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SECTION I
INTRODUCTION

Hvperagolic liquid rocket propellants are toxic, and accidental releases
during handling and storage may endanger the civilian nopulation. The .S,
Air Force developed procedures to predict toxic hazard corridors that would
result 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 oropellants high into the air, When this occurs, the atmospheric
dispersion heqins at the nigh elevation and cannot he determined using the
same calculation method as that for a gqround release.

Phase 1 of this orogram (Source Characterization), addressed the reactions
between nitrogen tetroxide and hydrazines. The reaction products and the heat
released by the reaction were quantified during that work, That information
was used to determine the combustion time and the height the resulting
fireball achieves hefore it cools and passively disperses with the air,

Phase 11 of the project (Atmospheric Nispersion .odeling), which is
described in this report, investiqated the chemical and physical interactions

of the combusticn products with air and the disoersion of these products in
the environment.

The chemical interaction of reaction products of nitroqgen tetroxide
combined with a hydrazine was determined by evaluating the literature on the
topic anr hy lahoratorv experimental work, This information showed which
products, hoth toxic and nontoxic, could be 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.
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The atmospheric dispersion of the products was described by considering
the coupled affects of convection, dispersion, and chemical reaction. A
mathematical description of this transport process, a Hvperqolic Accidental
Release Model (HARM), was develoved hy H,FE, Cramer Co. during this project.
They comhined the source characterization algorithm developed at Martin
Marietta (Prince 1982 , 1983) , the houyant cloud models by Brigqs (1970),
and the dispersion model for rocket launches by Bjorklund (1982) to describe
this phenomenon.

This report summarizes two interim reports: "Atmospheric Nispersion of
Hvnerqolic Liquid Rocket Fuels, Phase I]: Atmospheric Dispersion Modeling''by
Stephen Prince and "User's Manual for the Hyperqolic Accidental Release Model
(HARM) Computer °rogram'' by C.R, Rowman, W, R, Hargraves, J.R. Bjorklund, R.K.

Qumhauld, and J.F. Rafferty. Complete conies of these reports are included
as Appendices A and B respectively.




SECTION II
INTERACTIONS, REACTIONS AND ANALYSES

PLUMF/ATMOSPHERF TNTFRACTIONS

The hyperaolic rocket propellants and the products of combustion formed
after an accidental release of these materials can be toxic. The results of
wark done during this portion of the project provide chemical reaction rate
data for the interaction of hydrazine (N,Hs), unsymmetrical
dimethylhydrazine (1I"MH), nitrogen tetroxide (NTN}), and combustion products
with air and tho 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
injuries to personnel in the area of the hyperqolic release, A summary of the
important reactions that can take place in this situation will be aiven here.
A more thorough 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 Tnterim Report: Task 1 “Plume/Atmnsnheric Interaction™ included as
Anpendix A,

N?HA4 RFACTIONS

At high Noys concentrations in air, the major reaction pathway for its
depletion is with molecular oxvgen,

Nolla + 0p—SmNp + 7Hp0,

As the concentration decreases tn the part per miliion level the major
reactions are with the atmospheric pollution contaminants; hydroxide radical
(OH), ozone (03), and nitrogen dioxide (N0,), These reactions are about
an order of magnitude faster than the ones with oxvgen 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 general, have low toxirity. These
nroducts are Noy, Hol, NHq, N>H1.

siruiraiirwelicy ARG R DS RANA SN PE ML DRI N Y WP I VAR,
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INMH REATTIONS

UPMY is reactive with the same atmospheric components as is NoHp. At
high '"NMH concuntration, the reaction occurs with molecular oxygen and forms
formaldehvde dimethvlhydrazone (FPH) as a major product,

M+ 20, —P2FDH + Ny + 4H,0.

At lower YNMH concentrations when the atmosoheric contaminants' concentrations
are anornaching those of the hvdrazines, they again are the major contributor
to the decomposition. The oroducts of these reactions include
nitrosodimethylamine (NOMA, a known carcincaen) and other substituted
tetrazines and nitramine products that are toxic. The known products from air
oxidization of INMH are formaldehyde dimethylhydrazone (FNH), ammonia,
dimethylamine, NDMA, diazomethane, nitrous oxide, methane, carbhon dioxide,
formaldehyde, formaldehyde monomethyl hydrazone {FHM), and
tetramethyltetrazine (TMT),

NITRNGEN NTNXTNF RFACTINNS

Nitrogen dioxide (N0,) reacts in two major ways in the atmosphere.
Atmospheric water vanor éombines with NO, to produce nitric acid (HND3)
vapor and at the reaction site the concentration of these materials may exceed
the vanor 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 nitrogen species
including NN, NN, NN3, and NoN5 and upon interaction with other
atmosnheric contaminants, photochemical smoq is produced.

RFACTINN FXPFRIMENTS

Supplemental chemical rate data were ohtained at Martin Marietta on
reactions hetween the reactive components in air (oxvaen, carhon dioxide, and
water vapor) and vaporized pronellant snecies., These data were used, alonq
with published information,to develop rate expressions compatible
with the dispersinn modeling theory., The pronellant-atmosoheric reaction

oxperime tal test condition matrix used for this work is shown in Tahle 1.
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TARLF 1. TFST MATRIX ATMOSPHFRIC RFACTION OF HYPZRGNLS

Snecies

Hvdrazine
Hvdrazine
Hydrazine
Hvdrazine
Hydrazine
HNMH

1MNH

11NMH

HNMHY

1INMH

Nﬂ?

N07

NO?

N0,

Prop.
Conc.
0.5%
0.5%
n.s%
0.5%
Nn.5%
0.5%
n.s%
N.5%
0.5%
0.5%
0.25%
0.25%
0.25%
0.25%

Reactant Gas*
Composition

Helium
21% 0,
219 02
21% 0,
219 02
Helium
219 0?
21% 0,
219 0,
21% 0,
Helium
21% 0,
21% 0,
21% 0,

in He

+ 1% Hp0 in
+ 0.05% C0y
+ 0.05¢ €,

in He

+ 1% HoN in
+ 0.05% €0,
+ 0.05% €0,

in He
+ 1% Hzo in
+ 0,05% C02

He
in He
+ 17 Hzn in He

He
in He
+ 1% Hy0 in He

in He

Sampling
Time, Hrs

e O T T v —

0,0.5,1,2,4
0,0.25

0,0.25

0,0.25

0,0.25
n,5,12,21,45,70
0,5,17,71,45,70
0,5,12,71,45,70
0,5,12,21,45,70
0,5,12,21,45,70
0,1,3,7,24
0,1,3,7,24
0,1,3,7,24
0,1,3,7,24

1% H,0 in Helium Corresponds to 50 Percent Relative Humid Air at 25°C

(77%)

Test temnerature were amhient (?1-2397) for amine fuel tasts and
elevated (35°7) for nitrogen dioxide tests.

"
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A summary of the chemical rate constant information assembled during this
study is presented in Table ?2. This information was used to formulate the

v
ot
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*  (lean, IInpolluted Atmnsphere

= rate of chemical consumotion in the HARM model for accidental releases of
é: propellant.
2 TARLE 2?2 . ATMOSPHERIC REACTINN RATE CONSTANTS FNR
Ly
Ay FIRFRALL NISPFRSINN MODFLING
‘
Concentration Major

Firepall in Meteoroloqical Rate Half- Reaction Percent
Species _ Atmosphere _fondition ~___ _ Constant Life _Products Yield
:;& Hydrazine 0-1 ppm Ory or Humid Air 0,7 pom'] 2 Hr*  Hon, NA
‘ Min-1
Yydrazine Above ) pom  Nry Air 0.068 Hr-! 10.8 Hr N, 1,0 109
o Hydrazine Ahove 1 ppm  Humid Air 0.141 Hr-1 4.9 Hr N, W0 100
o HNMH 0-1 ppm Dry or Humid Air 0.15 ppm-! 0.7 Hr* NDMA 60
‘ Min-!
Ny HNMY Above 1 npm  Dry Air 0.0007 Hr=! 990 Hr FNH+* A7
w Ny Above 1 opm  Humid Air 0.015 Hr-1 46 Hr  FiH** 57
b NN, 1N opm Humid Air 5.5x10%12 5 Hr o HNOG(q) 100
b mole=”sec-]
tﬁ NN, 50 ppm Humid Air 5.6x10%17 0.2 Hr HND3(q) 110
'-j:f mole-Zsec-
- NN, Above 50 opm Humid Air 5.5y10117 0.2 Mr WND3(q) 100
| mole-2sec~]
S
? NO, Al Conc. ary Air NN RFACTION
*
=
[ |

¥+ NOMA Formed in 1.2 Percent Yield {,0N? Moles NDMA Found Per 1 Mole YNMH
Reacted)
NO = Not Availahle
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OVERALL ENFRRY CONSIDERATIONS

The combustion products contained in the "“firehall” that leave 2
hyoerqolic accident are cooled vy air entrainment and heat transfer to the
environment, The assumption was made that the major cooling affect after the
effluent cloud has stahilized is caused vy air entrainment. On cooling, the

NN  _AEs

kA

2.

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 reoort 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 hecause the

S
he

concentration of the low vapor pressure material is highest and the
temperature is lowest), nn possibility for condensation exists.

The overall results obtained during 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 prooellant releases.
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SECTION III
HYPERGOL.IC ACCIDENTAL RELEASE MODEL (HARM)

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

¢ the transport and dispersion of the products downwind of a hypergolic reaction

= between fuel and oxidizer. This model is an improvement over the existing
method used to assess the hazard of oropellant releases (fNcean Rreeze/Nry
Gulch Model) hecause it can compute results for elevated sources, thermally

g‘ hunyant clouds, and considers the effect of chemical reactions taking ptace in

55 the cloud, The HARM model can nredict qround level concentration of toxic

" materials that result from a catastroohic reaction of hyperaolic propellants.

A summary of the mode! is oresented here and Appendix Il is a cooy of the
Itser’s Manual for the Hvoerqolic Accident Release Mode1 (HAQM) romouter

. e S o ———— ————— - At > = . P - - ——— ———— . " ——— ot — = -

Program hy C.R. 8owman, W.R, Hargraves, .1.R. Bjorklund, R.K., NDumhauld, and
TF. Rafferty.

The HARM model is carrently constructed to evaluate the environmental
impact that would result from the accidental release and subsequent reaction
of the nropellants in a Titan 11 TCBM vehicle, The thermal ererqy released
from the reaction of A-80 and MTN heats the combustion products and unreacted
propellants to form a buoyant cloud. The model uses hasic i .formation ahout
the cloud and its environment to determine the concerntration and dosaqe of the
constituents at around level as a function of time and distance downwind from

- the reaction site., Rased on information fram Pnase | of this project, Source
(haractpt1zatlon, and specific information ahout the accident (quantities of

pronellant snilled and location of the accident), the program calculates the

temperature, hunyancy, and composition of the fireball at 1ift-off.

An instantaneous cloud rise model that has been adanted ic rocket launches
is incorporated into HARY to determine the stahlization heiaht and rise time
far the buoyant clond that has resultad from the combustion. The results of
these calculations determine the initizl conditions for the nexi phase of the

computatinn., These conditions are very important becaiuse they fix the reqion
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in the atmnsnhere wheroe Adisnersinn hegins and, hased 2n the local conditions,

Y. o

will Jdetormine the trancpart process,
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The dispersion of the stabilized cloud is determined by dividing the
atmosphere into sectionsthat comply with rawinsonde measurements made at
prescrihed times to qive the wind direction and sneed and temperature profile

for the atmosohere. The disoersion model is derived assuming that the source

of material to be 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 height 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 ore cloud radius from the center line of the cloud is 0.1
times the maximum concentration. The cencentration variation in the vertical
direction is ‘miform in each laver hut Gaussion,layer by layer,cver the height
aof the cloud.

The mixing and expansion of the cloud,as the material moves downwind are
calculated, hased on the standard deviatibn 0f the vertical and horizontal
wind direction over a 10-minute time interval. Standard, tested correlations

are available to determine the degree of mixing that results and are given in
the renort in Appendix B.

The computer proagram that calculates the concentration and dosage (time-
integrated concentration) uses a rectanquler coordinate system with the origin
at qround level under the cloud center at the time of stahilization with the x
a<is directed along the mean wind velocity vector and the y axis orthogonal to
the wind vector, A1l points on the ground are then related back to the point

of the accident and expressed in a pnlar coordinate system through a
conrdinate transformation.

The calculation routine in the model also accounts for the consumotinn of
chemical snecies and the qeneratinn of others nsing the reaction rate data
presented earlier. Standard quantitive paru..icis sus ilteracion of the

constituents by precipitation are also included.

Sectinn 5 of the HARM renort (Apnendix B) qives complete execution and
Aata oreparation instructions for the HARM comnuter orogram, It also
descrihes the format availahle to plot the meteorological data and the outnut
~oncentrition and dosage data. Format information for the input rawinsnnde
data is also described,
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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 dimethylhydrazine 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.
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2.0 COMPILATION OF EXISTING ATMOSPHERIC REACTION DATA

2.1 Hydrazine-Air Reaction

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, 05, or NO, 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 hydrazines by molecular oxygen becomes the major atmospheric
reaction pathway.

The nominal concentrations of these reactive species in the clean
lower troposphere is 1 x 108 molecule cm-3 nydroxide radical, 40 ppb
ozonel, and between 10 and 50 ppb NOx (N0, 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 —=Hy0 + NoH3 (1)

ky = 6.1 + 1.0 x 10-11 cm3 motecute~! sec-!
(9.0 x 10% ppm~1 min-1)




and the rate constant ky js relatively independent of temperature
between 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~!
sec-l at 240¢C (0.2 ppm’1 min‘l) with an activation energy of 3.5
to 5 kilocalories per mole. Hydrogen peroxide (HZOZ) was the major
product in this oxidation reaction, and nitrous oxide (Nzo) was a minor
product. The remaining gas-phase decomposition products were postulated
to be nitrogen, water vapor, and hydrogen gas. The tropospheric
half-1ife for ppm concentration of hydrazine vapor were estimated by
Tuazon tn 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 NO, 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 measureaole rates, but did react significantly with
NO,. The rate constant for the dark reaction between NO, and
hydrazine reported by Tuazon was approximately 2.5 x 10-19 cn3
molecule-! sec-l (3.7 x 10-4 ppm'1 min'l). The reaction of

NOZ with NoH, resulted in the formation of high yields of nitrous
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acid (HONO), hydrazinium nitrate, diazine (in excess hydrazine only), and
traces of N,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, al1.2 has suggested that under most conditions,
reaction with ozone 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.

Stoned has reported that the main oxidation reaction of hydrazine
by molecular oxygen is expressed by equation 2:

N2H4 + 02 “‘)Nz + 2H20 (2)

In addition to the main reaction which produces nitrogen and water vapor,
there are side reactions which produce ammonia and are largely
heterogenecis 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
cm?) to two and a half hours for a specially constructed 44 x 2 -cm

cell (surface area = 300 cm?). 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
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half-1ife 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 S-liter flask and 44 x 2 - cm cell was 0.3 cm~! and 2 cm-l
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
NO, concentration were negligible. The study was conducted in a 3800
Jiter chamber fabricated from 50 micron (2-m1) thick Teflon sheeting.
The calculated surface-to-volume ratio of this chamber was ca. 0.06
cm'l, a factor of five lower than the reaction vessels used by Stone.
The reported half-life for hydrazine decay at 229C and 12% relative
humidity was 10.8 hours, and at 55% relative humidity was 4.9 hours.
Ammonia 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 1076 em1 s taken,5 is unknown at present but will most likely
approximate those values performed in the larger reaction chambers.

2.2 Unsymmetrical 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 unsymmetrical 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.




The rate constant for the reaction between hydroxide radical and
UDMH was estimated by Tuazon et. al.l to be approximately 5 x 10-11
3 motecule~! sec! (7.4 x 10 ppm'l min'l). The rate
constant was assumed to be second order and relatively temperature
independent between 300 and 425%. The half-life for UDMH decay by
atmospheric hydroxide radical was estimated to be approximately 3 hours,

cm

but 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® to be a factor of 10 shorter than that of
unsubstituted hydrazine. This would place the window for ppm UDMH decay
by atmospheric nzone between 1 minute during ozone pollution episodes to
.2 hr (12 minutes) in clean atmospheres. The overall apparent rate
constant for UDMH + 03 preaction therefore must be greater than 1074°
cm3 molecule-! sec-l (1.5 ppm-1 min-1). In these reactions,
Nitrosodimethylamine (NDMA, a known carcinogen) was formed in high yields
(AO%) and the observed 03/UDMH stoichiometry was 1.5/1. Tuazon! also
performed studies on atmospheric destruction mechanisms for the NDMA
formed from tne UDMH/ozone reaction. He determined that the major
atmospheric sink for NDMA 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 NOZ produced tetramethyitetrazine
(TMT) as the major organic reaction product and displayed an apparent
second-order rate constant of 2 x 10-17 cm3 molecule-! sec-! (.03
ppm=1 mir-1), with a half-1ife of about 5 minutes. Nitrous acid
(HONG) was also a product in the UDMH/N02 reaction. In these three
cases for low-level UUDMH decay by atmospheric species, the oxidation by
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o2one 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 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 12-13 ppm UDMH in "dry" air of 341+384 hours in a 6400 liter
environmental chamber and 341464 hours in a 3800 liter chamber. When the
air was humidified to 50% R.H., this half-life was decreased to 70.949.6
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
Loper3 proceeds according to Equation 3.

SUDMH + 20, - =>2FDH  + 4H,0 + N, (3)




Thus the major product in the air oxidation of UDMH is formaldehyde
dimethylhydrazone (FOH) and it is produced in a reaction stoichiometry of
1 mole FDH formed per 1.5 mole UDMH reacted. Other minor products in the
UDMH air reaction include ammonia (NH;), dimethylamine, NDMA,
diazomethane, nitrous oxide, methane, carbon dioxide, formaldehyde,
formaldehyde monomethyl hydrazone (FMH) and TMT.

2.3 Nitrogen Dioxide-Air Reactions

Nitrogen dioxide (NO,) 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
AngelesB; and (2) it reacts with atmospheric water vapor to produce
hoth vapor phase and condensed-phase nitric acid. These atmospheric
reactions of nitrogen dioxide and the implications for dispersion

modeling of released NO, 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 tropospheree'lg.
The nzone produced by the photolysis reaction can react with nitric oxide
to reform the nitrogen dioxide, with nitrogen dioxide to form symmetrical

nitrogen trioxide (NO3), or with hydrocarbon pollutants in the
atmnsphere to produce oxidized carbon species.

in generai, photochemical reactions producing tropospheric (or
stratospheric) ozone as well as the transient nitrogen trioxide species

and dinitrogen pentoxide (N,0c) has been extensively studied by
atmospheric and meteorological scientistsll»12,15,

The major photolysis reactions of N0, can be expressed by the
following series of equations.
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NO, + 4% () 43008) -> NO + 0(3P) (4)

0(32) + 0, + 4> 03 + M (5)
or 07+ NO—>NO» + 0p (6)
03 + N0p-—=-NO3 + 0 (7)
NO3 + NOp + M -—> NpOg + 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 (N,0g) is formed through the transitory
and unstable nitrogen trioxide molecule (NO5). The equilibrium
compasition of the final mixture and the kinetics are complex since the
reactinon mechanisms are competitive for the reactiv. c.une molecule. The
reaction rates for each of the individual reaztions have been elucidated
and are described as follows.

The photolysis of nitrogen dioxide (Eq. 4) is the preliminary step
in the production of photochemical smog. This reaction provides both
nitric oxide and photochemically excited triplet oxvgen atom (039).

This process was observed to have a quantum yield of 1.0 (one excited
aoxygen atom produced per photon absorbed) when irradiated with sunlight
nf wavelength /95 - 398 nml?. The first-order rate constant was
determined to be 0.43 min-! under ambient conditions8. The actual
nhotolytic xinetic rate constant, k4’ however, was determined by

Sickles et. al.19 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
¥4 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. .?5 (clear day) and .14 (cloudy
4ay) at early morning hours and late afternoon hours, respectively.
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The highly reactive triplet P-oxygen formed in air collides with

oxygen molecules forming ozone by Equation (5). 1In 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 Garvini?

reports a third order rate constant of 5.8 x 10'34 cmP mo]ecule'2

secl at 259C and for M = N,. 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 Johnston? report a
second-order rate constant for reaction (7) of 3.4 x 10-17 cm3
molecule-! sec-1 at 250C (5 x 10-2 ppm'1 min‘l). 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 wita nitric oxide and ozone

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 nitroger 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 Corcoranld. Under normal
atmospheric conditions (in which NO, gas is present at ppm levels in

poliuted urban atmospheres), the reaction with water vapor was very slow
and formation of nitric acid aerosols did not form. This observation has
heen contrasted to the atmospheric nucleation, hydration, and misting of
sulfuric acid from the reaction of sulfur dioxide with moist airB. 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

10




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 20°C. 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, at one atmosphere pressure and 25°C. Above this
concentration, mists or condensation of nitric acid were observed to
form, The overall reaction

3N0y(g) + Hy0(g) —>NO(g) + 2HNO5(aq) (9)
is favored thermodynamically at ambient conditions.

When gas-phase reactions were performed at concertrations low endugh
to prevent the formation of a two-phase system, the rate of

dissappearance of NO, was first-order with respect to nitrogen
dioxide. The overall reaction in the presence of oxygen

N0y + 2Hp0 + 0 ——> 4HNO, (10)

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

R<;02 = -k (N02)2 (”20) (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 NO, 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 S50 ppm (the

I IR

maximum level of NO, 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 NO,,

at which time the residual NO, vapor will quickly react to form
vapor-phase nitric acid.
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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 1. Atmospheric gases were ohtained 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 bulos Nos. 8 and 10 by injection of 6.0
microliters of liquid distilled water. This corresponds to 1% water vapor
under Denver barometric conditions (259C, 0.806 atmospheres). Vaporization
of the 1iquid 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 1 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 summarized below.

13
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Table I Test Matrix Atmospheric Reaction of Hypergols

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

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

2 Hydrazine 0.5%‘ 21% 0, in He 0,0.25

3 Hydrazine 0.5% 21% 0, + 1% Hy0 in He 0,0.2%

4 Hydrazine 0.5% 21% 0, + 0.05% CO, in He 0,0.25

5  Hydrazine 0.5% 21% 0, + 0.05% COp + 1% Hp0 in He 0,0.25 ]
6  UDMH 0.5% Helium 0,5,12,21,45,70
7 UDMH 0.5%  21% 0, in He 0,5,12,21,45,70
8  UDMH 0.5%  21% 0, + 1% H,0 in He 0,5,12,21,45,70
9  UDMH 0.5%  21% 0, + 0.05% CO» in He 0,5,12,21,45,70
10 UDMH 0.5%  21% 0, + 0.05% CO, + 1% H,0 in He 0,5,12,21,45,70
11 NO, 0.25% Helium 0,1,3,7,24
12 NO, 0.25% 21% 05 in He 0,1,3,7,24
13 NO, 0.25% 21% 02 + 1% Hp0 in He 0,1,3,7,24
14 N, 0.25% 21% 0, + 0.05% CO, in He 0,1,3,7,24

* 1% H,0 in Helium Corresponds to 50% Relative Humid Air at 25°C
(779F)

Test temperatures were ambient (21-239C) for amine fuel tests and
elevated (350C) for nitrogen dioxide tests.

14
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Analysis of Hydrazine Vapor Composition by the
Paradimethylaminobenzaldehyde 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 HyS04 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 H,50,,

Hydrazine Calibration Curve - O AN E

A hydrazine calibration curve was prepared by injecting kirmn qnountt of .
hydrazine stock sciution into the PDAB stock solution, allowing iie 71104
color to fully develop for 10 minutes, and readiny 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 16.0 m1 PDAB final solution into a stoppered 30 ml sample vial.

2. Inject 1.0 m1 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 ullage above the PDAB
solution contained in the vial.




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 NH
corresponded to 1 ppm N2H4).

16
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3.1.2 UDMH-Atmospheric Reactions

Gas mixtures containing 0.5X UDMH vapor (Test Nos. 6-10 in Table I) were
prepared by injecting 12.6 microliter of high purity 1, l1-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 reacticn time intervals indicated in Table 1, and the bulbs
were stored in the dark at ambient temperatures (21-23°C) between sampling
intervals. Oxygen, water vapor and UDMH reactant gas composition as well as
FDH, NDMA, and nitrogen reaction products were yuantitated using the gas
chromatographic techniques to be subsequently descritied. The gas
chromatographic analysis of hydrazine-air mixture is also included in this
sectinn,

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 1iquid into the 1-1iter 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% FOH standard was prepared
in the identical manner, using 14.6 microliters of purified formaldehyde
dimethylhydrazine to give the final desired composition. The calibration of
the vapor-phase concentration of nitrosodimethylamine (NDMA) was accomplished
by injection of a 1iquid 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

1iquid 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 l-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
100°C for 1.0 minute, temperature ramp to 250°C at 159C/min, injection
port temperature 120°C, detector base 300°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 1 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°C for 1.0
minute, temperature ramp to 1409C at 159C/min, injection port temperature
1000C, carrier gas helium at 30 ml/min, detector oven 2009C, filament
temperature 230°C. 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 Tenax GC 60/80 mesh and a thermal conductivity detector. The GC
conditions were: column 40°C for 1.0 minute, ramp to 140°C at 15°C/min,
injection port 100°C, carrier gas helium at 30 ml/mi:, detector oven 200°C
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!!, respectiveiy.

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.




Table Il Gas Chromatography Results
Atmospheric Gas Standards

Retention Detector Response
Commodity Concentration Time (min.) (Counts)
Propane 1% (int. std.) 0.316 3.01 X 10°
UDMH 0.5% 2.995 9.925 X 10°
FDH 0.5% 4.531 1.838 X 106
NDMA 0.005% 6.609 1.057 X 10°%
Water Vaporl  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 )
Ammon i a2 0.1% 0.487 4.0 x 103"
Water VaporZ  1.0% 0.737 1.85 X 105

1 yOMH Tests
2 MHydrazine Tests
* Attenuation Change on Detector X 10l

21
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3.1.3 Nitrogen Dioxide-Atmospheric . ions

Gas-phase mixtures of N0, 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 bottie filled with distilled
water (flow rate 0.5 1pm) 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 (359C) by a mechanical convection oven, The large sample bags

were required for the NO, -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 NOy 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, the
outlet (port 5) of which was connected to the NO, analyzer. Readings could
be quickly taken from all four sample bags by sequentially switching the
five-port valve. The sampling flow rate from the chemiluminescent NOx

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

3.2 Results

3.2.1 Hydrazine-Atmospheric Reactions

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

the PDAB coloriwetric method are presented in Table III. Hydrazine did not
decay in the pure helium mixture, indicating that very little

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

oxygen decayed competely within 15 minutes. The addition of 0.05% carbon

dioxide seemed to slow or inhibit the reaction. The very rapid decay of the

26
43




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.




Table II1 PDAB Colorimetric Analysis Hydrazine Atmospheric Reaction

Percent

Test Initial Gas Reaction Time Absorbance Hydrazine
No. Composition Minutes 455 nm Vapor
1 0.5% NoHy 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% NoHg + 21% 05 in He 5 0.015 0.003
15 0.010 0.002
3 0.5% NoHg + 21% 0p + 1% 8 0.005 0.002
Hy0 in He 15 0.009 0.002
4 0.5% NyHy + 21% 0, + .05% 2 0.08 0.037
€0, in He 5 0.108 0.049
15 0.001 0.002
5 0.5% NoHy + 21% 0, + 1% 5 0.004 0.002
Hy0 + 0.05% CO, 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® was well below detectable limits in the present
study. Water vapor was formed in the ratio 2 moles HZO formed per 1 mole
N2H4 reacted which is in excellent agreement with the results by Stone.




Table 1V Gas Chromatography Results Hydrazine Atmospheric Reaction

Test Initial Gas

No. Composition % Water X Oxygen X Nitrogen X Ammonia
1 0.5% NyHy in He < 0.01 0.07 0.21 £.05
2 0.5% NoH, + 21% 0y in He 0.89  21.9 1.5 .03
3 0.5% NoHy + 21% 0, + 1% 1.91  26.0 0.71 7,05
HoC in He
4 0.5% NoHy + 21% 0p + 0.05% 0.82  18.0 0.66 .08
Coz in He
5 0.5% NaHg + 21% 05 + 1% 1.96  21.6 1.45 .05

Hy0 + 0.05% €O, in He




3.2.2 UDMH-Atmospheric Reaction

Results of the unsymmetrical dimethylhydrazine 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 alsc 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 CO,-free air is very slow under the
conditions studied, exhibiting a reaction half-1ife of approximately 257
hours. When the UDMH-oxgen mixture is humidified with 1% Hy0, the decay of
UDMH §s accelerated, with a reaction half-1ife of 24 hours and a concomitant
increase in both FOH 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.




Table V

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

Reaction
Time
(hr) % UDMH % FOH % NDMA % 07 % 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 ~-- . -an
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-1
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 % 0, % N> % 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 - .e- ---
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
half-life 257 hr

hr-1




Table VII

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

(Test No. 8)

Reaction

Time

(hr) % UDMH % FDH % NOMA % 02 % No % Ho0

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 n.28 0.122 G.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-1ife 24 hr

35
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Table VIII

Gas Chromatographic Analysis
UDMH + 21X Oxygen + 0.05% Carvon Dioxide
in Helium Reaction
(Test No. 9)

w8

: Reaction
3 Time
(hr) % UOMH % FOH % NDMA % 0p % Np % Ho0
0 0.50 --- --- 21.95 0.135 ---
2.8 0.50 0.002 <0.0001 --- --- .-
¢ 10.5 0.51 0.004 0.0002 --- -—- --=
i 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

haif-1ife 990 hr
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Table IX

Gas Chromatographic Analysis JDMH + 21% Oxygen + 1% Water Vapor
+ 0.05% Carbon Dioxide in Helium Reaction
(Test No. 10)

Reaction
Time
(hr) % UODMH % FDH % NDMA % 07 % N2 % Ho0
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 -——- —e- ---
21.4 N0.39 0.103 0.0004 21.3 0.22 1.19
45.1 0.26 0.125 0.0006 20.4 0.24 1.14
9.3 0.17 Nn.172 0.0005 21.1 0.55 1.02
€irst order kinetic fit: Correlation 0.991
slope -.0066
K 0.0152 hr-1
half-1ife 46 hr




In the 0.5% UDMH reaction with 21% oxygen, 1% water vapor, and 0.05%
carbon dioxide (Test No. 10) 0.49 moles of FDH 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 FDOH 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 NO_ concentrations of Test Nos. 11 through 14 as a function of
reaction time at 350C are recorded in Table X. The decrease in NOZ
concentration as a function of time is pictured in Figure 7 and is most likely
atiributed 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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5
g Table X Nitrogen Dioxide - Atmospheric Reaction Analysis
] !
? Test Initial Gas Reaction Time  NO, NO
] No. Composition (Hours) Percent ppm
11 0.25% N0, in He 1 0.22 113
A ' 3 0.20 118
X 7 0.20 138 ,
24 0.08 100 4
) 12 0.25% NO, + 21% 05 in He 1 0.22 107
3 0.20 105
7 0.17 42
24 0.04 8
o 13 0.25% NO, + 21% 0) + 1% 1 0.25 115
% Ho0 in He 3 0.22 95
S 7 0.18 45
'i 24 0.02 5
14 0.25% NO, + 21% 0, + 0.05% 1 0.23 107
€O, 1n He 3 0.20 90 |
7 0.14 29
24 .- 7

.

4

2

.,

'J
40
57

;
:n‘
$
Y
N
:

- . - ———y = " ekt |
Lo e oy e R e T T T w—— -



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

Tet [UDMH]O Initial propellant concentration at t=0.

[pDMH]

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

Propellant concentration at later time t.

-d[UDMH]/dt = k[UDMH) K = 1st order reaction rate constant

-d[UDMH] = k[UDMH)dt

UOMH

- [ d{UDMH]}/[UBMH] = k [ dt

UOMH, 0

Upon Intergration:
-In([UDMH}/[UDMHN]o) = In([UDMH)o/[UDMH]) = kt
log([UDMH]o/[UDMH])) = (k/2.303 )t

log[UDMH] = [-kt/2.303] + log[UDMH],

58




Therefore a plot of the log of the UDMH concentration versus time will give a
slope of - k/2.303.

The rate constant can also be determined by reaction half-1ife which is

the time required for the reactant species (UDMH) to decrease to half its
intial value.

For a first order reaciion, the half-life (t1/2) {s defined
at t=1t. c=1/2[UDMH)o

then:
log([UDMH]olo.S{UDMH]o) = (k/2.303): 2

iz = 0.693/k

Figure 8 shows a plot of the log of UDMH concentration vs reaction time for
thrae conditions (pure helium, 21% oxygen + 1% water vapor, and 21X oxygen +
1% water vapor + 0.05% carbon dioxide). It is interesting to note that the
oxidation reaction fs retarded in the presence of carbon dioxide. In this
latter case, a rate constant of 0.0152 hr'l, with a reaction half-1ife of 46

hours is reported (as compared to a half 1ife of 24 nours 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
s formed. In addition, 0.003 mole of NDMA is formed from every mole UDMH
oxidized, under the conditions studied in our tests.




Figure 8. Atmospheric Reaction Rates of UDMH

o 0.5% UDMH IN He
o 0.5%UMOH - 1% H,0+21% 0, IN He
A 0.5%UMDH 1% H,0-21% 0, 0.05% CO, IN He
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4.0 Condensation of Fireball Components

Since the combustion products in the fireball are coolec 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 preﬁéure 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

?) 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 N204 or
N2H4. 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 vaor mixture because it has a lower vapor pressure at
ambient temperature than UDMH, and {is therefore more 1ikely 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(OK) = (HFB + HmrNau)/(CPFNF + cP lilNlir) (1?)




R T . LA v O RN W PP AT . T Sy TR L A AR e N T D R 3

~ ~

[l g W¥ S PLY %3

s Y YIGED WSS S A LT e S N T HEERTY s s T Y

where:

T (%) = Temperature of fireball in degrees Kelvin

Heg = Total heat content of original fireball in calories
(13)  Hyy, = 6.76T + 1/2 (0.606x10~3)T2 2044 + 1/3 (0.13x10°6)T3

where T is in degrees Kelvin

(14) Ner = (PV/RT)X1000 P = atmospheric pressure in atm
V = volume of air entraised in m3
R = 0.0821 m3atm/kg7]%K
T = atmospheric temperature, %K

(15) Crr = ENu% Cpn Coe= Average heat capacity of fireball

! N5 mole percent of component n

Cer heat capacity of component n

16) - Vy= f fireball at 1iftoff (m)
(16) N, = (PV/RT1)X1000 1= Volume of fireball a off (m
T= Temperature of fireball at
liftoff %
(17)  Cp . =6.76 + (0.606x1073)T + (0.13x1076)72 €3l/77 %,

31T here 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 NoHg:

Pvi (mm Hg) = log '[-6.508 - (853.88/T °K)) + 0.0479T (°K) -4.989X10°T*(°K?)]  (18)

where Pvl = vapor pressure of pure NyH, in mmHg

T(9K) = Firebal) temperature as per eq. 12




Vapor Pressure Equation for N,0,:

Pv2 = log™'[9.824 - 2332/T(°K) -84587/T*(°K?)] (19)
where Pvz = Vapor pressure of pure N,04 in mmHg
T(%X) = Fireball temperature as per eq. 12
Partial pressure for ejther component:

Pi = [N/(Ni + Nu)]XP (20)

where:  p, = partial 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 vaoor 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. 1f 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.




Excess Oxidizer Case: O/F = 5.1

Data: Fireball radius at ground zero = 35.351m

compositionl: CO = 0.020 mole % Ny = 0.1387 mole %
co, =o0.,027 " OH =0.022 "
Hy =0.025 " 0, =0.081 "
H0 =0.144 N0, = 0.565 *
N =0.005 " H = 0.012

Cloud radius at stabilization? 650 m

Total heat content (Heg) = 1.40 x 1010 calories!
Initial temperature of fireball = 8109k}

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

S. Prince. Atmospheric Dispersion of Hypergolic Liquid Rocket Fuels,
Phase I: Source Characterization, Final Report 30 September 1982.

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 = 4/37 (35.35m)3
V = 185.05 x 103m3

Fromeq- 18 = (18tm - 185.05X10°m"/(0.0821 - 810°K)]X1000 = 2.78X10° %

From eq. 13,  M,,. = 6.76(298) + 1/2 (0.606x10"3)(298)% + :
1/3 (0.13x1(,'5) (298)° -2044 = -1.466 cal/g 7] '\

From eq. 15, = CPF = 9.8 C37/972°K

From eq. 17,  C, = 6.76 + (0.606X1073)(298) + (0.13x10-6)(298)2
*T 2 6.95 cal/q 7%

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) = [1.4X10"° + (-1.466 N..)]/(9.8X2.78X10° + 8.95N...]
Pvi = log™'(9.824 - 2332/T(°K) - 84567/T(°K?))

The equation for partial pressure as a function of the number of moles air
entrained, using equatfon 20, is:

(22) Prnos = [(0.585X2.78X10%/((0.565X2.78x10°) + 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 between the two pressures. For this particular situation there will
be no N,04 condensing out of the cloud.
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R Excess Fuel Case:  0/F = .204

: Data:  Fireball radius at grcund zero = 34.4m!

_g Composition(1): O = 0.037 mole X NO = 0.007 mole ¥
e 0, =0.031 " N =0.193 *
H» =0.035 " OH =0,032 "
s - H =0.017 " 0, =0.057 "
‘ Hy0 = 0.203 "  UDMH = 0.134 *
L\

~!.f NoH, =0.254 o

" Heg = 2.304 x 1010cat(1)

i Temp of Fireball = 1046%(1)

RES Assume ambient temp = 20°C & 1 atm pressure.

Cloud radius at stabilization = 736 m

.j Calculations:

5e Volume of Fireball at ground zero = 4/37r (34.4m)3

o = 1.705 x 105m3

o

From eq 16 Ne = [(1atmX 1.705X10°m?)/(0.0821X1046°K)] <1000 = 1.99X10° moles
'5-, From eq 13 Hav = -1.466 cal/gN

-

: From eq 15 Cer = 7.97 cal/gN°K

i From eq 17 Cr o« = 6.95 cal/gN°K

~

[

b1 Now, using equations 12, 18, 20

'.‘. and T(°K) = (2.304X10'° - 1.466XN,:.)/(7.97X1.99X10° + 6.95XNa.)
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Prr = 10g™'[-6.506 - 853.88/T(°K) + 0.0478T(°K) - 4.989X10°T*(°K?)] (29)

Prar = [(0.254x1.49X10°)/(0.254X1.49X10° + N,.)] X760 (mm Hg) ()

See figure 10 for a graph of equations 23 and 24. Equation 23 is only valid
for temperatures below 700°R, which 1s the boiling point of NoHg. From
this graph it is evident that condensation will not occur in this case

either, There is about three orders of magnitude difference hetween the two
pressires.




5.0 CONCLUSIONS

Atmospheric reaction rate data for reactive fireball spec’es to be
fncorporated 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 1

il

R SRRy — RO

Concentration Major
Fireball in Meteorological Rate Half- Reaction %
Species Atmosphere Condition Constant Life Products Yield
0 Hydrazine 0-1 ppm dry or humid air 0;2 gpm°1 2 hr* H202 NA
‘r:'o min-
Hydrazine Above 1 ppm dry air 0.064 hr-1 10.8 hr  Np,Hp0 100
Hydrazine Above 1 ppm humid air 0.141 hr-1 4.9 hr  N2,H20 100
UDMH 0-1 ppm dry or humid air 0;15 ppm-1 0.2 hr*  NDMA 60
- min-
v UDMH Above 1 ppm dry air 0.0007 hr=l 990 hr  FOH** 67
UDMH Above 1 ppm humid afr 0.015 hr-1 46 hr FDH* 67
NO, 10 ppm humid air 5.5X10412 5 hr HNO3(g) 100
mole~ 3e§'1
NO, 50 ppm humid air 5.5x104 0.2 hr  HNO3(g) 100
mole- 3e5'1
NO» Above 50 ppm  humid air 5.5X19% <0.2 hr  HNO3(1) 100
mole-2sec-
NO» A1l Conc. dry air NO REACTION

*  (Clean, Unpolluted Atmosphere

** NDMA Formed in 0.2% Yield (.002 Moles NDMA Found Per 1 Mole UDMH Reucted)
NO = Not Available

RPROEE, RS Aarciat e chre  CFEU

=it R

nras

54
71

REL N ] L it

Lo

PO O S SR ST AR S B e Aid AS b owat AT A Mk ale ot sl o iie




6.0 REFERENCES

1)

2)

3)

4)

10)

11)

12)

E. C. Tuazon, W. P. Carter, R. V. Brown, R. Atkinson, A. M. Winer, and J.
N. Pitts, Jr. Atmospheric Reaction Mechanisms of Amine Fuel, Statewide
Air Pollution Résearch Center University of California. Final Report

March 1982 ESL-TR-82-17.

J. N. Pitts, Jr., E. C., Tuazon, W, P, Carter, A. M. Winer, G. W. Harris,
R. Atkinson, and R, A. Graham. Atmospheric Chemistry of Hydrazines: Gas
Phase Kinetics and Mechanistic Studies Statewide Air Pollution Research
Center University of California. Final Report August 1980. ESL-TR-80-39.

G. L. Loper. Gas Phase Kinetic Study Air Oxidation of UDMH. Paper No. 12
in "Proceedings of the Conference on Environmental Chemistry of Hydrazine
Fuels, Tyndall AFB, 13 September 1977" CEEDO-TR-78-14.

D. A. Stone, The Vapor Phase Autoxidation of Unsymmetrical
Dimethylhyradazine and 50 Percent Unsymmetrical Dimethylhydrazine - 50 -

Percent Hydrazine Mixtures. Air Force Engineering and Services
[Caboratory, April 1980 ESL-TR-80-21.

D. A, Stone, The Autoxidation of Hydrazine Vapor. Civil and
Environmental Engineering Development Office, January 1978.
CEEDO-TR-78-17.

E. C. Tuazon, W. P, Carter, A. M, Winer and J. N. Pitts, Jr. Reactions of
gxgrazipes with 0zone Under Simulated Atmospheric Conditions.
nvironmental Science Technology, V 15, No. 7, July 1981.

D. 1. Maclean and H. G. Wagner. The Structure of the Reaction Zones of
Ammonia - Oxygen and Hydrazone - Decomposition Flames. Eleventh
International Symposium on Combustion 196/ p. 8/1.

Nitrogen Oxidies: Committee on Medical and Biologic Effects of
Environmental Pollutants. Division of Medical Sciences Assembly of Life
Science. National Research Council. National Academy of Sciences.
Washington D.C, 1977.

R. A. Graham and H. S. Johnston. Kinetics of the Gas-Phase Reaction
Between Ozone and Nitrogen Dioxide. J. Chem. Phys. V 60, No. 11, June
1977,

R. €. Huie and J. T. Herron. The Rate Constant for the Reaction 03 +

NO, 0o _+ Noa Over the Temperature Range 259-3629K. Chem.
Physics Letter V. 0. 3, Augus .

M. Ackerman NO, NO» and HNQ3 Below 35 km in the Atmosphere. J.
Atmospheric Sciences V. eptember 1375.

0. Garvin and R. F. Hampson. Atmospherical Modeling and the Chemical Data

Problem. AJAA/AMS International Conference on the tnvironmental Impact

of ﬁeqospace Operation in the High Atmosphere. AIAA Paper No. 73-500.
June 1973.




13)

14)

15)

16)

17)

18)

19)

20)

Y. Kameoka and R. L. Pigford. Absorption of Nitrogen Dioxide into Water,
Sulfuric Acid, Sodium Hydroxide, ang ATkaline §od§um Sulfite Aqueous

No. 4, 1973.

Solutions. Ind. Eng. Chem, Fundam, V. 16, No. 1, (977.

C. England and W. H, Corcoran, Kinetics and Mechanism of the Gas-Phase
Reaction of Water Vapor and Nitrogen Dioxide. Ind. tng. Chem, Fundam. V.
00 » L]

D. P. Chock and S, Kumar. On The Photostationary State Assumption in the
Atmospheric Nitric Oxide Nitrogen Dioxide-Ozone System. Atmospheric
tnvironment V. 13 no. 13, 19/9,

M. A. Mathur and H, H, Sisler. Oxidation of 1,1 - Dimethylhyrazine by
Oxygen. Inorg. Chem. V. 20 No. Z, I98I.

T. G. Slanger, B. J. Wood, and G. Black. Investiqation of the Rate
Coefficient for O(3P) + NO» 0o + NO*. Int, J. Chem. Kenet. V. 5

M.A.A. Clyne and H. W. Cruse. Atomic Resonance Fluorescence Spectrometr
for Rate Constrants of Rapid Bimolecular Reactiuns, Part T. Reactions 0
+N0> C CLNO, BR + CLﬁg J. Ch

D> CL + CL em, Soc. Faraday Trans. 2 V. 68 No. 8,

1972.

S. B. Dalgaard and M, 0. Sanford. Review of the HEdrazineZOxxgen
Reaction Kinetics Paper No. 15. The International Corrosion Form

dponsored by the National Association of Corrosion Engineers. April 1981.

J. E. Sickles, L. A. Rupperton, W. C. Eaton, and R. S. White. Nitrogen
Dioxide Photolx;jcs Radiometric, and Metherological Field Data. Research
Triangle Institute. Final Report, March 1978.

56




g L PV % 4

Pl " &

. »

;
|
N
"
’
’
!.
"
y
b
i
)
)
)
)'
J

APPENDIX R

USER'S MANUAL FNR THE HYPERGOLIC ACCIDENT RFLFASE
MODEL (HARM) COMPHTER PROGRAM

THE REPORT CONTAINEN WITHIN THIS APPENDIX
IS RFPROMICEN AS ORTGINALLY PRFPARFN AND
SUBMITTEN RY THE ANTHARS,



TABLE OF CONTENTS

Section Title Page
: 1 INTRODUCTION 1
1]

1.1 Background 1

1.2 Purpose 1

1.3 Organization of the Manual 2

2 OVERVIEW OF THE HARM COMPUTER PROGRAM 3

2.1 Components of the HARM Computer Program 4

Y 2.2 Accident Scenarios and Source Parameters 8
e 2,3 Meteorological Input Parameter Requirements 9
fﬁ 2.4 Basis of the HARM Computer Program 11
t 3 HARM SOURCE, CLOUD RISE AND METEOROLOGICAL ALGORITHMS 13
; 3.1 Source Characteristic Algorithms 13
b5 3.2 Cloud Rise and Associated Algorithms 24
A 3.3 Turbulence Profile Algorithm 31
4 HARM DISPERSION MODELS 37

4.1 Dosage and Concentration Models 37

4.2 Precipitation Scavenging Model 41

5 HARM COMPUTER PROGRAM OPERATION 47

5.1 General HARM Operating Instructions 47

5.2 Plot Forms Ceneration 81

5.3 Description of Meteorological Data Formats 82

REFERENCES 87

Appendix

A £XAMPLE HARM PROGRAM CALCULATIONS A-1

A.l Accident Scenarios A-1

A.2 Meteorological Data A=2

A.3 Results of the HARM Calculations A-2

= A o] WA R R

v
.
Al




3

o8

-

i) )

A4
b

b

he oL

Al
v

2P

2

by

RSl [=EEt Aol S AALARS

v

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 11 safety engineering program.
The Hypergolic Accidental Release Model (HARM) i8 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 Il 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 hypergolic
propellants. The purpose of this report is to provide documentation of the

following:
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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 overview of the major components of the HARM code, the
accident scenarios the code 1s designed to accommodate, &nd the meteoro-
logical and source model input parameters required to operate the program.
The slgorithms 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 fmplemented 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.




 SECTION 2
OVERVIEW OF THE HARM COMPUTER PROGRAM

The catastrophic hypergolic reaction of Titan II 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 | km. The cloud may contain toxic components of unreacted
propellants (hydrazine, unsymmetrical dimethythydrazine, or UDMH, 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 calculaticns
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:

1 Planning hazard-safety programs for catastrophic hypergolic

accidents involving Titen 11 propellants

[ Real-time support of hazard-safety operations involving

Titan II propellants

° Post-accident environmental analyses of hypergolic accidents

involving Titan I1 propellants




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 18 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 tempefature, atmospheric pressure and dew point or relative
humidity between the earth's surface and 3000 m. This information is
obtained primarily from rawinsonde measurements made at selected upper-air
stations by the National Oceanic and Atmospheric Administration (NOAA) and
by meteorological stations at selected USAF air bases. Rawinsonde 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 8 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 ravinsonde 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 {: 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:

. Above-ground slow leak
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FIGURE 2-1. Schematic diagram L1llustrating major components of the HARM
Computer Program.
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. Above-ground major spill (nearly-instantaneous detonation)

° In-silo accident with the silo door closed and either a slow
leak ultimately resulting in a hypergolic reaction or an

instantaneous hypergolic reaction

' 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 ¢+ iosion 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 dimensions of the fireball created by the hypergolic
reaction and the heat of the rcaction 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 material in the cloud {s
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

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

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

projection of the stabilized cloud. The operator and/or weather forecaster

then have the option o! modifying the default values selected and calculated
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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 che dosage/concentration option was selected,
the print output includes peak concentration at l-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 1s selected, peak centerline maximum possible or time-dependent
peak centerline deposition ig 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
exauple 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 (operatinnal, research and production). The operational mode is
designed for assisting tto Missile Potential Hazard Tram in evaluating
hazards and automatically selects many of the required input parameters,
although the program user is provided an opportunity to wodify the selected
default valurs. 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 mulriple rawinsonde soundings
which are read from a tave or disc flle. While the production mode can be

run Interactively from a CRT terminal, the primary purpose of the production
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mode is to facilitate batch processing of multiple cases without operator
attention.

1t 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.
Materizl from these ground-level sources may be emitted continuously over a
perfod of hours. The HARM computer program does not consider the environ-

mental impact of these sources.

2.2 ACCIDENT SCENARIOS AND SOURCE PARANMETERS

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 involvad in the accident is described in Section 3.1. In those
accidents that involve stoichiometric quantities of fuel and oxidizer (no
excess fuel or oxidizer), .here is of course no excesc fuel or oxidizer
available for downwind transport in the chemical cloud produced by the
accident. In those accidents where the hypergolic reaction is nearly-
instantaneous (regardless of whether the accident is an above-ground major
spill, in~silo accident with the silo-dcor closed or open, or stage ejection),
there 18 never any excess hydrazi~e avafilable f(r downwind transport.
Finally, all the accidents are assumed to c¢zcur at ambient atmospheric
pressure except those that occur in tre silo with the door closed, where
the pressure is assumed to b. 12.0 atmospheres. Based on these assumptions,
the HARM model computer program treats accldents 1nroiving an above-ground
slow leak and an in-s1lo slow leak with the silo door open in the same

manner, since both are #ssumed tn occur at a piessure of 1 atmosphere.
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Similarly, the program treats above ground major spills and the instan-
taneous hypergolic reaction occurzing in the silo with the silo dour open

in the sam2 manner.

The stage ejection accident scenario used in the computer program
assumes that an instantaneous explosion occurs in the silo and an expiosion
of the second stage of the Titan II occurs 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. 1f 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 nf 1 atmosphere. Both reactions occur at a pressure of 1 atmospnere
if the silo dvor 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 desigrated detonation height. The amount of material in
each atmospheric layer from both sources is calculated using an algorithm

defined in Section 3 and then summed during the dispersjion calculations.

2.3 METEOROLOGICAL INPUT PARAMETFR REQUIREMENTS

As noted above, the primary meteorological input to the HARM
corputer program 1. i{n the form of rawinsonde observations. Each level of
f.formation {standard, mandatory a... significant levels) in the rawinsonde
datu stream (ith observation level in the model descriptions in Section 3
and 4) is used to obtain wind and temperature profiles. The HARM code is
curcently designed to perform dispersion calculations in two najor, meteoro-
logiei 1ly~dr tined, layers. The base of the lower layer (l=1); is assumed to

be at tne earth's surface and the top uf the layer is assumed to be located
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at the base of an elevated inversion (top of the surface mixing layer).

The buundaries of the upper layer (L=2) are set by the operator. If the
concentration/dosage of the materlal assumed to be trapped in the elevated
inversion is ot interest, for example, the operator would set the lower
boundary of the second laver equal to the top of the first layer and the
top of the second tayer to the heignt of the top of the elevatec inversion,
The boundaries of the two major layers must coincide with a height or ievel
reported in the rawinsonde message. If the user designates a boundary of a

major layer other than a Kth height, the program autcmaticzally 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. 1In the
absence of user input of the layer boundaries, the program automatically
sets the top of the lower layer equal to the Kth rawinsonde observation
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 twicc the stabilization height to represent
the depth of the mixing layer tends to maximize the calculated ground-level

vapor concentrations.

In general, program ugers should select tha2 height of the bace of

an elevated inversion to represent tle top o the lower (L=1) jayer,

10
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Because the top of the lower layer is defined in the program as an upper
tound to turbulent mixing, the usger should select a height above which the
tenperature either increases or remains constant for at least 50 to 100 m.
Becrugse the primary purpoce 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 ard 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 atmosphere. These factors
were considcred in the development of the REEDM computer piogram and have

“cen incorporated in the HARM models. We also note that NASA, and par-

ti~ularly Langpley Research Center, has conducted sampling measurement
programs using ground-based and aircratt sampling equipment 1a conjunction
L
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with normal launches of Titan and Space Shuttle launches over the past
decade. These measurements (Gregory, 55_31.. 1974a, 1974b; 1976: Woods,
et al., 1979; Wornom, et al., 1979; Sebacher, et al., 1980 and others) have
been uged to verify and improve the performance of the REEDM computer

program predictions of dosage and concentration. In general the predicted

concentrations have been within a1 factor of two of the measured concentra-
tions and the models tend to overpredict ground-level coancentrations,

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 fcllowing reasons:

. REEDM has proven successful in predicting concentrations

downwind from the release of large thermally buoyant clouds

' REEDM contains the requisite algorithms for calculating
cloud-rise, material distribucions and other source charac- 1

teristics of large thermally buoyant clouds !

. REEDM contains the requisite dispersion algorithms for
treating the downwind transport and dispersion of clouds

with inictially large horizoucal and vertical dimensions

' REEDM uses available meteorological input information |

(rawinsonde 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 HAIM Computer Program to

{

1]
describe the source characterist?cs of hypergolic re:ctions are described i
ip detail in Section 3 and 4 below.
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SECTION 3
HARM SOURCE, CLOUD RISE AND METEOROLOGICAI. ALGGRITHMS

3.1 SOURCE CHARACTERISTIC ALGORITHMS

As mentioned above, the algorithms describing the source chagac-
teristics included fn the HARM wodel are bused 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 ratic was non-
stoichiometric, the chemical reaction was treated as a
non-equilibrium condition where the thermal cnergy of the
fireball was reduced by that energy required to heat and

vaporize the excess propellant

13
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° Tue 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 Cowmposition 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 accompiished by Martin Marietta Aerospace
using a computer program for the calculation of complex chemical equilibrium
compogition (NASA SP-273). The program reiteratively solves equations that .
ninimize the Gibbs free energy of the chemical reaction products and
maintains a wass balance between the chemical reactants (hypergoiic
propellants) and chemical products (combustion products, oxidation products
and unreacted propellants). The output for stoichiometric combinations of

A-50 and NTO reacting at 1 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 radfative heat losses to the environment were not considered.
Thus the heat of reaction caused by combining A-50 with NTO at 25°C was
uged to heat the reaction products in the firebal' from 25°C to the temper-

ature at time t, or T{t}. The reaction equation is:

(8 + 8y) C g9 H5 39 Ny * 3y Nyo, — Z Ay Py +OH action (3-D
b

14
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TABLE 3-1

THERMODYNAMIC PROPERTIES AND MOLE FRACTIONS FOR STOICHIOMETRIC MIXING
OF A-50 AND NTO (AFTER PRINCE, 1982)

o PR ™ Y S RO | 7

Pressure (atmospheres)
Property

1 12.6

Molecular Weight 22.448 22,993

Heat Capacity c! (cal gl el 2.0417 1.4782

Mole Fraction:

co 0.06301 0.05825
& co, 0.05210 0.05965
i H 0.02952 n.01668
HNO - 0.00001
HO, 0.00001 0.00003
i H, 0.05926 0.04868
E H 0 0.34523 0.37526
‘ H,0, -~ 0.00001
! N - 0.00001
b NO 0.01260 0.01551
,4 NO, - 0.00001
' N, 0.32797 0.33462
- 0 0.01682 0.01028
OH 0.05366 0.064920
0, 0.03980 0.03182
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where

a = moles of reacted liquid hydrazine
a, = moles of reacted liquid UDMH

a, = moles of reacted liquid Nzoa

aj = moles of the product P

3

AHreaction = heat evolving from the chemical reaction

= 1.54 x 10° cal mole ! of reacting A-50

For an adiabatic process

i
*\
- B .

e T{t}

&; bH (reactants) = LY (products) + %/ﬂ c; d T' (products) (3~2)

gg 208

A where

5

E c; = low pressure heat capacity of the products (cal mole™! °x71)
- 2 3

% $ A+ BT{t} + C(T(t})” + D(T{t)})

i A, B, C, D = coefficients defined below

: .

3

r T{t} = temperature in °K at time t

Integrating Fquation (3-2) yields the expression

_— e v W e W

bH(reactants) = bHg (products) + AT{t} + (B/2)(T{t))2 (3-3)

e (/DT + @ Tien® - E
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where
E = A(298) + (B/2)(298)2 + (C/3)(298)° + (D/4)(298)" (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 1IV. 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 1ift-off from the ground T{t-tB} 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 sizec and
heat content of the cloud at 1lift-off from the ground on a mathematical
model, developed by Sandia Laboratories, that expresses the reaction time

ta in seconds for the mass of hypergolic propellant wb to mix and react to
completion as

t. = 0.6845 wb”6 (3-5)

B

TXNED Al P e e - o~ o~ = - -

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
3 W, R T{e} 1/3

, r{t! = ~ (3-6)
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where

P = ambient atmospheric pressure (Pascals)

1

R' = 8.31432 J°K~! mole™}

ﬁ; =  average molecular weight of the cloud (kg mole weight)
N (3-7)

ij = molecular weight of species j

and T(t} is the fireball temperature at time t. The final radius of the
cloud at cloud lift-off LY is obtained when t 1s equal to tB. That is,

LN r{t-tB} (3-8)

when T{t} = T{t-tB}. The value of T{t-tB} is calculated from the time
history of the fireball temperature and 1s obtained numerically by using a
fourth-order Runge-Kutta method to solve the following nonlinear differ-

ential equation:

a L AH_(reactants) - AH_(products)
de! t! 21 F F
P
(3-9)
=47 € Oy 7 €' R 2/3 1473
176 - T(eh)
1.667 W 4 P M

b W

19

94




where

t' = nondimensional time

- t/tB

€ = emissivity (set equal to 1 for black body radiation)

op = Boltzmann's constant

- 5.67x 108w 3 a3 et
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(3-10)
The total effective heat available for cloud rise, H, 1s calculated from
the expression
- _' = -
H ¢ W, T{t=tg} (3-11)
3.1.3 Propellant Decay and Decay By-Products
: Non-stoichiometric ratios of oxidizer to fuel allow excess
N propellants to remain in the cloud of reactants. Both components of the
i 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
. HAPM model assumes that the decay of material in the cloud after the time
. of cloud stabilization is of the exponential form
"
! exp [-kit] (3-12)
1
4
N 20
1
L8
»
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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 | 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

o

decreases below 1 ppm. Since the reaction products of hydrazine are the
relatively harmless species N2 and HZ’ changing to H202 when the concentra-
tion is below 1 ppm, the HARM model uses the rate coefficient 0.141 hr-1 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 | 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.1 shown in Table 3-3 will not
affect the hazard calculations for UDMH. The major products of the UDMH

reaction with eir and water vapor are NDMA and FDH at concentrations above

1 ppm. The production of these species is modeled using the expression

PK(i} - EK{i}[l - exp(-kit)] (3-13)
;;; where EK{i} is the efficiency (yleld) of the conversion from UDMH to NDMA
%éi or FDH and the value of k  equals 0.015 nel,
53 The decay of the oxidizer is of third order as shown by the units
jif (12 mole"2 s-l) given in Table 3-3. The half-life varies from legss than
i? 12 minutes for concentrations greater than 50 ppm to greater than 5 hours
};; for concentrations less than 10 ppm. Principle exposure limits for NO2 and
izj NZOA are in the range from 1 to S ppm., For use in the HARM model calcula-
"Vd tions, a first order decay coefficlent appropriate at a concentration of 1
{k{ ppri was estimated from considering the rate of couversion of N02 to HNCJ in

the chemical reaction

21
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TABLE 3-3

ATMOSPHERIC REACTION RATE CONSTANTS (PRINCE, 1983) USED IN HARM

Rate _ Major
Species Conc?nc;?tion Constant H?;g ¥:§e Reaction Yie%g)ﬁk
PP k u Products
Hydrazine 0-1 0.2 (a) 2 (b) H202 NA (e)
Hydrazine > 1 0.141 (c) 4.9 N2, HZO 100
UDMH 0-1 0.15 (a) 0.2 (b) NDMA 60
UDMH > 1 0.015 (¢) 46 FDH 67
NDMA 0.2
No, 10 5.5 x 10° (d) 5 HNO, 100
N, 50 5.5 x 10% (d) 0.2 HNO, 100
(a) Units are ppm min-l
(b) For a clean unpolluted atmosphere.
(¢) Units are hr-l.
(d) Units are £° mole “ s.'1
(e) Not available.

22




4N02 + 2H20 + O2 — loHNO3 (3-14)

The differential equation expressing the rate of conversion is:

d[N02] ) 2
—q— = ky{H01(NO,) (3-15)

where

k3 = third~order decay ~ite

= 5.5 x lOa 12 mole-? s *
and the brackets indicate the concentrat{on of the enclosed chemical
compound. Separating variables, intz2grating and solving for the time ty
required for the initial concentration of nitrngen dioxide [NOZ]0 to decay
to 1 ppm ylelds the expression

1 7 TR, 01 TNO, [T ppm] (3-16)

The equivalent first order coefficient k, required to produce the same time

1
t for the decay of NO_ to a concentration of | ppm is

2

kl - (3-17)

23
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vhere (N02]0 is expressed in ppm. Equation (3-17) {s used in the HARM

model to obtain the decay coefticient for the oxidizer.

3.2 CLOUD RISE AND ASSOCIATED ALGORITHMS

3.2.1 BARM Cloud Rise Model

The determination of the stabilized heighi 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 buovant gas or "fireball" from the hypergolic
reaction forms and 18 ready to 1lift 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 ¢, for the cloud produced by the hypergolic reaction to
reach a height z, in a stable atmosphere is given by the expression

4 4
3 r 4
& - ‘-0.5 arccos {1 - -Z_l'f (zk + -3-) -(—:) (3-18)

where tk is constrained to be less than the cloud stabilization time t* and
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8 = stability parameter

£ ¢ 2 ’
TR (3-20)

g = gravitational acceleration (9.8 m 5-2)
- %% = vertical gradient of virtual potential temperature (°F m )
hj between the surface and height z)
Eﬁ‘ Y = entrainment coefficient (0.64)
i&
A4 FI = {nitial buoyancy term
H%

4
\ 3B R, (3-21)
A AncpTo
b H = total effective hcat release (cal) obtained from the ource
) algorithm
Q-.‘
specific heat of air at constant pressure (0,24 cal g-l ox”ly

TR 7
o
©
:

T = ambient air temperature ( K) near the surface 1
i
‘ -3 \ ’
i p = amhient air densfty (g m ~) near cthe surface {
. a
v LN initial radius of the fireball (m) obtained from the source i
- algorithm ‘ ;
Fi |
:
| The cloud stabilizotion height {s deflned aw
3 .
-
I:- . ) 1 /4
: 7. o PI + 25 - ZB (31~
1 3 Y Y
' Yy
'_. 25
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According to the above formulas, the final stabilization height 2, is

related to the vertical gradient of virtual potential temperature measured
over the same height. The value of z; 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=1) above the surface

bounded by the rawinsonde observations at (k=1) and (k=2) and solving

Equation (3-22) for z; vith
¢, - ¢
-‘2—:— = 2—2—_—21 (3-23)
2 1

1f z; exceeds Zqs the iteration continues using the virtual potential
temperature from the next height Kth observation level with the vertical

gradient A¢/Az estimated from the least-squares approximation

o BEGA G
T G

Providing that 2; < 3000 @, the program finds a value of zI within an

interval (zi-l S 2; < zi). 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 210 m, the value of z.
Momentum flux 18 not congidered 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 > (). 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 ncegligible for practical purposes can be predicted using a

26
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small value of A9/Az in the stable model described above. For this reason,
the program sets A®/Az equal to 3.322 x 10'“ when the value developed from

the rawinsonde measurements indicate A®/4z is less than 3.322 x 10—4.

SRl T

o I
B

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 2z  is consistent with that used in deriving the cloud-rise model,

1
e.g.:

T u yz_ 4T (3-25)

Under these assumptions, the alongwind and crosswind dimensions of the

cloud in the Kth layer arve

2 1/2
zo
R_k = rI l - —;—7 (3"26)

1
&: where
[
.
E, z, = [z - ZII (3-27)
]
% - )
o 2 = (zgy v 2y )/2 (3-28)
LI
S(
" Zop T height of the top of the Kth layer

AR

- .
«fala’a
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Zpy ™ height of the base of the Kth layer
The HARM 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 %o and crosswind oyo source dimensions used in the cloud

erpansion formulas described in Section 4 are defined as follows:

oxo{K} = oyo{K} = RK/Z.IS (3-29)

under the assumption that the concentration at one radius from the cloud
centerline is one-tenth of the maximum concentration at the 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 1in

Section 3.1 above 1is given by the expression

F(K} = ajij[P{zTK} - P{zBK}] (3-30)
where
z
2
2.15(z~z,)
P{z} = 215 /exp--;-—-—r—l- dz (3-31)
_— 1
Y23 rI -
28
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3.2.3. Spatial Position of the Cloud at Stabilization Time

The spatial position in the plane of the horizon of the porticn
of the cloud 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 time
from Equation (3-18) required for the cloud %o rise through the tops of the
various K layers. The distance R_, and bearing 8

CK CK
portion of the cloud in the Kth layer is defined by the following

at time t* of that

expressions:

- - .2 - - .2 1/2
= . -~
RCK [xK + uK(t tp) sin GK] + [yK + UK(C* tp) cos GK]

|ye * u (-t ) sin B
eCK = (n/2) - tan 1ZK K P K

q *a a
Xy + ux(t tp) cos €

where

Fd
=<
It
)
—
!
e
~

sin(¢sK)
YT Tgep T E cosCgy)
GV = mean wind speed in the Kth layer
= lugg * ugd/2
Upg = wind speed measured at the top of the Kth layer

Upe = wind speed measured at the base of the Kth layer

t = time the cloud passes through the top z.,, of the Kth layer
obtained by setting 7 in Fquation (3-155 to Zox
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(3-32)

(3-33)

(3-34)

(3-35)

(3-36)




OK = mean wind direction in the Kth layer

= (6TK + GBK)/Z (3-37)

: eTK = wind direction measured at the top of the Kth layer
eBK = wind direction measured at the base of the Kth layer

X For the layers below the Kth layer containing the stabilization height z

I’
|
|
EK = tp Uy (3-38)
For the layer containing 21y EK and ¢sK are defined as
z_-Z,.°
- 1 “BK
£, = |u|l———]+u tx-t {2z} (3-40)
K K(FTK ZBK) BK p BK
8 -6
1 tk K
o _(.___)< . ) 26 (3=a1)
sK 2 2ok 2Rk I "BK BK
Finally, for all K layers above ZI(ZBK>ZI)'
RCK = RCK(z=zI) (3-42)

ok = Oek(FE) ‘ (3-43)




3.3 TURBULENCE PROFILE ALGORITHM

The HARM dispersion models use profiles of the standard deviations

A E
lateral and vertical cloud growth downwind from the point of cloud stabiliza-

of the azimuth wind angle ¢! and elevation angle o' as prime predictors of

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

L
AR
over a ten-minute period at the lowest height reported on the rawinsonde

azimuth angle o {10=6OOS}. assumed representative of a measurement made

observation (usually from 2 to 10 m above the surface).

3.3.1 cCalculation of the Default Value for: oAR{r°=6OOS}

The calculation method (Goldford, et al, 1977), based on the
application of similarity relationships outlined by Golder (1972), assumes

that
GV{GOOS} kA £{B}
' - = -~ -
cAR{ro 600z} = - ; RL#0 (3-44)
2 B p{R1}

- , O
;g: where
IR
!q oy < standard deviatjon of the crosswind component of the wind
;3{ U = mean wind speed at the measurement height of Oy
Vi
L . \
7 T = refercnce time for the measurement of o and ©
- o AR v
gzj {{By = function of the bulk Richardson number B

k, = Von Karman's constant = 0.4
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2 = geometric mean height of the layer of interest

(o)

z_ = roughness length (default value set to 0.2 m)

Y{Ri} = function cf the Richardson numter Ri

In the program, values of f{B} and y{Ri} are obtained from the expressions

2.7 B<~0.008
2.7+112(.008+B) s ~0.0085B<-.00175
f{B} ={3.4-725.5(.00175+B) ; -.00175sB<.008 (3-45
1.55+38.04(B+.0008) ; .0008<B<.029
2.35+5.43(B~.029) s 029<B
and
2 n [(1+£)/2] + n [(1+g)2/2] + 2ctante s n/2 5 RE <O
¢{Ri} = (3-~46
7R/ (1-7R1) ; RL >0
where
£ = (1—16Rif1/4; R1<0 (3=~47
gz 2 e
B - iz —: (3“‘46
Tu Az
A% = vertical gradient of potential temperature over the height z
Az
T

= average temperature (°K) over the height z

o

. i 1 1 4Gk, +1)
Fi =] -~ ———— ¢ 3 -+

2
IAkA/ﬁ a9kAn 7 k

i+ R1 >0 (3-49)
A

For Ri < 0, the following equation is solved by Newton's method to obtain
a value of % for use in Equation (3-46)
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5 5 —17 B (3-50)
16¢ [ln(z/zo) + 0.50864 - 2[in(1+£)] - 2n(14&") + 2tan E]
where § 1s defined by Equation (3-47).
Finally, for Ri=0, OAR{T°=6003} is calculated from the relationship
o {1°°6OOS} 48'316 Ri = 0 (3-51)

AR YA
2n<5—)
4
[o]

The program does nut permit OAR{TO‘GOOS} to be greater than 0.349 radians
(20 degrees).

3.3.3 Vertical Profiles of oA and oé

The dispersion models described in Section 4 use mean values of

S and 0% in the two major meteorological layers (L=1,2). In the case

where the user enters values of oA and oé at each k rawinsonde observation
level, the program computes height-weighted mean values {)r the Lth layer

from the expression

g (zk+l - zk) [(o'{k+l} + o'[k})/z]

5 = —2k — (3-52)
. 7 *pL I

where

o! = mean value of the standard deviation (0; or o%) in the Lth
laver ! !

“p. T top of the Lth layver
2ol T base of the Lth layer
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When values of oA and oé are not entered at each k level, the program

calculates the mean value of oA under the assumption that cA decreages 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

m
o'{z} = o {r = 6003}( ) (3-53)
A’ R

where m takes on negative values and ze is the reference height (lowest

measurement level reported on the rawinsonde message). The mean value of
oA in the L=1 layer is defined as

- z
13 TL 1+m _1+m
o 0,51, =6008} J/' ny . 9, {76008} [z "-zp )

R
2. ~2

(3-54)
i TL "R 2 (n-zR)(Hm)z

It can be shown, for reasonablie combinations of the values of m and z

1ot .
k4 ‘c.- -'

TL’
that the value of oA{L-l,to-6003} obtained from Equation (3-54) can be

approximated by the simple expression

R N R e
Tl

W

Y

PR
.
P

v
-

P

R(r -6008}

-' - - = A -
o, {L=1,1 _=600s) 5 (3-55)

A7

- .y

?‘_.'r".' B
L

s

The value of oA at the top of the L= layer can be approximated by the

expression

L3
\-»_v»"}?—]

CA Y

0 R(ro-boos}

o) {2y, (L=1),7_e6008} = —"—2—7— (3-56)

v

2] B

RJ

>

= - 22
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The assumption is also made (Cramer, et al., 1964: Osipov, 1972) that the

value of oA can be adjusted for the time t* required to form the stabilized
cloud from the relationship

0.2
a! =)= I~ ) = t* -
OA{L 1;1=c*} oA{L l,r =600s} (600) (3-57)

and

_, x\0-2
oA{zTL(L-l),to-t*} = oA{zTL(L-I),T =600s } (600) (3-58)

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 uixing layer, the program

PRRCSFIRSS

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

{ {L=1},1 -t*} + ,01745
o) (K, tet*) = ‘AL = (3-59)

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 EA in the second layer is defined by the expression

(2 rmen) = o {v 1=tk }(zTK T‘{x=1}) + .0171)-(2“'{1,-2}-:“) (3-60)
AT (|=2} - z,n{l,ul}

35 1
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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_oA 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 og is equal to the mean value of oA calculated for the layer.

" 36



SECTION 4
HARM DISPERSION MOPELS

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 approach, 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 mcdel 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 MODFLS

For convenience, the dosage and concentration formulas described
below are written with reference to a rectangular coordinate system with an
origin at the ground bencath the gpatial 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. 1In the
computer program, the origin of the polar coordi{nate system is at the point
of the accident and appropriate coordinate transformation formulas are used
to adjust for the displacement of the source cloud {n the Kth layver from

this point.
37
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The dosage, or time-integrated concentration, at any point (x, vy,
z) in the Lth layer due to a source in an internal Kth layer is given by
the expression

2
DLy T F{K} — lexp| -3 (;7—)
2v2n oyL(zTK - zBK)uL yL
Z 1[ (21(11'1.'251.)"51(”)
Y erf =
i=0 2 %L

(4-1)




. (4-1)
(Continued)

(-Zi(zTL - zBL) - 225+ oz ¢ z)]
+ erf

29,

‘W R VW 8¢

DR

! where, for convenience, 0° is set equal to unity and

F{K} = fraction of the material in the Kth layer (see Section 3.3)

bl 2

’~ 3
: y = reflection coefficients permitting the user to assume, if i
) justified, partial reflection of material at the base of
major layer boundaries (default = 1 for complete reflection)
p! oL standard deviation of the vertical distribution of material
! in the Lth layer due to the source in the Kth layer
; )
< - ' — -
< OELxrz<§ ) (4-2)
" rz
+
@
| X, = distance downwind from a vertical point source over which
the vertical cloud expansion is linear (default value
N equals 100 m in the HARM code).

B = coefficient of vertical cloud expansion (default value
equals 1,0 in the HARM code). :

Jha TR T

" effective value of oé in the Lth layer (see Section 3.3)

F

a = gtandard deviation of the crosswind distribmtion of material
in the Lth layer due to the source i{n the Kth layer

2 2
x+4x =% (1-a) \ " ae'x
AL vy iy _
WAL *ev < a X ) * 4.3 (4-3)
rv
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X = distance downwind from a virtual point source over which
the crosswind cloud expansicn is linear (default equals
100 m in the HARM code)

X = virtual distance

o (K} t/a
s x —¥———— + xty (l=a) (4=-4)

Y \%L *ry

a = coefficient of crosswind cloud expansion (default equals 1
in the HARM code)

oL - effective value of oA in the Lth layer (see Section 3.3)

Ael" = (e.rL - eBL) (n/180) (4=5)
z
- 1 -
b A (z,rL - zBL) z E (zk+1 - zk) Yk (4-6)
k-zBL

The total dosage at the receptor position (x, y, z) is calculated by

summing the contributions from all sources, i.e., D, = E D, ..
L L,k

The peak concentration, or highest concentration which occurs as

the exhoust cloud passes the point (x,y,z), 1s given by the expression

xpg = D f—— (4-7)

where

o} = standard deviatior of the alongwind distribution of material
xL
in the Lth layer due to the source in the ktn layer




2 1/2
L{x} 2
(4.3 > * oMK (4-8)

L{x} = alongwind cloud length at the distance x

r 3
0.28 au, x _
—_— AuL 20
YL
0.28]Au, |x
LY, s - -
L{x} =T/ § 3z ¢ O,AuL< 0, (4-9)
u
L
A® -
0 ; 2z BO,AuL< OJ
.
1L . _
:E: (Zhe1 = 21 (Upeq = 4y
su, = k=l (4-10)
2L T %L
The peak time-mean concentration, or highest time-mean concentra-
tion to occur as the exhaust cloud passes the point (x,y,z), is
D u T
Xp K{TA} = T—L erf — L A (4-11)
i A 2/2 oL

where
TA = time in seconds over which the concentration is averaged
(default is 10 minutes Jn the HARM code)
4.2 PRECIPITATION SCAVENGING MODEL

The weight of material from the Kth layer deposited on the ground

as a result of washout of material by rain {s given by the erpression




{
]
; 27!
2n o, u 2 \¢ L YL i
‘ yL YL y
2
N where
| |
! A = fraction of material removed per unit time
i . t; = 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

R e

(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, theoretical and field studies to determine the

scavenging coefficient A for gases have focused on sulfur dioxide (802)

— - W A

s s

because of concerns about the environmental impacts of this industrial air

pollutant. As referenced by McMahon and Dennison (1979), Chamberlain

) (1953) derived a theoretical expression relating A to the rainfall rate J for
’ SO2 given by

' As ~4 J0.53

(4-13)
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where J has units of mm per hour. Also as referenced by McMahon and
Dennison (1979), the laboratory experiments of Beilke (1979) {indicate that

A for SO2 is ;

As~ ) = 1.7 x 1074 J0-6 (4-14)

Assuming a linear relationship between A and J, Maul (1978) inferred from

sequential hourly SO2 concentrations in rural areas that

Ms™") = 3x10°J (4-15)
On the basis of a literature review, McMahon, et al. (1976) selected for j

use in their long-range transport model the similar expression

} = 6x10°J (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 \ 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 Fquation (4-15) should tend to overestimate
scavenging coefficients because it implicitly includes other removal
mechanisms such as chemical conversions, the values of A obtained are the
lowest in the tahle. The A value obtained using Equations (4-13) and

(4-16) tend to become ecquivalent as the intensity of precipitation increases.

For a precipitation rate of 5 mm hr-l, Thompson and Cicerone (1982) give A
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for nitric acid vapor (HNO3) as 2 x 10-4. which is consistent with the
predictions calculated from all four equations. 1t 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 SO2 from rain
drops is believed to have occurred, the fieid measurements of A for SO2
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

-1 3

Ms ') = 1.524 x 100 ° R (4-17)

where R 13 the precipitation rate in units of inches per hour.
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SECTION 5
HARM COMPUTER PROCRAM 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, GDATM,HCLDM,
FIREM, HCONM, HCDRM, HPDPM, HPDRM, HCIMM, HMMRM and HISOM. The HARM
operating instructions in Section 5.1 assume the user has assembled and
lcaded the HARM program and has prepared a meteorological upper-air
(rawinsonde) 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 metcoorological 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 OPERATING 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
irstructions for an intevactive environment and Section S5.1.2 contains

instructions for a batch environment.

5.1.1 Tnteractive T'rocessing

The HARM 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:

-
-

IR AR

]

N ARAKRERKKRRKKRRRKKAARRRRRARAARKAKRARARREAARAAARRKAARARRRRARARA RN kA bk
L KAkAAR HYPERGOLIC ACCIDENT RELEASE MODEL KRR KRK

ARAkRK (HARM) AhRAK K

Rhhhkk UPDATE #if# LOCATION KSC hhAhkh
2 hed ek ENTER BA TO CHANGE PREVIOUS INPUT VALUE. bl bbbl
‘: . RANKKK ENTER RS TO START AT BEGINNING OF PROGRAM. ARAA K&
= ARk Rk ENTER EX TO ABORT PROGRAM. ARAAAR
- ARRAKK THE FIRST INPUT OPTION SHOWN 1S THE DEFAULT. AR Akkk
’g ] RAAKRRARKAKKARKARRAAARRKRRKRRRKARKAARRRA KKK RRAAANANARARRRNARK AKX
:i where the value of #### 1is the update level of ¢he. copy of HARM the user is
» 1

executing. Tne above display also reminds the ﬁqe} of certain conventions
that will apply to most input requests throu-~hput tire operation of the

program. Specifically, the following conventions apply to interactive
processing:

* 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 cption 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

indica.e the minimum set of characters to be entered for
each option.

2
>0
.
B
4w
.
5

!-’
;: ) For most input opticns, the entry of an RS followed by CR
j3 will cause the HARM orogram to restart.
3
|
e
.h.
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o For most input options, the entrv of a BA followed by CR
will cause the prcgram to go back to the previous input

roption display.

o 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 C_ until the entire string of values has been

R
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 inm uppercase type
with a leading display number (record number). The display number 1s used
for order and cross-referencing against batch data record numbers and is
accompanied by a code in parenthesis (ORP;CW). The letters O, 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 THREE)
DEFAULTS ARE: 1, 8, 6, 12, 12, 12:

where
DATA - Logical input numher from which the HARM program {3 to read
UNT
I the input data and control infermation. The number specified
49
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DATA
UNIT

(Cont.)

MET.
DATA
UNIT

OUTPUT ~
unIT

PLOT -
UNIT |

PLOT -
UNIT 2

determines whether the 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
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

for generating meteorological and maximum centerline plot
forms.

Logical unit number previously equated to the file containing

the meteorological upper-air (rawinsonde) data.

Logical unit number for print output. The default printer

unic (6) is obtained by typing a comma indicating an empty
field.

Logical unit number for meteorological profile plot output.

The default unit (12, is obtained by typing a comma
indicating an empty field.

Logical unit number for maximum centerline (concentration,

dosage, deposition) profile plot output. The default unit
50

125




PLOT (12) is obtained by typing a comma indicating an empty
UNIT 2

field.
(Cont.) €
PLOT - Logical unit number for isopleth (concentraticn, dosage,
UNIT 3

deposition) plot output. The default init (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 (C) 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 1is 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 1in the same file.

5. - (P;CW)
ENTER NUMBER OF RUNS TO BE MADE (1l):

This display only occurs for production mode runs and asks for
the number of cases you wish to process.
parenthesis,

The default value is given in

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 containg two different dispersion model optiocms.
The urer has the option of either calculating concentration, dosage and

time average concentration (C) or deposition due to washout by precipitation
W).

7. = (OKP;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

the corresponding time, day, month, etc. of the default display. Abbre~
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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.

i

-, {
\

' /

9. - (ORP;CW) SR A
SECOND STAGE EJECTION (NO/HEIGH' fujjt. ./ - -.. .

The HARM model allows the user to enter the hefght 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 firebali 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.

Mi‘m‘?@!iﬂyﬂm

b S

ata

12. -~ (ORP;CW)

-

POUNDS FUEL IN REACTION; (DEFAULT=106500):

N
o

The default ia the total amount of A-50 fuel 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.

T

If the second stage was
ejected and detonated above the ground, then the fuel on board both stages
should be entered here,

v,
]

A

]

The program automatically allots fuel to the first
and second stages in approximately an B0-20 ratio.

e A D

13. - (ORP;CW)

POUNDS OXIDIZER IN REACTION: (DEFAULT=201015):

et
L

The default 18 the total amount of NTO contained in the first and
second stages of a Titan II missile ready for launch.

amount of oxidizer consumed in the reaction.

2

v

Enter only the
The second stage ejection is
treated in a similar way as explained under Display 12 above.

14, - (R;CW)

ENTER CLOUD SHAPE (SPHERICAL, ELLIPTICAL):

RV  CRAAR RS ~ YEERC

This parameter defines the shape of the cloud and the distri-
bution of source material,

The option allows an Elliptical (E) 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 GAMMAX, GAMMAY, 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 (UTM COORDINATES 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
facilicy has a plotting capability and a standard hazard map exists, the
accident site coordinates will be checked to see 1f they are within the map

boundaries. If not, then the following message is displayed:

ACCIDENT SITF LOCATION IS OUTSIDE OF LOCAL MAP
CONTINUE? (Y/N):

The default response procceds with data entry. The negative (N)

response causes a return to Display 16 to correct the accident site location.




17. - (ORP;:C)

DO CALCULATIONS AT? (SURFACE, STABILIZATION, DEFAULT=0.0 METERS):

This display only appears for concentration/dosage calculations.
Washout deposition is calculated only at the surface. An entry of (S)
results in calculations of concentration/dosage at the surface. An eantry
of (ST) results in calculations performed at the cloud stabilization
height. 1If a numerical quantity is entered, the calculations are performed
at the entered height.

ENTER REFLECTION COEFFICIENT (DEF.=TOTAL=1.0):

Enter the fraction of material reflected at the surface. The
value entered here refers to the fraction of vapor materiusl 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=1.0, BETA=1.0):

This option permits the user to change the coefficients of the
crosswind a and vertical B cloud expansion coefficients from the default
values to values other than unity.

20. - (R;CW)

ENTER DOWNWIND EXPANSION DISTANCES (XRY=100.0 XRZ=100.0):

This option permits the user to change the alongwind distance in

meters over which rectilinear cloud expansion in the crosswind and/or
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vertical directions occurs (see Equations 4-2 and 4-4). Tf a change 1is

desired, enter a pair of numbers for XRY, XRZ respectively.

21. - (R;0)
ENTER CONCENTRATION AVERAGING TIME (TIMAV=600.0 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 1s 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 t, specified 1in Display 25.

23. - (ORP;W)
ENTER RAINFALL RATE (EEAVY, 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 aud 0.1 inches per hour respectively. If

the user wishes to specify o differenc rainfall rate, enter the rate in

inches per hour.




ENTER RAINFALL SCAVENGING COEFFICIENT (LAMBDA=4,572E-04):

The rainfall scavenging coefficient A appearing in Equation 4-12
has units of .'.a.1 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 (TIMEl1=0.00 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 paramcters have been selected and HARM

displays all of the parameters and program options selected for review.
DO YOU WISH TO CONTINUE WITH THE MODEL CALCULATIOMNS? (XES[QO):

If a review of the displayed program options and parameters discloses an

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 ot 2) enter

(N) to restart HARM.
28. ~ (ORP;CW)
DO YOU WISH TO PLOT THE METEOROLOGICAL PROFILE (iES,ﬁp):

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‘pAogram plots vertizal profiles
of wind direction, wind speed, temperature and v:irtvil ot-ntial temperature
as well as the dimensions of the stabilized clouw - por ies.:u 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 FURM ON PLOTTER LU
SPACE - RETURN WHEN KEADY
ENTER F TO PLOT THE FORM:

This display appears orly when (Y) is given in re:ponse to ¥
Display 28 above. The logical unit to which the program sends the plot is
given by ##f in Display 29. A meteorological profile form or blank paper
must be mounted on the plotter and the plotter lefr in a ready state before
a response is cntered to this display. Forms generation for meteorological

profiles is discussed further in Section 5.7.

30. - (ORP;CW)

HEIGHT AT THE TOP OF THE UPPER LAYER (METERS): 3048.00
HEIGHT AT THE BASE OF THF UPPECR LAYER (METERS): 2438.40
HEIGHT AT THE TOP OF TIUE LOWFR LAYER (METERS): 2438.40
+ 4+ + + + + 4+ STABILIZATION HEIGHT + + + + + + + 1246.39
+ + 4+ 4+ + + + + CALCULATION HEIGHT + + + + + + + 0.00
HEIGHT AT THE BASE OF THE LOWER LAYFR (METERS): 0.00

DO YOU WISH TO CHANGE (EEITHER,EPPER,LQNER) TRANSITION 1LAYER:
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The HARM program uses two major meteorologically defined layers
as discussed in Section 2.3. The bcundaries of these layers must coincide
with heights reported in the rawinsonde data file. 1f 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 dispiays. 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
layzr and sets the top of the upper layer to the highest rawinsonde
measurement 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 the 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 <emperature 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 esiimating
envirormental 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 1likel:  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 layer 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 the 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 O

£ 5

v

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 depcsition.

31. - (ORP;CW)

ENTER THE HEIGHT AT THE TOP OF THE LOWER LAYER (DEFAULT=2438.40 METLRS):

The program will use the height from the rawinsonde data file

oo Y S S Y

closest to the value entered here. If the value entered here equals the

1

top of the sounding, the program assumes that only a single layer 1is being
considered and will set both the top and base of the upper layer to zero.
If the value entered 18 greater than the base of the upper layer, producing

a region of overlap between the layers, the program changes the height of

AR

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 Digplay 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

tnen goes to Display 30.

32. ~ (ORP;CW)

. S A e ALH

sy

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

Rt gy

the upper layer.

b

R}

33, - (PRP;CW)

0

ENTER THF. HETGHT AT THE BASE OF THE UPPER LAYER {(DEFAULT=2438.40 METERS):

The program will use the height from the rawinsonde data field

closest to the value entered here. 1If the value e¢ntered 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,
program will go to Display 30.

Otherwise the
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. 1If 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 Q0 1s 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.
checked are:

Other conditions which 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 SICMA EL value shown
in parenthesis are the program's approximation to the standard deviation of
the azimuth and elevation wind directions at a helght of approximately 5 m.
The SICMA AZ value corresponds to oAR(r°=6OO} in Fquation 3-44., The

program follows the rules outlined in Section 3.3 for calculating and
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assigning SIGMA AZ values to the meteorological sounding levels. If the
user 1s in the Research mode and does n~t intend to input SIGMA AZ at each
sounding level (see Display 36 below), .he program calculates the SIGMA AZ
at each sounding level using the same ru:.:s specified in Section 3.3.3
(Equations 3-55 and 3-56) as if the program had selected cAR{1°=600 s}.
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 SICMA 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 socunding 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 SICMA A & SIGMA E FOR EACH LEVEL? (EO,!ES):

When SIGMA A AND SICMA E values are entcred 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. 1If the user desires to enter the SICMA A AND SICMA 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 1

(surface) were entered in Display 35 abhove.
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ENTER SIGMA A, SIGMA E (IN DEG) FOR LEVEL ## (20.000,20.000):

Enter the values for SIGMA A and SICMA E respectively, in degrees
and geparated by a comma. The display gives the level number as #f and the
default values shown in parenthesis. The program will repeat this display

for each meteorological sounding level.

At this poinrt, 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 N@@¢@ METERS

is displayed once for each range at which calculations are made, the
program prints the ce