,•12033 561 1 14 .423 193 19. 431 2 . 041

13035.504 134.273 114 21 093 2 031
14039.110 134.301 .120 22.733 29.061
15012 .007 13J .94 123 24. 371 31.072

16027.066 313.349 .125 26.007 33.083

17034.930 133.695 .127 27.642 35.095
11030. 672 13 .362 1283 29.275 37. 106
19026 .41 13 .069 121 30.50? 35. 118
20023.660 112103 .130 32.5331 41.130S21Q20.?62 182.356 .130 34.161 43.141

22013.195 182.349 .131 35. 7? 43.153
23015.922 382.5o0 .131 37.426 47. 165
24013. 99 1$1.968 132 35 053 49.1??
25026 .523 1 2 .157 132 40. 611 190

26024 .41 12 .53 1132 42 .307 53.202
2?02. 926 12 .3373 133.2333 355. 214
S29021.336 112.233 133 45.533 57.226

S29019 .371 32 .140 133 47. 134 59 .2s

L RANCE 1EARINC
. ... . . . .e.. . .. .. .. ..

.133 13 THE MAXIMUM TOTAL DOSAGE 25015.5 112 1

FIGURE A-8. (Continued)
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•o.oeae (MAIN) gOOses

so...' UPDATE S350 LOCATIO NEC e~o...

**too* CONCENTRATION/DDSALE MODEL Oooo
sease. NAXINlUK CENTERLINE CALCULATIONSU ee...OR 000 CLOSED, IRSIAMTANEOUS

pot SPECIE! NOR* assess

CALCULATIONI WERE DONE AT 0.90 R 49L
AND APPLY TO TIE LATER BETWEEN 0.0o mHD 1041.5? A A L
DOWNWIND FRO TNE ACCIPENT SITE Al 1 17.31, 20.06)

THE METEOROLOCICAL DATA IS Proo 1013 EST 12 NOV 15 1
ACCIDENT TIRE IS 1015 !3T 12 NOV li 1

TIRE OF EXECUTION IS 2141 EfT 9 FEB 1984

1 0 f IN.
NýEK CUoS CLOUC

- ACE 1fIRIMC CONCEW* APRIVAL DEPARTURE
FRCK SITE FROM SITE 'TftTIO TNEn 7int

.. . ... . .. ... . .. .... .• . .. .. .. . . . . . . .. ... .. . .. ... . .0 . . . . .* ....

RAPCE [EARING

10015 isI% moy041fl 1.0 * Nth KERN COVcENtrATISN 21015.1 112.1

FIGURE. A-A. (Cont Inted)

A--40
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*o65033 (NAIN) ooeooo0

UPDATE 3350 LOCATION NEC

CONCENTRATION/POSAIE %OfEL $*sees.

Ses. NXIUNCETERLJNE CALCULATIONS *09
000o CLOSED. |$STAvNANIOUS

#et SPECIES FON

CALCULATIONS VEtE DONE At 0.09 A ACL

AND APPLY TO YtN L4Y~t 11TVEEN 0.00 4WD 1048.02 A OIL

POF$VIND FRO A IN[ ACCIDENT SITE AT I I . 8, 20.66

THNE MEtFORLOCICAL DATA IS FROF 0151 EST 12 NOV 1931
ACCIDENT TINE IS 1015 EST 12 NOV 1ItI

TINE OF EXECUTION 11 2141 EST 9 Fit 1934

PEAK CLOUD CLOUD
RANGE DEARINC CONCEN- ARRIVAL DEPARTURE

FROM Ss!E FROM SITE TRATION TINE TIRE
(METERS) (DECREES) (PPI) (AIN) (KiM)

...........................................................
5332.438 131.2$0 .0e4 193.70 11.042
6320. 3? 161.704 .064 9.262 12.021
719v .44? 166 .66 . 116 10.364 13.0138: 159.329 161.671 .102 12,6,$ 17.912
9002 43 17 .672 .,14 14. 36 9,016

,.10007-437 102.231 .232 16.062 21.023

11017 373 103 237 742 1? 759 3.0311201 91 4 ? I 113 281 403 19 .43 1 a .04113 01A 154 113 043 4.7 21 o96 2 51
14011.996 113.002 .434 22.733 29-061

15021 .36 113 113 462 24. 371 31.072
16016.|76 182 641 464 26.so 3. .033
17022.375 112.937 .463 27,642 35.095
10015391 112 .60 .461 29. 2?3 37.10
19415.000 182.296 .45? 3e.107 Wilt
20012 .133 12 .014 452 32.33 4 1 130
21020.762 132.566 443 34,169 43.141
22011.199 &02.349 .442 33.79? 45.131
23415.322 182.150 .437 37.426 47.16
24013.090 101.963 431 39 3.3 4.177
25012 .09 13t 601 424 4. 630 51 11t
26010 .4? 101 647 4311 42.30 ?3 .202r 27009.066 11 .503 412 41 M33 5. 214
21421.i36 112.251 .405 45.553 57.226
29019 .7I 102.140 399 41. 114 53 231

RAN&[ #EIIING

.464 IS INE NMAKIUR PEAK CUNCENATINO 16011.3 112.6
FICURE A-8. (Continued)
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set**# (NAI) 5**
fleooe, UPDATE 0350 LOCATION NEC s e* *

CONCENYRATIOM/DeSlGE 1O1tL off*
sosene NAXINVN CENTERLINE CALCOLATIONS db8sea
o.gSlee.,.e**

io001' DOOR CLOSES, INSIANTANEOUS *Sot

* '**** FOR SPECIES PON ee'o*

CALCULATIOS MERE DONE AT 0 00 n AGL
AND APPLY 10 TlE 1111 11TlEEN 0.00 AND 1041.02 A AGL
DOUMMIND FROR THN ACCIDENT SIIEl T ( 17.3, 20.96)

THE NETEOROLOCICAL OnTA IS FRON 1305 EST 12 Nov 1911
ACCIDENT TINE Is 1013 Ell 12 NOV till

TINE OF EXECUION 15 2141 Ell 9 FEB 1934

CLOUO CLOUD
RANGE SEARINg TOTAL ARITALI DEPARTURE

FRDO SIit FROM SITE DOSAGE TIME TINE
(RETERS) IDEGREES) (PPO SIC) (Nis) ("IN)

..................................................... .....

5312.438 111.290 .664 30.7?0 11.042
6320.15? 151 704 .523 .262 11 oil
7200 0? 166 .453 I .064 10. 94 I1 013
1004.730 17.0149 2.609 12.65 17. 012
9015.773 113.409 1.430 14.365 19.016

10031.410 134.55! 11.953 16.062 21.023
11430.41l 134.30 231.711 17.759 23.031
12035.561 114.425 34.101 19.451 25.041
13035 904 184.273 3.131 21.093 27?.59
14035.110 134.301 40.104 22.733 29 461
13032.96 7 113.794 41.257 24.371 31.0?2
16027.066 183.345 41,151 264.07 33 03
17034 930 133 459 42.426 27.6442 35.0W
11030.672 113.362 42.821 29.275 37.106
15026.541 113.069 43.134 30 907 35 311
20023.&60 132.105 43.361 32.531 4. 130
21020 762 132.566 43.601 34.161 43. 141
22S11.159 162.345 43.779 35 797 45.153
2301S.922 138.350 43.9.1 37.426 47. 165
24013.191 O11.968 44.055 39.053 49.177
25426 523 112.657 44.191 40.680 5150
26024.640 3 12.513 44.253 42.307 53.202
27022 524 132.379 44.396 4).933 55 214
20021 336 132 255 44 402 45.553 37.226

"'73 102.140 44.555 47 104 559 231

RANGE BEARING

44.555 13 THE MAXIMUN TOTAL DOIAG[ 29013 .9 132.1

1" ,1;URF. A-8. (Cont intued)
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.......*..O.OOO@CO*SOO**g*CO@SO@4000@I#*SO O@*40OOSCUOOSCSCSC*SS SQO*****O******

e*e*** (NANR)
vPDATE 3350 LOCATION NEC oeoCC

co.o.o CONCEnTRaTION/0OSAGE RODEL
ce.... ANXINUn CENItRLINE CALCULATIONS
9Dcc** o.eeeo

cenee0 DOOr CLOSEO. INSIONT'ANOUSo

eeoee. FOR SPECIE FS O DoeeR
@$$*oo so tsotoo **S o o eo o oo oooo0 oe so* 0 0 eo o 0eso**@oto eoeo oe oee sesee oe of@eoo

CALCUL4TI0NS MEtE DONE At 0.00 N OIL
AND APPLY TO IRE LAYER SETIEER 0.40 AND 1048.82 a A&L
OOUMHIND FRON THE ACCIDENT SITE AT ( 17.53, 20.06)

THE NETEOAOLOCIC4L DATA IS FRON 10:5 EST 12 NOV 1381
ACCIDENT TIRE IS 1913 EST 12 NOV 1981

TIRE OF EXECUTION 11 2141 EST 9 FED 1914

10.0 SIN. I

NEAR CLOUD CLOUD

RANCE OEARIHC CONCEN- ARRIYaL PEPRITURE

FRON SITE FAON SIte TARTION TIRE TINa
(METERS) (DEGREES) (PPI) (NR1N) (1NH)

o..........................................................

5312.438 Mii 290 .t01 10 .790 1. 042

6320. 157 161 .104 .002 9 262 13.921
?200.t07 166 .453 002 10 .64 15.013
0004 .30 174 049 403 12. 665 17.012
9M15.73 113.409 .016 14,365 19.016
10031.413 134.355 .833 16.062 21.023
11039 . 4114 1 .05 .041 17 .759 23. 031
120353. 61 134.425 .053 19.451 25.041
130353.04 134.273 .064 21.093 27.051
14039.100 134 301 .067 22.733 29.063
15032.607 183.794 .069 24.371 31,072
16027.066 183.349 070 26.007 33.0;3
17Q34.930 153.1,9 .071 27.642 35 09S
11030.672 113.362 .071 29.275 37. 106
19026.941 193.016 .072 30.907 39.110
20023.660 182.030 .072 32.533 41. 130
21020 .72 132 516 .073 34. 161 43. 141
22013.199 112 341 .073 35.79? 43 133
23615 .922 112.150 073 37 426 47. 165
24013 -91 111 .968 .073 39 053 49. 177
25026.353 112 657 .074 40.630 31 190
26024 .641 12.513 .074 42 307 53 202
27022-926 112.373 .074 43.933 35.214
23021 .336 112.251 .074 45.531 37.226
23029 1?I 132.340 1074 47 .104 ,9 2l3

AN cE IEAIINE

.074 IS THE NAXIMUN 10.0 RIM REAM CONCENTRATION z90l2.9 132.1
/NARI0 'RUNtIIE ERIROl. 0413 0 60311

S" I;ty AI,:,-8 . ((:on t i irted

A- 43
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