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16 Abstiect  During the past decade, maritime tramgport of liq%{§ anhydrous ammonia

.) on the Inland and Coastal waters of the United States has incrzased rapidly.
Anhyérous ammonia is carried on barges as a high-pressure, liquefied cargo in heavy-
lwall steel tauks, and as a low-temperature cargo in essentially atmospheric~-pressure
refrigerated tanks. The frequent movement of bulk quantities of LNH, on United States
lwaters® poses a potential hazard to the public, to aquatic life, and éo other shipping
should there be an accidental surface or underwater *Ease of zmmonia. Although the
explosion and fire hazard of such a spill is limited the health and pollution haz-~
ard is not insienificant. The United States Coast Guard (USCG) recognized the need to

(ADL) to study the phenomena associated with surface and und=rwater ammonia spiils.

The puriocse of the study was to develop a thorcugh understanding of the physio-chemical
fbehavior of ammonia/water reactions, develop analvtical models, and conduct a scaled
experimental program to verify and modify the medels for use in predicting the poten-
tial hazards due to spills of one up to 3,000 tons of LHHS.

- This report contains the vesults of an experimental and analytical program aimed
iat evaluating the hazards presented by a 3,000 ton release of liquid anhydrous awmonia
on water. Test spills were conducted in the laboratory (up te 1/2 gailoms), in a swim-
Eing pool (5 gallons) and in a lake (50 gsllon size) and the fraction of released

onfa dissolving in water and the amount vaporizing were determined., The disparsion
of vapor in air was measured and a theory was developed to predict the movesment.
Analytical models to predict water dispersion are alss presented.
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levaluate large accidental spills of LNH, and, in April 1972, asked Arthur D. Little, In¢.
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1. SUMMARY

1.1 PURPOSE

During the past decade, maritime tramnsport of liquid anhydrous ammonia
(LNH3) on the Inland and Coastal waters of the United States @) has
increased rapidly. Anhydrous ammonia is carried on barges as a high-pressure,
liquefied cargo in heavy-wall steel tanks, and as a low-temperature cargo
in essentially atmospheric-~pressure refrigerated tanks. The /frequent

movement of bulk quantities of LNH, on United States waters poses a potential

3
hazard to the public, to aquatic life, and to other shipping should there
be an accidental surface or underwater release of ammonia. Although the
explosion and fire hazard of such a spill is limited, 2,3 the hcalth

and pollution hazaréd is not insignificant.

The United States Coast Guard (USCG) recognized the need to evaluate
large accidental spills of LNH3 and, in April 1972, asked Arthur D. Little,
Inc. (ADL) to study the phenomena associsted with surface and underwater
ammonia spillis. The purpose of the study was to develep a thorough under-
standing of the physjo-chemical behavior of ammonia/water reactions,
develop analytical models, and conduct a scaled experimental program to
verify and modify the models for use in predicting the potential hazards
due to spills of up to 3,000 tons of LNH3.
1.2 SCOPE

To achieve the objectives of this investigation, ADL established

and conducted a program consisting of four major tasks.

Task I =-- Study LNH3 Spills on Water

Tagk II ~~ Model LNH3 Spills on Water

Task III - Study LNH3 Relesse Underwater
Task IV -- Recommend Neutralization Methods

Both Task I and Task III were conducted in three stages. First,
a geries of laboratory tests was conducted with spills o up to 2.5 liters
of liquid ammonia. Second, tests were conducted in the open in a small
- swimming pool, with one galion and five gallon spills. Finally, guantities
of up to 50 gallons were spilled on the water im a pond. For underwater
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release, there were G.4 gallon laboratery tests, cne gallon intermediate
scale tests, aad five gallia large~scale tasots. Discharge depths varied
from 4.5 inches to 60 inches.

1.3 FINDIRGS

The objective of thie work was to predict the vanor and vater disper-

sion hazard
zards of up to 3,000 ton LNRS spills on water. These predictions
are given in Appendix C.

1.3.1 Laboratory Experiments

1.3.1.1 Surface Spills

The mean partition ratio, the fraction of the total weight of spilled
ammonia that goos into solution with water, was about .73, In over 30% of the
experiments, the partition ratio was between 0.65 and 0.82; wes insensitive to
quantity, raste, and orientation of spill; and was indepeudent of thz water
salinity (up to 3.5% NaCl) and air or water motion. Im addition, restricting

the reaction area on the water surface did not cause any gre: variation

in the partition ratio. 4 slight change in the partition ratio was observed

with changes in water temperature.

Surface spills rescted with water in a small area, and the smmonium hydroxide
formed spread out along the water surface at sbout 2.5 inches/second. The REAOH

temperature was about 5° to 15°F above the ambient water temperature.

The partition ratio results and the water temperature data can be
adequately explained by a thermedynamic mixing model.

1.3.1.2 Ynderwater Release

When the release of LNH3 was at shallow depths and at low velscity,
there was no substantial difference in the partition ratio compared to the
surface spill mean value. In general, when the release wes at depths greater
then about 10 pipe diameters, the partition ratio wes between 0.85 and 0.95.

1.3.2 Intermediate-Scale Experimerdts

1.3,2.1 Surface Spilis

The average value of the partition ratio was about 0.56 fcr both
one gallon and five gallon spille, and increased to about 0.65 for centinuous
spills. The water temperature rise at the surface was about 5° to 10°F, a1~
though in some tests a change of as much as 22°F wzs observed. The elavated '
temperature lasted for about five to ten minutes.

2 &
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Liberatad vapor disraracd a8 ¢ cloud and passed across the instrument
ralks, 15 feet downwind. This sss indicated by a momentsry dip in the air
tewperature recordsd at the vaks; waich implies that the core of the cloud
was ¢till cold and unmized. Distribution of the vapor mess collascted by
the impingers on the instruseat rske could be reeasonably fit with Gaussian
profilas. The purtition ratios msssurad by analyzing the pool water samples
were cioge to those caleuisted frem vapor samples collected in the impingers.

1.3.2.2 Underwater Release

At sn average value of 0.85 to 0.90, the partition ratio values were consi-
dergbly higher than those for surface spille. No vapor liberation could be
obpexrved., Wster suriacce agitation was minimal for release depths greater
than about 15 inches and release rates less than 15 ml/sec (about 0.25
gal/ain). A maximum water temperature rise of about 10°F was recorded
by a set of thermocouples five inches off the a2xis of the discharge pipe.

1.3.3 Large-~Scale Experimente

1.3.3.12 Surface Spills

The partitisn rztio, calculated from tasts that had good impinger
cdata, was between 0.53 and $.62. The partition ratio date shows a wide
ncatiar beeuuss the vegaries of the wind often caused the vapor cloud
toc miss the imstrument rafts. Ia low wind, the vapor rose rapidly.

The water tewperature in the spill zone (recorded by thermocouples at 0.5
inch to 1 inch depth) showed substantial heating of the surface layer,
with up to 50°F increase noted. The temperature rise was very gradual,

and veacked peak temperature in six to eight minutes. The average diameter
of the surface boiling zone wag about 20 to 25 feet.

Vapor cloud behavior in the wind is adequately explained by a plume
theory of vapor dispersion, and it has been shown that the water tempera-
tures observed could result form an adiasbatic mixing of water and liquid

amronia.
1.3.3.2 Underwater Release

The results in this series of underwater tepts are not much different
frcm those obtained in the intermediate size tests. A 10° to 15°F rise in
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water temp-~rature was noticed. The temperature rise was in phase with
the duration of the spill, with the psak temperature being reached just
at the end of the spill. NQ substantial vapor relzase was observed, but
violent agitation of the water was observed directly above the release
pipe when the release depth was 36 inches.

Jup———

1.4 CONCLUSIONS

The following major cenclusions can be drawn from the rasults of the
experimental test program and the data analys#is: .

1. The partition ratio is highest in the case of underwater
release and is as high as 0.95. Very little vapor liberation
occurs in the case of underwater ralease at depths from
10 inches (for small quantities) to five feet (for five gallon

releasges).

2. Por lsrge surface spills, the partition ratic depends on the
8pill dynamics and varies between 0.5 and (.6 (closer to
the latter) for instantaneous relezse cn the surface. For
slow, continuous release on the surface, partition ratio
values tend to be as high as 0.66. However, for small
spills, under contrclled laboratory conditions the partition
ratio values are between 0.7 and 0 75, with a mean of 0.735.

3. In the case of large surface spills, the reaction is extremely
rapid and liberates a dense, white fog of vapor, probably
i containing a large fraction of aerosols, in low wind conditione.

4. The vapor puff formed is vary buoyant and rises into the air
as it travels downwind. The rate of rise depends on the wind
i velocity. Under low wind conditicns the cloud forms a
characteristic mushroom cloud before dispersing. The path
of the cloud can be estimated with reasonable accuracy by
existing plume theoriss. Because of the rapid rige in
low wind, the toxic hazard at ground level is smaller for low
wind than for high wind. :

The boiling zone is reasonably asmall — about 25 feet in dia-
mater for a 50 gallon spili. The diameter of the bolling zone
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increased as the 0.8th power of the quantity of spill for

the tests conducted. However, based on the analysia of spreacd
of other cryogens on water, we expect that & 0.375 power
relation with quantity is more appropriate for really massive

"{nstantaueous" spills.

The ammonium hydroxide formed at the boiling zone stays close

to the top of the water surface and spreads radially at about

0.2 ft/sec. The depth of this layer is of the order of a

few inckes (at best one foot). Because of this layered spreading
of Nn4on, the hazard to aquatic life just beneath a spill site

is small.

In short, we conclude that a reasonable estimate of the partitioning

for a massive spill on the water surface would be 0.6 into water and 0.4

into vaper. The downwind vapor hazard at ground level is not as severe

as earlier believed because cf the buoyant nature of ammonia vapor.

The main achievements of the program heve been to:

1.

Show that the LNG3/water surface reaction is rapid and

confined to a reasonably small area;

Show that the ammonia vapor liberated is buoyant and rises
rapidly;

Develop a thermodynamic model that accurately predicts the
upperbound of the partition ratio for surface spills. We
feel that, though the reaction is thermally limited,

the dynamics of the spill dc affect the partitioning;

Develop a method for indirectly calculating the partition

ratio £from vapor sample measvzements.

Gevelop a model that indicates that under certain accideat situations,
the present design of refrigerated ammonia tanks for barging is

inherently safe even if the barge sinks; and

Show that the continuous underwater release of LNHB at depths
greater than ten pipe diameters results in all the liquid
dissolving in water with very iittie vapor production.

wn

|
|
|

.




T ARG TER TR

s e S

1.5 UNRESOLVED QUBSTIOWS

Thougt ch has been achieved in the presert program, guestions

have remain unanswered, either because of the size of the tests conducted

! or due to the difficulties in measurement. Thc important unknowns

are:
1. The amount of aerosol iu the vapor liberateéd in a surface
apill and ite relaticuship to the mode of spill (instantaneous,
continuous, etc.) and the rise of the vapor cloud;
2. The rapid rise of the vapor cloud for g water spill as ugainst
the ground-hugging clcuds, possibly due to greater serosol
formaticn in land spills reported in the iitersture; .
3.

The possibility of underwater explosions in the case of
instantaneour underwater release of large quantities of LNHS.
(Thz present program experiments were iimited to g continuous
release of a maximum of five gallons, and it is difficult

to extrapolate to the consequences of a large instantansous
releage); and

W —— W e o " S

3 . 4. Vaiidation of scaling laws for the determination of the
maximum radius of the boiling zore (pocl radius).

TR T R T e

1.6 RECOMMENDATIONS FOR ADDITIONAL TESTS

e As a result of this test program, we are now in a position to

; extrepolate the findings of this work to predict the hazard presented
by a 3,000 ton release of ammonia on water. Appendix C of thias

E report contains the predictions of hazarde for a 3,000 ton (about :
; one million gzllone) releage of LNH3 ¢n water. BHowever, because of

some of the unresclved guestions discussed above and the initial

Bty L.
g 11 e S T

buoyant behzvior of the ammonia vapor cloud, we feel that further
3 experimentation on a much larger scale would serve to increase

confidence in the analytical models and provide optimum benefits from
the overall test program. We recommend, therefore, that a final

series of tests be conducted utilizing 3,000 gallon releages in a

i
o
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300-500 ft. diameter pond. A test program with spill quantity at
lesst. two orders cf magnitﬁde greater thar the largest tests in the
presant series would provide an excellent data base with which to
test the scaling laws and improve confidence in theories of vapor

movement.
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2. INTRODUCTION

2.1 BACKGROUND

During the past decade, maritime transport of liquid aushydrous
ammoniz (LNB3) on the Inland and Coastal waters of the United States
has increasad rapidly. Anhydrous ammonia is carried on barges as a
high-pressure cargo in heavy-wall steel tanks, and as a low~temperature
cargo in atmospheric-pressure refrigerated tanks. There has been very
rapid growth of refrigerated transport, motivated largely by the
substantial savings in capital costs associated with onshore refrigerated
storage compared to pressure storage.

The frequent movement of bulk quantities of LI!H3 on United States
waters poses a potential hazard to the public, to aquatic life, and to
other shipping, should there be an accidental relecase of ammonia either
cn or underwater., Although the explosion and fire hazard of such a
epill 1is limited, the health and pollution hazard is not insignificant.

There 18 a definite need, therefore, to study the hazards associated
with large accidental spills of LNH3 and to develop emergency procedures
to neutralize the effects of such spills.

The United States Coast Guard (USCG) recognized the hazards presented
by 2 spill of LNB3 on the inland waterways and felt the need to evaluate
the potentialities of such a hazard. USCG therefore initiated a
research program to study the important physical aspects of LNH3
spill on and underwater. The main obiectives of the study were
to conduct scale experiments and develop thecoretical models so that the
results of small-scale experiments could be extrapolated to predict the

inazard caused by spills of up to 3,000 tons of LNH3.
At atmospheric pressure, iiquid asmmonia (LNH3) boils at about -28°F;
at & vapor pressure of about 108 psia, it boils at 60°F. The ammonia can
be as a liquid either refrigerated or at ambient temperature (under the
¢)]

zssocizted vapor pressuras) °. Ammonia is very soluble in water, aad
dissolution process 18 exothermic.

——
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Releases of ammonis are harmful for two primary reasons: first,
the vapor is toxic; and second, a solution of ammonia in water (ammonium

hydroxide) is deadly to both flora and fauna.

ey

In general, spills of ammonia will result in both dissoiution and :
vapor evolution, and the relative percentage of both forme depends largely ;
on the manner in which LNH3 and water combine. For example, a water :
surface spill leads to rapid boiling of some ammonis, ard simultaneous
mixing of the remainder with the water. Thus, in some ways, the process
is similar to spiils of cryogens on water -- with the added complication

of an exothermic reaction occurring at the LNH3/watet interface.

TR R R
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2.2 HAZARDS OF AMMONIA

2.2.1 Fire Hazard

Ammonia is not highly combustible. Its flammability limits irn dry
air are 15 to 282 (by volume). It is not known how the precence of water
vapor affects these limits, but most likely it will tend to quench a
flame and reduce the fire hazard. Furthermore, the ignition temperature
of ammonia is relatively high (1500°F ir & quartz bomb and 1204°F in an
iron bomb).

If 1liquid ammonia remains on the water surface for any reasonabie
length of time before it evaporates, and is accidentally ignited, it i
may burn. Tests by Husa and Buckely ) in which LNH3 was poured into
a 3~ft by 3-ft by 2-inch deep pan and ignited showed that bri=f flashes
occurred when the ignition source wag brought near the liquid surface,

but that the flameec could not be sustaired.

There are no similar experiments with ammonia on water. Even

(3)

if we 2gsume that LHH3 burns on water, existing correlations show

that ammonia flame heights should be lower than those calculated for

organic Iiquid fuel fires of the same diameter. Zurchermore, ammonia
fires should not be luminous because no carbon ieg prasent. Thus,
with less height and nonlumifnousity, ammonia fires should not radiate

as much as organic fuel fires.
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2.2.2 Explosicn Hazard

The accumulation of flammable NBB vapor in an enclosure (such as
a touse on the shore or in a vessel) and its subsequeat ignition may
lewd to an explosion. Ammonia explosions are known to have cccurred
in industry. The force of such an explosion depends on the degree of
confinement. Buckley &and Hnsa(a) found that the magnitude of the
pressure ratios observed in ammonia explosions is roughly thrse-quarters
that .ound for common hydrocarbon fuels under similar conditions. Attempts
by the same authors to detonate ammonis/air mixtures at atmospheric
pressure have failed.

2.2.3 Toxicity Hazard

The major hazard from an ammonia vapcr cloud is its toxicity, because
ammonia 18 an extremely irritating gas and is toxic in relatively small
concentrations. Exposure to 0.25-0.65X NH, in air for 30 minutes is
sufficient to cause death or serious injur;, and most deathe from ammonia
8pill accidents on thne ground have been attributed to toxicity. Tne
American Conference of Governmental Industrial Hygenisto recommends
a threghoid limit vslue (TLY) of 50 ppm in air (18 mgm/m of air) for
eight-hour exposures. Fortunately, the human olfactory system is capable
of detecting the presence of ammonia at 20 ppm. long before the toxic
limit is reached(s).

1n the case of excessive exposure, reaction of anhydrous ammonia
occurs in the upper respiratory tract and spasms, inflammstion, or
edems of the larynx resulis. LNE3 can cause severe caustic skin burns.
Current practices of first a2id i{nclude removal to uncontaminated regions,
breathing pure oxvgen for short periods, and flushing skin burns and clothes
with watsr G ). In case of after effects (usually laryngeal spasms)

medical examination i3 recommended.

2.2.4 Bazards Due to Digpersion in Water

The chort-term effects of large quantities of ammonia dissolving
in water sre the rise in tsmperature and pH level of the water. Both
of these can cause severe harm to aquatic life in the vicinity of the

10

= -3
Ve A
£
—_— - ——— - 3




the spill. The water temperature .increase could also cause pressure

buildup in sunken, slowly leaking low-pressure refrigerated tanks.

2.2.5 Explosion Hazard Due to Large Underwater Release
(6,7)

Smali-gcale experiments on the release of LNH3 and other
cryogens under water have determined that there is s possidbility of
pressure explosions occurring underwater, The physical aspects
of such explosiong are not fully understood at thig cime, but a

possible expianation lies in the hypothesis of extensive superheating
of the cryogen.

2.3 PREVIOUS INVESTIGATIONS

Few academic studies have been carried out in which one liquid

is boiled by contacting it with another hot liquid. Those that have been

reported involve stegdy state experiments with orgaunic liquids over
hot mercury. They are summarized briefly in a paper by Nakanishi and
Reid(a). In this same paper, the available experience involving
liquid natural gas (LNG) spills is also discussed and pertineant
references given. The LNG spill studies were carried out primsrily
(8,9) (10). The
major objective was to azscertain the rapidity of boil-off shculd

LNG (b.p. = ~258°F) be spilled in an accident. Such data could be

by industrial concerns and by the Bureau of Mines

used a3 input to a vapor dispersion program to predict downwind
concentrations. #owever, another significant objective was to clarify
an unusual phenomenon first observad by the Bureau of Mines; i.e.,

in a few cases where LNG was gpilled on water, a pressure explosion
regsulted. The subsegquent studiesg by Shell(ll) and Esso(lz),as wall

as by Nakanishi and Reid(G{ indicated that such explosions might be
expected if the cryogen could superheat and initiate vaporization by

homogeneous nucleation.

A major investigation using ammonia is reported by Resplandy(13).

The tests, conducted in Prance, studied releases on land for three
gituations; namely, liquid released from a pressurized tank, the
dispersion of vapor released from a pressurized tank, and the spill

of liquid ammonias intd eartlLen dikes. The results from these tests

11
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indicated that for pressurized releasss (up to 300 kg/min from a
6~-atmosphers pressure tank) a lsrge fraction of the vapor was in ths
form of asrosols of 16 to 30-micron droplets. It wss szlsc reported that
up to 40% of tbe liquid released fisshed, resulting in the formation

of stable aerosols. It is not very clear from the paper vhat

fraction of the vapor formed wvas in the serogol phase.

At low vind conditions, the cloud rose initially to a height
of about 20 meters in a 0.5 m/sec wind, then fell to the grouad and
dispersed at ground level. The visible vapor cloud traveled just
sbout 100 meters before vanighing. Further, the cloud boundary and the

boundary of the odorous reglon were very close. In the case of liquid
swmonia spill into earthern dykes, aerosol formation ic said to have
bezn noticed iun the first few seconds aftar spill. However, withkin

a fev ninutes, the vapor generation cessed, lesving a stsgnant pool

of LHH3. The paper also describes the testz to contain the vapor by
vater spray rasulting in no sajor improvements in the cloud travel. Also
described was a test to ignite the cloud, which failed.

Small scaie tests(é) involving the pouring of cryogenic iliquids
such as nitrcgen, ethane, LXEG, etc. on a water surface indicate the
occurrence of agitated doiling 2t the water surface. However, when
susll guantities of methsns were poured on ethylene glycoi (antifreeze),
there was a hiss/crack noise and evaporation was quickly over. Laboratory
tests conducted by Reid et el.(y) show that the LRB3 water interaction
resenbled more the methane/glycol case than the methane/wster case.

The vapor produced did not contain any water fog.

These results suggest that the vapor cloud from a spill of

on water may differ from the results reported by Egsplanéy(13),
Baii(la), et al., for the experiments in which s=sonia lsnd apills
were studied. For a spiil of the sawe guantity of amsonia, the vaporiza~
tiocn rate on water is much greater than for a iand spiil. This could
give a shorter, high~concentrstion"puff” which might travel further
downwind before dispersling safely even though the total fracticn of
smmonia vabori:ed might be less becsuse of solution of smmonia in the

1
water phase., Further, limited observaticns(‘s) of land spills

12
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indicate the presence of a thick white fog for large spills, which

was missing in the small-scale experiment(7). The fog is caused by
cooling the surrounding air below its dewpoint. This phesiomenon
depends largely on the relative humidity of the air, and once the water
vapor in air precipitates out, it dissolves the gaseous ammonia in

the vapor cloud. This may result in a fog which cap .e "heavy"

% enough to stay close to the ground.

3 A few small scale underwater reiease test results have been

% reported(6’7). The results show that most cf the ammonia dissolved

i in water, under suitable conditions (4 to 5 inches release depths

i for 4 ml LNH3). However, it is reported that in omne test with 15°C

4 water, a violent explosion destroyed the zlass vessel containing :
% 1 the water. Based on Apfel's(lb) superheat explosion theory, it was ?

found that LNH, may be superheated to a temperature of 342°K,
corresponding to a vapor pressure of 460 psia. This pressure is high

i

enough to cause an explosion.

Very little theoretical analysis is available in the literature
concerning the ammonia-water interaction. For the dispersion of vapor

ir air and NH40H in water, the usual air dispersion and water dispersion

b

models are used.

2.4 PRESENT PROGRAM

The present program was uundertaken with a view to answering certain
basic questiuns such as: how much spilied LNH3 dissolves in water?
what is the relationship of the dissolution fraction (called the partition
ratio) to the dynamics and the quantity of spill, if any? and what

are the features of the vapor dispersion in the atmosphere and ammonium

IR

hydroxide dispersion in water?

To achieve the objectives of the program indicated in Section 1.2,
and to obtain answers to the above questions, a three-stage experimental
program was undertaken. The primary parameter of interest in all the
experiments was the ps-.tition ratio (that is, the fraction of the LNH3
spilled that goes into solutlon with water). The dispersion of vapor

in the atmosphere was also studied.

13
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First, a laboratory program was completed in which up to 2.5 liters
(0.7 gallons) of LNG3 were spilled on the water in a small aquarium tank.
Both surface spills and underwater releases were conducted. The details
of the experiments and the results are given in Chapter 3. Second, spills
were conducted in the open atmosphere. A small swimming pool was used
to contain the water. The vapor dispersion was measured by sampling the
ammoniz vapor in air. In this series, up to 18 liters (5 gzlloms) of LNE3
were spilled. Chapter 4 contains the details of the second stage of testing.
Chapter 5 describes the final part of the experimental program. The
tests were conducted in a pond and quantities of up tu 180 licers (50 gallons)
of LNH3 were spilled on the water surface. The partition ratio was es-
timated using the measured vapor concentration in the air.

Several theoretical analyses have been made to describe or predict
the various phenomena that occur following a spill of LNE3. Chapter
6 deals with particular aspects of the LNH3 spill problem. Section 6.2
gives a vapor flash moc2l, useful for calculating the amount of vapor
produced by flashing when liquid ammonia leaks from a pressurized
cortainer. Section 6.3 describes a therodynamic model for the aixing
of LNH3 and water. It can be seen that the two liquids can react in
three different ways, leading to three different answers. In reality,
all three reactions may take place simultaneously. In fact,
gome of the experimental results tend to confirm this. Section 6.4
presents a detailed heat-transfer model, to predict the pressure rise
inside an ammonia tank that i3 submerged in water. Section 6.5 and
6.6 treat the problem of dispersion in air and water ef smmonia vapor and
ammonium hydroxide. Section 6.7 discusses two theories of the rise
of buoyant vapor in the atwosphere. It is found that one of these
theories describes quite well the rise of ammonia vapor in the atmosphere.

Section 6.8 gives an order-of-magnitude type analysis for underwater release.

Chapter 7 is devoted to the steps to be taken tc neutralize an
amnmonia spill area. Various methods are discussed from containing the
area with booms, to air sparging.

14
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3. LABORATORY EXPERIMENTS

3.1 PURPOSE AND SCOPE

The main purpose of the laboratory testing was to study the liquid
ammonia-water interaction, under controlled conditions, and to develop
an analytical model to explain such interaction. The key experimental
regult was the partition ratio, i.e., the fractionm of the total
weight of spilled ammonia that goes into solution with water,

However, in addition to studying the dependence of the partition

ratio on the test variables, we also tried to develop an under-

standing of the physical mechanisms involved.
The basic experimental steps were to:

1. Spill a predetermined quantity of LNH3 on water;

2. Allow the reaction to complete, and the vapor to disappear, ther

thoroughly mix the water; and

3. Titrate the water samples to obtain the amount of ammonia

; disgolved in water (and hence the partition ratio).
g 3.2 APPARATUS AND PROCEDURES

3.2.1 Test Facility

Figure 3-1 is a schematic of the laboratory test apparatus.
The system consisted mainly of an LNH3 transfer system, a spill
system, and a test tank. Ammonia was transferred as a two-phase
fluid from a storage cylinder to a separator. The vapor formed was
vented out through a hood and the saturated liquid was collected in
a spill dewar. The ammonia dumping system consisted of a pivoted
spill dewar, a tipping lanyard., and a funnel under the dewar that

54

had interchangeable discharge tubes for controlliag delivery of
LNH, to the water tank. The testing section was a six-foot-long

3
glass tank, 18 inches wide and 20 inches high, half filled with water.

Both the separator and the test tank were enclosed in a vented
laboratory hood having glass doors to permit observation of the spill

15
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tests., A clrculating pupp (mot shown in Figure 3-1) was provided for
rapid mixing and draining <f water in the tank.

5.2.2 Instrumentation and Measurement

A listing of the techniques used and the parameters measured
during the tests is in Table 3-1, Phenolpihthalein was added to the
water to obtain a qualitative indication of ammonia concentration
and its extent in the test volume. In several of the tests, concentra-
tlon gradients in the water were measured with pH probes. Following
each test, the partition ratio was obtained by titrating samples of
the final mixed solution from the tank.

Temperature profiles for both the liquid and vapor phases were
] recorded, through four high-speed thermocouple channels (about 20
3 £ milliseconds response) and three slower-speed channels, on a multi~

E point recorder. (The time between printing of each point was about

3.6 seconds.) One high-speed channel was attached to the spill discharge
nozzle to provide a spill initiation reference. A second high-speed
chammel was attached to thermocouple Rake A, and the remaining two !

high-speed channels were attached to Rake C. For some tests, Rake A
and Rake C were combined tc¢ form Rake D, a three-tharmocouple rake
with three high-speed channels. The three-thermocouple read-out

E on the multi-point recorder was attached to a common Rake B.

Photography has provided a permanent visual record. Many tests
were recorded with real-time movies, while for others the high-speed

Fastex camera was used. A series of 35 mm stills was taken of

each test, particularly during the latter stages of the test program.

3.2.3 Test Procedurea

Preceding each test, the water tank was flushed several times to

remove any residual traces of ammonia and then a phenoclphthalein solution
(typically 15 ml of 2 solution of 2.5 g of phenolphthalein to 109 ml
of ethanol) was added to the clean water.

After the thermocoubles were checked, the exhaust hood was secured,

17




Table 3-1

Laboratory Test Techniques and Parameters

CONCENTRATION

Gradients - Phenolphthalein Indicator, pH Probe

Final Mix -~ Titration

TEMPERATURE - LIQUID (VAPOR)

Nozzle - 1 Hi-speed
Rake A - 1 Hi-speed
Rake B - 3 Multi-point -
Rake C - 2 Hi-spaed
Rake D - Rake C + Rake A

PHOTOGRAPHY

Real~-Time Color Movies

Slow-Motion Color Movies
Ultra~-Slow-Motion (Fastex) Color Movies
35 mm Color Stills

18
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and the area cleared of non-test personnel, ammonia was transferred

from the storage bottle ocutside the test building into thz spill

dewar. This transfer was accomplished by opening a valve in the neck

of the LKH3 bottle and, controlling the flow with the needle valve

in the transfer line, filling the graduated spill dewar to a predetermined
level, With the dewar filled, a countdown was begun and the thermo-
couple recorders and cameras were started at predetermined intervals

before the actual gpill.

LCach test was initiated by tipping the spill dewar with a lanyard,
so that the LNH3 dumped into the spiil funnel f£lowed through a dis-
charge tube onte the surface of the water. The rates and angles of
LRH3 discharge were controlled by the size and aﬁglc of the discharge
tube below the gpiil funnel. %Tewperature recording and photographic
surveiilance were usually maintained for about five minutes following
completion of the spill. (Depending on =pill tube sisze and spill
quantity, a spill was normally compieted within i5 to 45 seconds.)

At five minutes into each test, mixing of the tank was initiated.
A mixing period of two minutes was allowed ~ although visual observa-
tion of the dye and tempsrature measurement indicated that mixing
was, in fact, essentially complete after about 40 saconds - then analysis
by titration.

The total quantity of ammonis dissolved in the water was Jletermined
from the measured ccncentration of ammonia in the fingl mixed solution
and the known volume of the final mixed solution. This, in turn, was
divided by the initial spill quantity to obtain the partition ratio.

3.3 SURFACE TESTS

Eight grcups of tests were conducted to determine tne dependency
of the partition ratio on various physical parameters. Figure 3-2
shows the relationship of the five test categories in the laboratory
test program. Several test parameters were varied for each category

to study possible ir‘luence on the partition ratioc.

19
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3.3.1 Group I - Basic ZEifects

The Group I tests were conducted to investigate the basic effects
of spill quantity, rate, and method of delivery. The tests are listed
in Table 3-2. Irn this group, spill quantity ranged from 800 to 2400 ml;
spill rates were varied from a nominal 50 ml/sec (from a 3/8-inch
diameter discharge tube) to a nominal 100 ml/sec (from a 1/2-iach
diameter discharbe tube); and the spill angle was either parallel
with, or vertical to, the liquid surface. We felt that Group I
would be the key to establishing good base data and understanding
the liquid-ammonia/water-surface interaction. Thus, a relatively
large number of tests (22) were conducted in this group.

Table 3-2 lists calculated partition ratios that are plotted in
Figure 3-3 as a function of spill quantity and plotted in Figure 3-4
as a function of spill rate. The results show that the partition
ratio is essentially independent of spili size, spiil rate, or anmgle
of delivery. With two exceptions, all experimentaliy determined parti-
tion ratios fell between 0.65 and 0.82, or within x= 0.11 of the
0.74 mean value. The two tests that did not fall in this range were
rerun. and then did fall within the ¢xpected values.

The fact that considerable difference in the ammonia delivery
method seemed to have little effect on partition ratio suggested
that the partition ratio might be limited more by thermodynamic considera-

tions than by surface reaction rates.

Test obgervation and the test movies indicated that ammonia
evaporation occurred in a rather small boiling zone, the diameter

of which could be roughly measured by observing surfacz waves and

the locaticn of the vapor cloud leaving the surface. Outside of this
small zone, which typically seemed to be about eight inches in diameter,
little vapor generation was noted. Surface temperature measurements
and the phenolphthalein dye both indicated a warm layer of fluid,
evidently aqueous ammonium hydroxide, propagating alcng tke surface
away from the boiling zone. Typical values for the thickness of zhe

21
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Table 3-2

Group I Spill Tests

Spill Small Tube
Spili Quantity Diapeter Spili Partition

Date No. (ml) (in) Angle Ratic
10/19 1 895 3/8 0 0.70
10/24 2 770 3/8 ] J.65
3 810 3/8 G 0.67
10/26 4 800 3/8 0 0.72
5 800 3/8 90° 0,76
6 960 3/8 ] 0.5%
7 750 3/8 0 0.72
11/1 8 810 3/8 0 0.68
9 900 1/2 0 0.72
11/6 10 1,00 3/8 0 0.75
n 1600 1/2 ] 0.80
11/8 12 1550 3/8 ] 0.81
13 1560 1/2 0 0.95
14 1740 3/8 90° 0.61
11/13 15 1600 3/8 30° 076
16 1590 3/8 ] 0.74
11/15 17 2600 1/2 0 0,73
11/16 18 2300 3/8 0 0.78
19 2350 3/8 90 ° 0.82
12/6 20 1650 Trip Pan 0,68
12/7 21 1700 3/8 90 ° Q75
22 1700 3/8 90 ° 072

mean = 3,735
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layer ranged from two to four inches. The dye propagated much faster
horizontally than verticaily. PFigure 3-5 shows two photographs
of e spill. The dye dispersion and the boiling zone can both be

clearly seen.

Temperatures were measured for all tests in the liquid near the
surface, and also in soue instances in the vapor space. Figure 3-6
shows a typical liguid temperature vs. time history at 1/8, 3/8,
and 7/8 inch below the liquid surface. The p otted test had 1550
ml of ammonia spilled through the 3/3-inch diameter flow nozzle
parallel to the liquid surface. The measurement point was 23.5 inches
downstream from the spill point (downstream implies the injection
direction of the spill). As shown by the plot, a rather abrupt rise
in surface temperature occurred approximately three seconds after
3pill initiation, High-frequency temperature variations occurred
during the spill (about 25 seconds), particularly near the surface.*
This phenomenor. appears to be associated with wave motion induced by
the gpill. After completion of the gpill, the temperature variations
were much smoother, which suggested a much smoother HHAOB flow. Typically,
a maximum 5° tc 10°F surface temperature rise was noted following

a spill,

It was possible to plot the propagation of the leading edge
of the warm ammonium hydroxide layer leaving the spill zone from
photographic and thermocouple records. Figure 3-7 shews that the
front had a mean propagation velocity of about 0.22 foot per second.
This plot seems to roughly correlate with other observations
indicating the radius of the boiling zene to be about eight inches

(at zero seconds),

*The temperature trace for the 7/8-inch d-pth was manually replotted
from another chart. In this process, some of the high-frequency
components may have been lost; however, in general, temperatures
measured at greater depths exhibited less change and less high-frequency

osciliation.
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O Dye Observations
® — Temperature Data (At Deagths Indicated)
15 .
¢
E 10|
o
S
&
5 /Q——— Slope = .22 Ft/Sec
1 1/2
8 ./ @1/8 g/
3/icg pt/a
0 1 H # H
0 10 Kit] 30 40 50

Distance From Spill -~ Inches

: FIGURE 3-7 HORIZONTAL PROPAGATION OF MH,;0H SGLUTION
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3.3.2 Group II - Temperature and Salinity Zffects

The Group II tests were conducted to investigate the influence
of water temperature and salinity. Table 3-3 lists the three tests

of this group -~ two to investigate the influence of water temperature,

and one to investigate the influence of salinity. ERefore each high-
temperature test, the water was nominally* at 94°F; prior to the low-
temperature test, the water was 37°F. In previcus tests, water

temperature had varied between 45° and 60°F. Common salt (NaCl) was

added to the test water to achieve a salinity comparable to ses water

(3.5%).

Figure 3-8 shows the partition ratios obtained in this set of
tests. Note that the partiticn ratio was not significantly affected
by elther water temperature or salinity. However, high temperature
water tended to give a slighély lower partition ratio. This observa-
tion is in keeping with theoretical calculations. (See Section 6.2.)
Although water temperature had no major effect on the partition ratio,

LD R ) T i ol R e T

the surface temperature rise (in the propagating NnéoH solution)
outside the boiling zone was much less at higher water temperatures.
This result, shown in Figure 3-89, also correlates with predictions of

the theoretical analysis.

IR ATRRY,

3.3.3 Group III - Containment Effects

The Group 1IIl tests were conducied to investigate the influence

of containing the spilled ammonia (and/or propagating ammonium
hydroxide layer) on both the liquid-ammonia/water-surface reaction
and the partition ratio. Containment was achieved by: 1) restricting
the spread cof HHQOH to a fraction of the total tavk surface area with
a plywood baffle across the water tank; and 2) conducting spill tests

#*Nominal water temperatures for each test were measured with a
nercury in giass thermcmeter prior to closing the hood and transferring
the ammonia into the spill dewar. Typically, about five minutes
might elapse between measuring nominal water temperatuze and the actual
spill., During the high~temperature test, some surface temperature drop
occurred between measurcment of the nominal temperature and the actual
anill time {so the surface temperature at the spill initiation was closer
to 90°F than to 94°F).

T T T S
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Spill

Expt. Quantity

Date Ne. ml)
12/19 23 1575
24 1700
12/20 25 1700

Table 3-3

Group II Spill Tests

Spill Tube
Diameter Spill
) Angle
3/8 0
3/8 0
3/8 0
30

Additicnal Paxtition
Variable Ratio
wvater @ 94°F (.63
vater @ 37°F7 (.69
3.5Z NaCl 0.72
mean * 0.68

',
.
)
Y )




ALINITVS QNV S3HALVEIINIL
HILVM 1NIHI2410 HO4 3ZIS “TUdS SNSHAA CLLVH NOILILYYd 8—E JUNDIY

fw ~ 9215 {143
000E 0002 0001
T !
-
do6 @ <4
IDSN %G'E M (] zn ]
531 1 dnoany 06 8/8 v
0 8/¢ O -
b 4 ojBuy aqny |OqQUIAS
: s nds
- ¥
v ® -+ 9
° O
o Ca .
S 3 1
) g o0
5 v ¢ v -_— - sr
- 8
v So

oney uonpIeg




Temperature {°F)

Temperature {°Fy

100
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FIGURES 3-8

Time ~ HMinutes

EFFECT OF WATER TEMPERATURE ON THE MAXINMUM
RISE OF TEMPERATURE IN THE NH OH SUBLAYER

FIGURE 3-8b
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in a six-inch diameter beaker. Table 3~4 lists the data for the gix
tests conducted in this group.

Figure 3~10 shows the partition ratic data, which indicates
that putting a baffle at either station 27 (37% of the tank left
availgble to the spill) or at station 42 (58% of the tank left availsble
to the spill) had no appreciable effect on the partition ratio. A
beaker test, with a total area even smailer thar that previously
observed as the boiling zone in the tank, also did not significantly
influence the partition ratio. However, the reproducibility of the
beaker spills was not as good as it had been in the larger tank.

Figure 3-11 ghows the temperature data from one of the beaker
tests. Note that during the test the temperature measured Iln the
vicinity of the surface was colder than the initial water temperature;
while below the surface the temperature was somewhat warmer than the
initial temperature; and at about the midway level in the beaker the
temperature is uninfluenced by the superimposed layer of ammoniz and/or
ammonium hydroxide. This type of vertical temperature profile probably
occurs because of stable stratificatioa of the liquids, with the layer
nf coldest LNH3 at the top, followed by a slightly warmer (but never-
theleas heavier) NHAOH solution, overlaying the water. The vertical
diffusion of the NHAOH solution is very slow, as can bz seen by the
photographs in Figure 3-12,

3.3.%24 Group IV - Interface Reacticns

The Group IV tests were conducted to study the influence of
water and air motion on the ammonia/water-surface reactions and the
resulting partition ratio. Another variable studied in these tests
was the effect of isolating the liquid surface downstream of the spill
to determine if any appreciable portion of the dissolved ammonia
resulted from vapor/liquid reacticns remote from the actual spiil

zone. Table 3~5 lists the tests a2nd date of this group.

Figure 3-13 shows the test facility modifications rvequired for

33
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the Group IV spill tests. A transition sactica was placed in the veat

hocd, so that the air flow inducad by the exhuast fan would pass directly
over the water tank and tend to purge the surface of asmonis vapor.

{In prior tests, air flow nad been avcund the tsnk, but not across,

the water surface.) A horizontal baffle was placed approximately

one inch below the liguid surface, and the inlet and sucticn

lines from the circulation pump were modified to induce water motion

at the surface. With these modifications, it was pcssible to achieva
an air velocity of about 15 feet per sscond and a water velocity of

about 0.3 foot per second. The water surface cutside tha spill sone

was isolated from the test area by placing plywood sheets on the water,
except for about eight inches on eicher side of ths spill zone,

Figure 3-14 ghows the partitiom ratios obtainsd in these tests.
Note that almost all of the experiments had a partition ratio of
This is slightly less than the mean of 0.74 obtained in the
umsodified experiments. However, peither air motion, ner water sotion,
por surface isolation affscted the partition ratic te any substantial
degree when congicered separately.

3.4 UHDERYATER TESTS
Bine underwater tests were cenducted to datermine the influence

of submergence and spill mode on the partitiorn ratic,
lists the datz for these tostsg.

Table 3-5

A gravity head device was used for two tests, and a pressurized
transfer device was used for the other tests.  Figure 3~15 ghows
schematics of both pieces of apperatuz. The gravity head device was

an extension of the apill tube used in the previcus surface tests.

n ——————L o Nt o

However, it wes limited to shallow depths, bacause boiling in the sub-
merged portion of the tube resulted in slow discharge respomss {i.e.,
rapid subsurface amsonis discharge did not cccur for sbout 30 to &5
seconds after liquid am=omis had been dumped into the spill fummel).
Purther, to ensure a consistent cutflow of liquid s=sonis, it wvas

nescessary o bend the ie upward =0 thst bubbles forming near the

§
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end of the nozzle would enter the water rather tham back up into the
discharge tube. The pressurized discharge apparatus was uot depth
limited, nor was it necessary to bend the discharge tube upward to
engure positive outflow.

Note that the partition ratios obtained with gravity discharge
(at a depth of 5.5 inches below the water surface) are not very different
from the partition ratios obtained with the surface spilis. This
agreement may be due to the shallow release depth, becasuse the ammonia
vapor may not have had time enough to dissolve. Thus, the results
may be similar to those with surface boiling. However, witn deep
discharge, most of the ammonia vapor was dissolved by the water.
Table 3-6 lists the increased partition ratios obtained for pressurized
releases under water. Note that the partitioa ratio is high for
pressurized release even at relatively shallew depths (except for
one test). This may be due to better mixing caused by the high velocity
jet that issues from the end of the pipe during such releasses.

3,5 FINDINGS

3.5.1 Surface Spills

The partition ratio seems to be essentially a comstant, not
influenced by changes in a number of physical variables. Specifically,
we gbserved that:

® In over 90Z of the tests, the partition ratio was between

0.65 and 0.82, In almost all instances, where data was
outeide this range, test reruns resulted in ratios within the
expected range.

e Observation of the test tank indicates that evaporation seemed
to be confined to an eight—inch zone surrounding the spill.
Phenolphthalein dye and temperature measurements showed that
a warm layer of ammornium hydroxide propagated from the spill
zone along the water surface. The layer was sbout an inch
thick, and its surface temperature was about 3° te 10°F above

the initial water temperature.
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Within the range of the experiment, the water temperature did
not geem to have a strong effect on the partition ratio,
although for higher water temperatures a smaller temperature

rise was measured in the propagating layer of ammonium hydroxide.

Reither the partitiom ratio nor the physical model just described
seemed to be strongly affected by variables which might be
expected to influence interface heat and mass transfer, such

as: spill quantity, spill rate, spill delivery angle,

air and water motion, or salinity.

Restricting the total area of the spill site did influence
propagation of the ammonium hydroxide layer, but if the evapora-
tion zone remained unobstructed, there did not seem to be any
marked affect on either the evaporation process or the parti-
tion ratio.

When the area aveilable to the spill was reduced to less than
the nominal eight-inch boiling zone (such as in the beaker
tests), the upper layers of the ammonium hydroxide solutiom
underwent a temperature reduction rather than the temperature
rise previously noted. Howevar; aithough the partition ratio
varied more in these tests, the average value was not greatly
affected.

3.5.2 Underwater Release

We observed that:

When the release was at low velocity and close to the water
surface, thare was no substantial change in the partition

ratio compared with the mean value for the surface spills.

When the release was at high velocity, and at depths of four

and nine inches, the partition ratio values increased and

were much closer to 1.0, This may be 3 consequence of increased
turbulence and hence better miving caused by the high velocity

jet of liguid ammonis exiting from the tube. Also, the
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increased residence time of the vapor in the water (due to
great depth) results in redissolution of vapor in water,
giving a higher partition ratioc.

3.6 DISCUSSICH

It appears that the partition ratio for small-scale tests is not
very dependent on the physical or dynamic variabies in the experiment

and remains nearly constant - within a ressonable experimental scatter -

at an average value of 0.735. The mode or total quantity of surface
release do not seem to influence the partition ratic. This holds

true even when the spread of HHéGH is restricted (as duriag the beaker
and baffle tests). On the other hand, underwater release below a
certaln depth seems to incresse the dissolution of NB3 vapor and
thereby incremse the partition ratio.

In the Group IV tests conducted with slightly changed apparatus,
the partition ratic was consistently at 0.67. It is not clear whether
this was due to ailrflow over the water surface, or water motion, or
both. However, the 67 decrease in partition ratic from that of the
surface tests might very well represent some experimental problems
rather than any physical phenomenon.

The analytical model presented in Section 6.2 predicts a partition
ratio of 0.735 for a 70°F water. Most of the experiments were carried
out with 50°F to 70°F water, apd the agrecment betwsen experiment
and theory is remarkable., This indicates that the reaction between
small quantities of ammonia and water iz purely s thermodynamic
phenomenon and is independent of other kinetic and dynamic variables.

The maximum temperature of the ﬁE&OE golution mesgured is a
function of the initial temperature of the water. The temperature
rise is ebout 15°F for water at 35°F and alwmost zero for water at
S0°F. Note, however, that the temperatures were measured at
sbout three to four reacticn-gone diameters from the center of the

spill. Temperature measurements made in the reaction zome did not
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give very meaningful results due to the extremely noisy data stream
caused by violeat boiling and agitation. The thermodynsmic model
predicts that the temperature rise of M{,OB (14°F for 32°F water,
and no rise for 70°F water) is a function of the water temperature.
The measured and predicted values agree fairly clesely.

Visual observation of th= H3403 layer spread indicates that it
spreads horizontally with a mean velocity of about 0.22 foot per
second, aes shown in Figure 3-7, The vertical propagation of EHAOH
is minimal. Based on visual observation of the vertical diffusion
of a dye marker during the first few seconds after a spill, we calculate
that diffusicn coefficient for NH,OH is between 0.1 and 0.2 cmzlsec

4
(0.4 to 0.8 £t¥/hr).

47

s




4. INTERMEDIATE SIZE EXPERIMENTS

4.1 PURPOSE AND SCOPE

The purpose of the intermediate-scale tests was to measure both
the partition ratio and vapor concentration in air, simultaneously,
on as large a scsle as possible. By doing so, we intended to see if
the partition ratio could be predicted by measuring the integrated
vapor concentration in air.

The small spill quantities and unnatural environment of the
laboratory tests (a constricting of -the hood and vertical air move-
ment in the vent) precluded meaningful measurement of vapor concentra-
tions in the gas phase. Conversely, during any large-scale spill it
is not possible to directly measure the partition ratio, because
of the difficulty in obtaining a uniformly mixad water sample. There-
fore, indirect methods were needed to determine the partition ratio.

Theege experiments were based on the premise that it would be possible
to estimate total vapor flow by obtaining vapor samples over a specified
time interval with collecting devices at a few locations downwind of the
spill. Comparing the estimated total vapor masa liberated during a
gpill with the quantity of L§H3 spilled on water would allow calculation
of the partition ratio., This value of the partition ratio can then
be compared with the value obtained by titrating samples of the thoroughly
mixed water on which the LHB3 was spilled.

4.2 APPARATUS AND PROCEDURE

4.2.1 Test Facility

Figure 4-1 shows the essential festures of the test facility: a
gwimming pool, a vapor-sampliing instrument rake, and s spill bucker.
The aluminum~sided, plastic-lined swimming pocl - 20 feet in diameter
and 2 feet deep ~ was buried in the ground so that its top was just
above ground level and the pool water surface was at about ground level.
The LﬁH3 transfsr system, tipping mechanism, discharga nozzle, water
circulating pump, and drain loop were vary similar to those used in the
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laboratory test facility. The pocl was generally filled with water
using a fire hoss connected to the city water supply. However,
the water from an adjacent pond was used for some of the early
tests. The test facility was located on the testing grounds of

Arthur D. Little, Inc,

4,2.2 Instrumentatior:

Vapor concentration measurements were made with impinger {sniffer)
devices mounted on a cross-sghapad rake, as shown in Figure 4-2,
generally placed about 15 feet downwind of the pool cepter. The
rake 2180 contained thermocouples to measyre ammonia vapor temperature.

Pool water temperztnures were also recerded.

The impinger, sbown in Figure 4-2, draws a metered flow of sir
through a boric acld soluticn, whiul: digsclves aspirated ammonia vapor.
The mass of disgolved NH3 csn be determined later by laboratory titra-
tion technigues. & steady air flow of 2.3 liters per minute through
the device vas maintained — at least for the duratiom of the ammonia
gp0

to vasuom tenks.

o

4]

£iow over the rvsks ~ by coonecting the impingezs outlets

In addition to the above general arzangement of apparatus and
instrimente, the following modifications ware made to perform the

surface ané underwatzr relsszses of ligquid amsonia.

£,2.2,1 Surface Spills

Both one~gallon 2nd five-gallon surface spills wers performed.
The apiil bucket gnd tipping arrengement uvsed in the one-gallen tests
iz shown in Figure 4~1. This arrangement wa2s identical to that
used in the lsboratory tests. {See Figure 3-1,) A special bucket,
shown In Figure 4-4, was fabricared for the five~gallon surface gpill
tepts: The ducke: had a faucet to facilitate slow releasse of L¥H3
(contiruous spills).

As shown in Figure 4-5a, three liquid temperaturex and two vapor

temparatures were measured approximately two feet downstream of the
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FIGURE 4-3 SKETCHK OF IMPINGER DEVICE FOR VAPOR SAMPLING
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spill point. Pool temperatures were measured at 1/8 inch, 1/2 ineh,

and 3/4 inch below the water surface. Vapor temperatures were measured
at about one inch and two inches above the water surface during the
one-gallon spiils, and at three inches and 12 inches above the surface
during the five-gallon spills. In addition, five vapor temperatures

were measured at the downstream rake.

4.2.2.2 Uunderwater Release

3 Figure 4-5b shows the thermocouplearrangement used during the
underwater release erperiments. Figure 4~6 shows the special release
system buil: utilizing a one-gallcn pressure vessel (stainless-steel
fire extinguisher), a 3/8-inch stainless-steel ball release valve, and

0.5-inch ID stainless-steel submerged relnase tube. A similar system

employing a smaller release valve and 2 0.364-~inch ID submerged

o NN, T T R

release tube was also fs-ricsated.

The pressure vessel was filled through a T-fitting attached to the
release valve, and once the tank was filled to the desired liquid
level, the supply was valved off at the f. The releasze vaive was

also closed to allow a pressure rise in the tank. At about 15 psig,

Lt

ammenia was released through the submergea tube into the peol.

The depth at which the liquid was released was varled by raising

M et

or lowering the submerged pipe.

Nine underwater thermocouples were placed 1.75~-inch apart at
the spill site, and were monitored during the underwater relea. :s.

One thermocouple above the water surface was alsc used. (See Figure 4-5b,)

For all tests, wind velocity and wind direction ware measured,
adjscent to the pool, with an ancmometer and a direction vane. How-

ever, only gradusted-dial readouts were available, rather than graphical

strip recordings. Coleored movies and 35 nz stills were made of all
tests, Some tests were vecorded on infrared f£ilm. Underwater color

movies were made of certain subsurface tests.

T
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Table 4-1 lists the techniques and numbers of parameters measured
during thnese tests.

4.2.3 Procadures
4,2.3.1 Surface Spills

After the pool was filled with water, the thermocouple assembly
was placed in pogition, and the impinger rake was positioned downwind
along the mean wind direétion. The vacuum tanks were evacuated,
and liquid ammonia was tramsferred to the spill bucket. When the proper
volume of liquid had been transferred, and the wind was in the proper

direction, the test countdowm was begun.

About 60 seconds before the spill, the temperature recorders
were started, and at five seconds before the spill, the impinger
suction was started with a solenoid-operated valve. The LNH3 in
the spill bucket was emptied onto the water surface, all at once in
the case of instantaneous spills, and slowly through the faucet
in the case of continuoug spills. After the vapor cloud had disappeared
and about 10 minutes had elapsed, the water in the pool was mixed
thoroughly by operating the water recirculating pump for about 15
minutes. Five water samples were taken, each from a diffsrent point
in the pool, for laboratory analysis of dissolved zmmonia content.
The ammonia vapor dissolved in the impinger boric acid solutions was

also analyzed.
4,2.3.2 Underwater Release

The procedure was similar to that used for surface spills, but
LNH3 was transferred to a pressure tank. The tank and contents ware
weighed continuously sznd when a pre-set weight of L§H3 (15 to 18 1lbs)
had been transferred, the transfer was terminated. Because the pressure
tank was uninsulated, the pressure would immediately start to rise.
when the pressure inside the tank reached about 15 psig, the test count-
down was beguan. When the wind was oriented correctly, the veasel's

valve wes ppened and LRHB was released underwater. The impingers were

= e s i e+ e
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switched on at the same time, and the rest of the procedurs wes
similar to that described for surface tests.

4.3 SURFACE TEST FINDINGS

4.3.1 One-Gallon Surface Spills

Only instantaneous spills were tested in this category. The
data and results sre shown in Table 4-2. The average partition ratio ;
is 0.5 (0.552 if only the results with city water are used) compared
to the 0.735 obtained with laboratory spills of comparable spill
quantity. (Figure 4-8 shows these partition ratios plotted against
spill quantity. A discussion of the above resulis is deferred
to Section 4.6.)

The temperature data obtained in the tests are given in Table 4-3.
Note that within about a second after the spill the temperature recorded
by the immersed thermocouples dropped to nearly the LNH3 tenperature
and then began to rise. The temparature increase (of 5° to 10°F
above water temperature) continued for three to five minutes. For
one test, 22°F above water temperature was reached. The vapor phase
thermocouples followed a similar pattern. However, in many cases
the maximum temperatures indicated by the vapor phase thermocouples
were 20° to 40°F above the air temperature. Such valuss are comsiderably
higher than the increases shown by the water thermocouples. The

thermocouples on the instrument rake (15 feet downwind) recorded ambient

temperature except when the ammonia cloud passed over the rake. This
occurred in many tests, and the temperature in the cloud was indicated
to be between 15° and 20°F lower than ailr temperature. Such low tempera-

tures lasted for only sbout one to two seconds, indicating rapid

passage of the cloud past the rake. (Unfortunately, the recording

instrument to which rake couples Tl, Tz, and T3 were comnected did

not record the event because of its slow response time and noncontinuous

printing.} For all cases when the cloud passed through the rake the

temperature indicated by a thermocouple at a higher elevation

lower than the temperature indicated by the one beneath it. (This

phenomenon is shown better for tiue five-gallon spills.)

60




Table 4~2

a
a—t

Ope-Gallon Surface Ep5iil Tests

] Spill
Spill Quantity Spiil Partition Water
Date No. {liters)t Funnel Ratio Source
6/1 1 3.25 - - -
6/8 1 3.50 - Q.30 Pond
6/11 1 2,56 = ¢.45 Pond
6/14 1 3.50 - 0.5 City Water
6/14 2 3.5 1/z¢ 9,49 City Water
6/14 3 3.50 - 0.65 City Hater
6/15 1 3.50 - 0,56 City Water
6/15 2 3.50 - 0.55 Cicy Yater

mean = 8.5

mean for
City water = §,552

AT A

i

+Note: 1 gallon = 3.6 litres

Y

}i
%%
%%
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Figure 4-7 shows plots of the total mass of the NHS vapor collected
in each impinger. Figurm 4-7a shows the distributions of vapor collected
along the horizontal beam three feet off the ground, and Figure 4-7b
shows vertical distributions. The figure als¢ shows the best possible
Gaussian profiles that pass through the experimental poirnts in each

experiment.

4.3.2 Five~Gallon Surface Spilis

A set of eight experiments were conducted with spills of about
five gallons; six were instantaneous spills, and two were continuous
spills at 65 ml/second. Table 4-4 gives the details of the tests in
this category, such as spill quantities, partition ratio measured,
etc. Note that the average partition ratio for an imstantaneous spill
is iess thun that for a continuous spiil. Figure 4-8 shows these
partition ratios, together with those obtained for the one-gallon
spills.

Table 4-5 shows the temperature data obtained for the five-gallion
tests. HNote that the vapor phase thermocouples were three inches and
12 inches above the water level. The temperature data are very similar
to those obtained for ope-gallon spills. The laxge ino®ease in vapor-
phase temperature, compared to a relatively small change in watet

temperature, can be clearly observed.

Figure 4-9 is a plot of both vapor-concentration impinger data
and best-fit Gaussian curves. Note that for the vertisal distribu-~
tioa the maximum concentration occurred, in twoe experiments, at an
elevated level rather than at ground level. This corresponds well
with the temperatures recorded by the vertical array of thermocouples.
The lowest temperature was recoyded by the 10-~-foot-high thermocouple
during passage of a cloud. Thi_ =seems tc indicate that NHB vapor

rises rapidly in the atmosphere during dispersion.
4.4 UKDERWATER RELEASES

Seven underwater tests were conducted, eacn releaging about one
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Table 44

Small Scale Tests Abcve Water

B R R G L R L RS

Spill Avg. Spill
Quanticy Partition Rate in
Test (litres) Ratio ml/sec
g
1 7/16-1 17.55 0.592 Instantaneous
7/19-2 21.45 0.707 Instantaneous
7/20-1 13.5C 0.637 61.5
7/20-2 21.45 G.686 61.5
{
£ 7/23-1 17.06 0.543 Instantaneous
H
H
i 7/23-2 19.50 0.526 Instantanecus
% 8/3-1 21.00 0.5%7 Instawtaneous
i
§ 8/3-2 21.00 0.430 Instantaneous
I
: mean =  0.59
¥
H
i
f
i Mean for iustantzneocus
% spill only = 0.566
§ ¥ean for continuocus
: spill only = 0.662
3
&7
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in mph
5-6
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x10"5 Moles of NH_ in Sample
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gallon of LNHS at depths between 14 and 18 inches below the water
surface. Table 4-6 gives the details of the tests. During the
process of release, only minimal agitztion of the water surface was
noticed, except when the release was at seven inches. In that case
the water surface was punctured with mini fountains (four to five
inches high), which were almost directly over the release poirt.
Some "crackling" sound was recorded and the ground very close to the
edge of the pool rattled, as if there were a small earthquake.

The recordings of the crackling noises, made with a hydrophone in

the pool, have not provided any useful informatiom.

Note that the measured partition ratios are all very high,
indicating almost total dissolution of the LNH3 in weter. In
fact, in the first two tests, he impingers did not register any
ammonia vapor at all, Therefore, in subsequent tests, no impinger
data were taken. The low values of the partition ratio obtained for
the first two tests were probably due to incorrect sampling of
the water after the test. (The pool water was not mixed well befors

samples were obtained for those tests.)

The water temperature was measured using a bank of thermocouples
along a vertical line about five incnes from the exit of the underwater
discharge pipe. (See Figure 4-4b.) Figure 4-10 shows typical
records of the temperatures for l4-inch release depth and 7-inch
release depth. These indicate that, close to the point of release, large
temperature variations occurred. Although very low temperatures were
recorded close to the release point, the high tomperatures occurred
only above the release point. Also, the maximuvas increase in temperature
at any point seemed to be not mor than about 10°F, while up to 30°F
drops have been seen. The latter temperatures may be due to cold LEBS
being relezsed in the vicinity of the thermoceuple., Ko particular
pattery: can be ascribed tc the temperature variations with time.
However, there is a definite decrease in the effect as one goes farther
frrm the release point. The thermccouple in the air recorded a more
disturbed temperatuve profile that varied as much as 15°F.

The spread radius was estimated from movwies.
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E
% 4,5 ANALYSIS
E

From the impinger data, we can calculate the total vapor mass
3 3 as follows:
1f 7
m{y,2z) = moles of vapor collected at the location y,z on the :
ingtrument rake at distance x :
where = |
£ ¥ = direction normal ts the wind directicn and parallel :
to the ground
z = vertical direction
and + o
{ n(y,z) dy
1 Ay = Area under the measured y-molar distributicn = j — - ?
+ o
Az = Area under the measured z-molar distribution z./. u(y,z) dz
-
Asguming that the distributions in other regicns of the y-z plane
are similar to the measured distributions, it can be easily shown that

the total mass of vapor liberated is

AA
¥ =p3 ¥z (4-1)
v q m(yQ,zo)

IXIEIY,

¥ = moplecular weight of NH3

nvie

q = constant suction rate

U = wind velocity

el dth

In Egq. 4-1, m(yo,zo) represents the vzlue of mcles of NH3

vapor c¢llected by the impinger at the common point between the

o VR R g Y et

vertical and horizontal arrays, Once the mz2ss of vapor is calculated,

then the partition ratlc can be calculated with

TS g e o

P =1~ Y (‘-0"2)

o
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Table 4-7 shows the calculated values of the partition ratio,
made using the impinger data of selected tests by the above method.

These are compared with the partition ratio vaiues cbtained from

water sampling. Note that for the tests where the cloud nit the

instrument rake squarely, the mass of vapor liberated in the spill

could be estimated fairly accurately. A ccmpariscom of the values

of the partition ratios both calculated and measured indicates that

in most cases they agree reasonably well.

Note that the mass of vapor caiculsted by Eq. 4-~1 is quite sensitive

to wind velocity. During the pool exzperiments, wind velocity was not

measured accurately. The numbers fer wind velocity given in Table 4-7

are best estimates, based on readings from a meter. It is, hcwever,
encorraging to note that even if the wind velocity was actually
slightly different from the above~quoted values, the mass of vapor

estimated would be correct within a factor of 2 for the worst case.

Tatle 4~8 indi-ates the same vapor concentration data in terms
of the standard deviations of the best Gaugsian profiles that fit the
distribution data. The mean values of the horizontal standard devi-
ations (oy) are 1.7 feet and 3.7 feet for the one-gallon and five-gallon
spills, respectively. Similarly, the values in the vertical direction
(Uz) are 2.2 and 2.9 feet respectively. These values are compared with
the values of ¢'s estimated from Pasquill-Gifford curves for a distance
of 15 feet from the source. (See Figure 6~17.) Table 4-9 lists
both of these values. The agreement is reasonably good. This indicates
that probebly the regular vapor dispersion models could be used to
describe the ﬂ33 vapor dispersion. (This subject is discussed better

in Section 5.5 in the light of iarge-~scale experimental data.)

No systematic and meaningful analysis of the temperature date could
be made. A general discussion of the Implications of the results of

temperature measurements is given in the next section.

4.6 DISCUSSION

There is a definite pattern to the partition function r&sults.

a P
b L S A Bttt o B
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The partition function is high, close to 0.9, when the LNHs is

released underwater and is low, about 0.57, when a large quantity

is released instantaneocusly on the water surface. When the release
Y

is continuous and on the water surface, the partition function

ranges frem 0.60 to 0.7. These results conform to what one might

expect, based on the physics of the release problem.

In the case of underwater relesse, the LNH

have enough time to completely dissolve in water.
is generated at the

The vapor that

through the water. Hence, the partition function is high.

In the case of a large instantaneous release on the surface,

twc phenomena msy be occurring simultaneously. One is the boiling

of saturated LNH3 to produce saturzted ammonia vaper, while the

LNH3 and water reaction also contributes vapor. The other phenomensn
is the zerosol formation, as fine drops of ammoniaz are thrown up
into the air by the brief but violent agitation that occurs during

the surface boiling process. Because of this, the total quartity cf

liquid that goes into solurion with wzter is low and the partition

ratio is smill, We observed that the mean partition ratio of the

surface spills was quite below that obtained in thz laboratory experi-
ments. We speculate that in the labecratory experiments the confining
walls of the test tank may have allowed liquid ammonia droplets to
condense from the vapor and return to the liquid, resulting in an
increased partition ratio.

The very low partition ratios obtained when pond water was used

in the pool may be due tc the initial high pH cof the water {resulting
in lower amounts of L§§3 in solutionj.
water was wot analyzed before the tests,

However, because the pond

reasons for the cbserved low vslues. In the continuous release case,

the partition ratic value is between the underwater and surface spill
values, for sbvious reasons. In fact, the partition ratio for the
conzinunus release is closer to the predicted value (ses Section 6.2)

of 0.73 based on the thermodynamic mixing model.
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Imnediately after a surface spill, the thermocouples in the water
showed a marked temperature decrease, with the one nearerst the surface
indicating the lowest temperature. Within 15 secoudé, the temperacuiz
was everywhere above the amblent and slowly rising. A maxdinum
temperature was reached in two to three minutes, with the top thermocouple
again showing the maximum value. In many experiments, the maximum
was about 120°F, a value very close to the maximum (122°F) predicted
by the second adiabatic mixing model (see Section 6.2). The observatle
reaction was complete within about 5 to 10 seconds, whereas the rise
in water temperature continued for about two to three minutes and
stayed at the high temperature for over five minutes before starting
tc decrease. This slow increase in water temperature is probably the
result of a slow reaction of concentrated NHAOH solution at the water
surface with the layers of pure water below. Once the boiling had
stopped, the mixing was brought about by molecular diffusion,
and this is a long-~term process. The persistence of the high water
temperature at the surface is due to the slowness of natural cooling.
It is interesting to see that not much lateral mixing takes place,
even though hot water (or the NH,4OH solution) is less dense than the

surrcunding water.

The temperature rise recorded by the thermocouples in the vapor
phase seems to be more or less ln phase with water thermocouple results.
Initially there was a sudden decrease in temperature - to almost -27°F
- and then 2 steady rise. The low temperature was irndicat.ed only for
about 1 to 1.5 seconds. This 1s probably the result of the passage
of NH3 vapor past the thermoccuple. However, the maximum temperature
registered by these thermocouples is far above the value registered by
the water thermocouples, though the maximum readings occur at about the
same time and persist as long. Also, in many cases the thermocouple
farther away from the water gsurface (two inches asbove or 12 inches
above) indicated higher temperatures than the one nesrer to the water.
The reasons for this behavior are not known precisely, but there are

various possibilities. Oune possibility is that a small drop of WH

3’
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water, or concentrated NHAOH solution thrown up into the air by the

boiling process lodged itself on the thermccouples and the reaction
between the various radicals was completed on the thermocouple bead.
Though the temperature rise can be explained by this "model," the
duration of temperature rise cannot be explained because LNH3 and water
react rapidly any time they are mixed together. A more likely possibilily
is that of a reaction between a dreplet of water on the thermocouple
bead and a continuous stream of vapor that is being liberatsd from

the water surface during the slow reaction process in the water mass.
In this case, one cannot only explain the high temperatures recorded
(adiabatic reaction of NH3 vapor dissolving in watear results in very
high mixture temperatures) but also the duration to attain these
maximum values. It is, however, noteworthy that ia all experiments,
except one, the maximum temperature rise above the ambient value recorded
by the vapcr phase thermocouples was never more thaan 52°F. This

value is the maximum rise possible by the adizbatic mizing of LNH3 and
water (see Section 6.2, Model 2). However., for the adiabatic dissolu-
tion of gaseous ammonia (GNH3) in water, theoretically the mixture
temperature can almost reach the temperature of boiling water (212°F).
Though the exact nature of the reaction that brings about such 2z high
temperature reading of the wvarpor phase thermocouple is not known, we
experimen-ally verified that is is not due to any ionization phenomenon

caused by charged NH3 vapor flow over the dry thermocouple bead.

The temperatures indicated by the thermocouples on the instrument
rake are useful to the extent that they indicate the passage of the
cloud past the rake, The entire cloud passed the rake within 2 matter
of two seconds. {(Becsuse one of the recorders used for measuring
these temperatures was of the lIntegratlng type, with durztion of
integration considerably longer than two seconds, no temperature change
was registered by the printout of this recorder.) For many tests,
the temperature indicated by the highest thermocouple was leas than
the temperature read by the couple beneath it. In the seme tests

the vapor~concentration impinger dats also indicated 3 maximum at
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the top impinger, Thece results indicate that the center of the cloud

was far above the ground surface and was still fairly cold (indicating

the presence of partially mixed GNHS). It also indicates that the

cloud rises rapidly during the process of dispersion.

RN I e £

The relative agreement between the vapor mase flow estimated
from the impinger data and that obtained from water sampling indicate

that it is possibie to estimate the partition ratio from measure~

W Ry, Bt

ments of vapor concentration in air. However, note that the calcula-

tion of the partition ratio ia very sensitive to the accuracy of the

VESARDTC S L s,
LD O T 1

wind velocity data and that the instrument rake be hit squarely by

the cloud. Therefore, while in principle it is possible to obtain the

NS

mass of vapor flow by time-integrated concentration measurcments,

cooperation by nature is very essential to assure success in this

T re—

Ry et Dy

method. Results showm in Section 4.5 also indicate that the staundard

g

deviations (or dispersicn paremeters} for the measured concentrations

e
08NS i 18 0 it 0

cnuld be reasonably vredicted from existing methods in the litersture.

A complete discussion oa the dispersion results is given im Saectica 5.

The temperature results of the underwater tests indicste that
the maximune temperature change cccurs near the exit sectior. The ;

meximum ipcreasze in water tempera-ure is not more than sbout 10°F,

e OLIETROS 1E T SR T e e

whereas no temperatures were less thsn 30°F below water temperature.

e

Since no datsile of the ﬁHéOH concentration cculd be mezsured,

YTEr R

the temperature data by itself doss not glve wmuch quantitative informa~

tion. However, the partition ratic was not very affected by the release

¥

at 7 inches o¢r 14 inches depth, In beth cages the release

Lep

is at a depth greater thin 10 times the diameter of the discharge

oy

ripe. The result is in yualitative agreement with the result of the

simpia ordev-of-nageiltwde theoretical analysiz presented in Section &.8.
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3, LARGE-SCALE EXPERIMENTS

(9]
=)

PURPOSE AND SCOPE

The purpese of the large-scale field test program was to obtain
downwind ammonia-vapor concentration data from as large a test as
practical in an unconfined, natural environment. It was hoped that
such data (in addition to that collected from the intermediate size
experiments) would allow extrapolation to, and prediction of, the
doutwind vapor concentrations to be expected from releases of LNH3 amounts

ranging up to and including 3,000 tons.

These experiments were based cn the premise that a certain portion
of the NH3 vapor cloud might dissoive in water as the cloud traveled
coneiderable distances downwind over open stretches of water. In
addition, it was assumed that the vapor-sampling devices (which provided
adequate data for indirectly calculating the partition ratio for the
intermediate-srale experiments) could also be relied on to provide

adequate data for large-scale tests.
5.2 APPARATUS AND PROCEDURES

5.2.1 Test Facility

The large-scale experimental program was conducted on a pond,
located at Space Research Corporation hesadquarters, zlong the United
States-Canada border. Seven 8-foot by 8~foot instrumentation rafts
and an 8-foot by 8~foot spill platfurm, with 25-feot by 4~foot walkways
were constructed on the pond and anchored in the configuration shown
in Figure 5-1. A partial side view of spill platform and 13ft A are
shown schematically in Figure 5-2. The instrumentation rarfts were
outfittad with cross-shaped instrument rakes that supported eight
impinger devices, as shown in Figure 5-3. As for the intermediate-zcale
tegts, the impingers on any one rake were connected to a set of vacuum
tanks with vacuur tubing containing in line limiting orifices. The
use of sclenoid-operated valves and underwater power coanections to

each raft allowed the entire system to be remotely activated from
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shorz just prior to an LNH3 teleace,

5.2.2 ZInstrumentation

Figure 5~3 shows the detsils of the vapor sampling instrumentation
set-up for the seven rafts (designated rafts A~G as in Figure 5-1).
In addition te this arrangement of vapor sampling apparatus, the
foilowing additions and modifications of instrumentation were made

to perform the surface and underwater releases of LNH3.
5.2.2.1 Surface

In ail, ten surface relzases of LNH3 were performed. Three
five-gallon spills were made to correlate the dara with that obtained
from the intermediate-scale tests, and seven were 50 galion

spills, made to provide additional date for this phase of the project.

The five gallon spill tests used the specilally fabricated bucket
from the intermediate-scale tests. The details cf this bucket and

ite associated mechanisms were shown in Figure 4-4.

The 50 gallon spill tests werz conducted with a similar apparatus,
using a 55 gallon-capacity insulated steel drum. A support rope held
the drum during filling, and 2 rubberized cable was added to lessen
the shock to the drum during the sudden tipping and dumping of the
contents. The floating foam block previousl: used to indizate the
volume of fluid in the spill vessel was replaced by 2 yardstick, so that

the depth of liquid could be noted just pricr to a spill.

In addition to the vapor-concentration measurements, five liquid-
temperature measurements and two vapor-temperature measurements were
made during sowe of the experiments, I3iquid temperatur=s were measured
0.5 to 1.0 inch below the water surface. Vapor temperatures were
measured six feet zbuve the water surface approximately 60 feat and

17 feet downwind of the edge of the spill platform. Figure 5-4 is
a schematic of the underwater thermocouple pesition during the surface

release tests.
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5.2.2.2 Underwater

Four underwater releases of five galions of ammonia were made
vith a specially fabricated 2.5-cubic~foot capacity welded-steel
pressure vessel and appropriate plumbing. Figure 5-5 shows the
layou® of the underwater relesse system, including a l.5-inch
ID PVC pipe comnected o a 1.5-to-0.5-inch reducer, to which 2 length
of 0,5-irch ID pipe is actached at a depth of five feet. imilar
systems with discharge depths of three or five feet were alss fabxicated

with pipes of constant 1.5 inch diameter.

The spill vessel was filled by placing it, minus external plumbing,
on a scale and adding LNH3 until the desired weight was reacned. The
vessel was then positioned and coumnected to the piping system and
allowed to warm until the internal pressure had Increased to about
20 psig. Then, the ball valve wus remoteiy opened and LNH3 vas

released.
5.2.2.3 Other Instruments

Wind velocity and direction were measured during sll tests with
an accurate, sensitive anemcmeter and directicn-vane sensor gystem
calibrated and connected to a high-speed strip-chart recorder. All
but two spills were recorded with 16 mr color wcvies (during cne
test the camera power system malfunctloned, and during ancther the
camera jammed). 1In addition, 35 mm cclor stilis were takean. Tabdle

5-1 lists the test measurements.
5.2.3 Procedures

The test procedures for doth surface and underwater releases
were similar to those used in the intermediate size experiments.
Only minor changes - dictated by the location and sine of the
experiments - were made. These primarily were heciuse the pond water
cculd not be thoroughly mixed and sampled as the swimming pool vater

had beeun.
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Table 5-1

Large-Scale Test Measurements

Surface
Tests
Concentrations
Downgtream Vapor Samples 8-56
Temperatures
Liquid 5
Dowvnstream Vapor 2
Sound 1
Photography

Coior Movies
Infrared Movies
35 mm Stills

Wind

Yelocity
Direction

*Rot all measurements were made for every tast.

Underwater

Tests*
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5.3 TEST RESULTS

5.3.1 Surface Spills

In all, three five gallom and seven 50 gallen instantaneous spill
tests were conducted in this series. Table 5-2 summarizes the test
data, ambient conditions, and vapor cloud behavior during the tests.
Wind velocity data were obtained by timing the vapor cloud movement
in the movies, as also from the chart records. Table 5-3 shows the
wind characteristics obtained from strip-chart records of wind veloclity
and direction (measured by the anemometer and the direction vane)}.

The table indicates the variable character of the wind.

Figure 5~/ shows typical water-temperature data obtained during
4 50 gallon test. The water temperature was considerably higher
than was observed during the intermediate-scale tests. However, during
the five gallon spills of the large-~scale tosts, the maximum tempera-
ture increase over the initial water temperature receorded by the came
set of thermocouples was about 5° to 6°F. Note, however, that the
line of the thermocouples for the latter case was about five feet
from the center of the five-gallon spill bucket. Therefore, it is likely

that the thermocouples ware not within the bolling zomne.

The radii of the boiling zones were measured primarily by scaling i
from the movies. Figure 5-7 shows 2 plot of boiling zome radius :
as a function of the spill quantity. Because of the difficulty :

of exactly locating the adges of the boiling region (dvz to vapcr-cloud

e

overlzp) a range of valuss has been given. The plot shows that the
estimate of a five gallon spill spread f£rom the large-scale tests

does not seem to agree with that from the intermedlate-scale size tests.

The impinger data from severzl typical tests (5,6,8, and 13) i
are shown plotted in Figure 5-8 through 5-10. These represent the
data from 50 galion (nominai) spills obtained under both very high and

very low wind velocity conditions. Figures 5-8a and 5-8b show the

horizontal and vertical distributions of the vupor mass coliected at
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raft A. (The figures also shovw the best-fit Gzussian curves,
wherever poseible,) Similarly, the other figures show the horizomtal
istributions for the second and third row of rafts. FPigures 5-9s
and 5-9b show the vertical distribution data just of those rafts in
the second and third row through which the vapor cloud passed. The
figures indicate that for the tests in which the wind velocity was
high (testz 8 and 13) the horizontal distributions car be reascnably
represented by Guassian profiles. For low wind velocity (tests 5 and
6) the distributior seems to be quite different from Gaussian, and
tends to be mure uniform for the rafts at the zame distance from the
source. Also, in genmeral, the concentraticns of NH3 vapor collected
were much lower for the tests with low wind that those with high
wind. The vertical distributions show that duripg high wind veloci-
ties the peak concentration occurred at 2 lower altitude than during
low wind. However, non-unifcrm disctributions also occurred. especially

at low wind speeds, (See test 5 in Pigure 5-8b.}

It i3 clear from the vertical conceatrztion distribution data,
obtained during the present series of experiments, that the ammonia
vapor plume vises above the warer surface as it disperses downwind.
Thie has also been confirmed by cbservaticn of the visible vapor
cloud movement in the test movies. The rate of rise of the plune
algo seems to depend cn the wind velocity and the size of the spili,
Figure 5~1la shews the positions of peak concentration vaiues obtained
from the vertical distribution of Rafr A impinger data, plstted against
wind velocity. (The values from other rafte in the second and third
row have not bezen plotted because of the uncertainties in their “peak"
values.) The thzoretical predictions based on plume theory are also
ghown. {The details of this theory are given ia Section 6.7. Figure
5-11a suggeats that to explain the observed variation cf the peak
concentraticn positicn with height, allowance has to be made for the
possible presence of aerosols in the vapor cloud. However, there {is
considerable data scatter. The cloud motions were cobserved froz the

wovies and the motion of each puff center over tle dirfferent rafts
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was noted. Figure 5-11b shows the heights of the cloud ceuters
over the three rows of rafts. The theoretical predictions based on

plume theory are shown on the same plot. (A discussion on the results
ig given in Section 5.5.)

Some general qualitative obgervations made from the movies

can be summarized as follows:

o In quite a few tests, during the spread of LNH3 on the water
gurface an uneven spread could be observed; that is, the
spreading pool edge was not a uniform convex front, but had
long elongated "fingers." This may have been caused by che
dynamics of the spiiling process.

o The cloud formation was rapid, and in all cases the cloud
hit the first raft. Characteristic mushroom cloud forma-
tion was seen under low wind conditions. The clouds dispersed
by a rapid rise at the top of the mushroom, followed by a
stretching of the stem of the mushroom. The stretched

cloud seemed to pass over the rafts,

E e The vapor cloud was visible for a longer duration (further

distance traveled downwind) when the atmospheric huwaidity was

T e
o s Ao

high.
3 ® The vapor cloud did not exhibit any special affinity for water
? by dispersing close to its surface. In fact, the tendency
i for the cioud to rise in the atmosphere was very evident.
2 ]

After the vapor had completely disappeared, a distinctly

: visible pool spread on the water surface at the spill position.
This poecl was distinguishable from the surrounding water by

the lack of small surface waves and siightly different optical
reflective properties. It is very likely that this represented
the spreading NHQOH solution.

ety e b Sk
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FIGURE 5-11b  HEIGHTS OF CLOUD CENTERS OVER THE THREE
ROWS OF RAFTS. DATA FROM MOVIE FILMS.
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5.3.2 Underwater Release

Four underwater teats were conducted. Approximately five gallons
of LNG, were released in each of the tests about four feet below the
water surface. The temperature in the water was measured at five
locations. Figure 5-5 shows a schematic of the thermocouple loca-
tions relative to the mouth of the discharge pipe, as well as the
general arrangement of the underwater release apparatus.) Both 0.%-inch

and 1.5~inch discharge pipes were used, each in two experiments.

Table 5-4 lists the experimental data, together with some observa-
tional remarks, for this test series. Note that water temperature
could increase by as much as 50°F (though in one case it was about
70°F), and that for the smaller-diameter pipe discharge, the maximum
temperature observed was much lower than when the discharge was
from a large pire diameter. This may indicate that the rate of discharge
i3 important for the type of reaction that can occur between water and
LNH3. No vapor was sensed by the gniffers in the first raft, nor
did observations of the area directly above the release point indicate
any vaper clouds. Only violent bubbling and agltation of the water
in these regions were noticed. The thermocouples tlese to the release
pipe seemed to first indicate temperatures as low as 0° to -3°F
(probably liquid ammonia) and then »egin to indicate increased tem-

peratures.
5.4 ANALYSIS

5.4.1 Partition Ratio

Partition ratios were calculated from the impinger data of each
raft over whichk the vaper cloud passed, using the method described
in Section 4.5. Table 5-5 lists the calculated partition ratios and
dispersion varisnce parameter vazlues for the impinger data. The
latter were ottained by fitting the best Gaussian curves, vherever
possibie, to the impinger data for the horizomtal and vertical arrays.
It can be seen from the teble that the partition ratios are far from

being unique. In fact, in some cases the vapor masses calculated from
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the impinger data are very small compared to the mass of liquid
spilled. In general, high partition raties were obtained for those
experiments in which the wind velocity was very low. This indicates
that, for such cases, the major portion of the cleud misged passing
by the impingers and the readings obtained by the impingers were

due to the reaidusl vapor that passed by them. (See the remark about

the passage of the sten of a mushroom cloud im Seetion 5.3.1.)

Table 5~5 also indicates that the partition ratio values calculated
from the data of the first raft seem to b2 within reasonsble limits
(betwsen shout 0.5 and G.7 for a mainrity of the experiments),
but no definite pattern can be ascribved to the data of the second-
end third-row rafis. It is known frcm observaticnal data that in
almost 8ll the tests the cloud hit the first raft, zlmost syquarely,
yet did not necessarily hir the rafts in the second and third rows.

This infoxrmation, coupled with the large differences ia the partition
ratio obtained from second~ and third-row raft data, is a further
indication of the rapid rise of the vapor cloud in the atnosphere.

5.4,2 Impinger Concentration Distribution

Most of the horizontal distribufions could e reasonably fit by
Gaussian profiles. The variances obtained from these profiles are
given in Table 5-5, along with the dispersion parameter {og) values
obtained from the Gifford-Pasquill curves (gea Figure 6-17) for the
appropriate atmospheric type and the dcwnwind raft distance. A
comparison cf the measured Gy values and those obtained from the
GiSford-Pasquill data are shown in Figure 5-12. Note that the measured
cy's tend to be slightly higher for the near raft and smaller for the
second row raft thanm the Gifford oy's. For larger distances, this
difference seems tc be reduced. Also note that the latter values
were obtained by extrapolating the Gifford curves, wbich have ¢ values
listed only for distances greater than 100 maters. Hence allowance
nust be made for possible errors in extrapolation. Considering

this uancertainty, the agreement secems to bLe quite good.
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In the case of vertical distribution of the measure? impinger
data, the Gaussian profile seems to be more an exception than the
rule, The most likely explanmation for this behavior iz the rapid
rise of the cloud at low wind velocities. In fact, note that in
Tahle 5-5, the agreement between measured aad Gifford o, values is
good ounly for tests in which the wind velocity was high (about
10 mph).

5.4.3 Ammonis Vaoscr Rise

The parh of zhe ceater of the vapor cloud, iiberated by the LNHs
spill on water, can be described by the theozies of vapor cloud
dispersion in the atmosphere discusged in detsil in Sectiom 6.7.
Essentially, the cloud can be treated either as a maintained
piume or as a puff cf vapor, Bcth theoriez are applied to describe
the ammoniz vaper cloud dispersiom, and their results sr= then compared

with the experimental observation.

For comparing the predictions 2nd experimental values of vapor

cloud rise, the following experimental values are used:

M = mass of liquid ammonia spilled = 284.5 pourds

P e partirion ratio
R = maximum radius of spread = 12 fa=t
max

= duration of evaporatiorc = 10 secounds
T = ambient temperature (60°F)

X = distances to the rafts = 21, 55, and 110 feeu
g = acceleration due to gravity = 32.2 feet/second

The physical property values for both liquid ammonis and the
saturatad vapor are taken from Appendix A. The following atmospheric

conditions ars sssumed for the sake of calculations:

U = wind velocity = 8 mph = 11.73 feet/second

%% =~ potential tempersture gradient = 0.0l °K/meter
P depsity of air = 0.07488 1bm/ft3
£, " density cf sagurated ammonia vaper at atmospheric pressure

.05556 1bm/ft
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Bence, we kave, assuming no aerosol formation,

[
4 =1~ EX = density defect = 0.258
“a

V = total volume of vapor generated = 18 x 0.4 x 284.5 = 2050 ft°

5.4.3.,1 Predictions “rom Plume Theory (See Sectionm 6.7.2.1.)

Because of the expanding character of the pool source of ammonia
vapor, w2 assume

bi = Rmax,£! 2

F = buoyancy flux = }%é

2 = buoyancy length = —222. = 0.336 feet
P 11.73

using equal.on 6-56 we have, with B=i,

z = 0.795 x2/3,

The heights of the vapor cloud predicted by this theory for x values
of 21, 55, and 110 feet are 6, 11.5, and 18.3 feet.

1/2
I -E% gg] = Brunt Vaisalla frequency = 0.0185 radians/second

i

S = stratification parameter = 11,73

336 x .0igs - 1891

Hence, from equation 6~61

z_ = maxipum piume rise height = 0.336 x 1891 2/3 51.4 feet.

Approximate downwind distance within which this height is reached is
x* = 443 feet

5.4.3.2 Predictions from Puff Theory (Ses Section 6.7.2.2)
Bi = buoyancy volume released = Vgi = 17030 fcé/s‘

B
2. - buoyancy length = ﬁé = 11.12 ft

Asouming ax = 0.3 and using equation $+62 , wa have
z = 6.86 x-/2
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The heights of the vapor cloud predicted by the above equaticn by

this theory for x values of 21, 55, and 110 feet are raspectively
31.5, 51, and 72 fee:.

11.73 -
11.12 x .0183

Assuning again a = 0.093 and ax = 0.3, we bave from equation 6.65

P

5 = stratification paraveter -

57

z = 273 faet

-

This height ie reached first at a distance x* given by equatien .6.66
x* = 1790 feet.

We compared the values predicted by the above two theories with
the experimental values as shown in Table 5-6. The values in the
table indicate that the continuous plume theory seems to correlate
with experimental data extremely well. The experimental data plotted
in Pigure 5-125 (visual observation data) indicate that height
decreases inversely with wind velocity. This is precisely the law
for the continuocus plume theory, rather than the puff thecry in which
the height goes down as the inverse square root of the velocity.
Results computed for other wind velocities at the three raft positioms,
based on the plume theory. are shown in Figure 5-12b.

Similar calculations of cloud rise made with plume theory,
agsuming two different percentages of aerosol in vapor (0X aad 20%7)
are shown in Figure 5-1Za snd ara compared with these obtained from
impipger data. The cowparison indicares that maxizunm concentration
data could protably be explained 1f we zllcv for aerosols in the vapor

cloud.

5.4.4 Comparison of the Vapmor Concentraticn Data with Predicted Values

In thisg section, <e show a method of calculating the vapcr concen-
tration downwiné. The analysis uses the results of a vapor dispersion
model shown in Section 6.5 and the plume rise theory indicasted earlier.

The results obtaired are then compared with the experimentzlliy cbtained

NH3 vapor concentrstion. For the calculations, the foilowing dara
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Table 5-6

Comparison of Experimental & Predicted Cloud Height Values

Height of the center of
vapor cloud predicted by

Downwind
Distance Experiment | Plume Theory Puff Theory Remarks
(Feet) Feet) (Feet) (Feet)
21 6-8 6 31.5 Observed values
of test #13
55 10-12 11.5 51 are used.
. %10 15-18.5 i 72
Maximum 55 273
plume risge - ’
height at x = 1790 f¢
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are assumed:

Quantity of spill = 4,0 gallons
Partition Ratilo = 0,6

Digtance of raft downwind
at which the vapor
concentration is to be

calculated = 55 feet
Wind velocity = 7,5 mph = 11 feet/second
Impinger suction = q = 2,25 lirers/minute
rate = 1.324 x 10~3 feet3/second

Fraction of aerosol
in vapor = 0%

m, = 40 x 5.69 x 0.4 = 91.04 pounds

Herce mass of vapor liberated

From Figure 5~1ib, the height

(zo) of thz center line of the

vapor plume at 55 feet from the

epill center = 15 feet

Gifford values of dispersion parameters from Figure 6~17 for

atmogphere B are: °y = 10 feet, o, = 7.5 feet,

Assuming that the wind is steady, and that the maximum concentra-
tion at any downwind locaticn occurs in the same spatial position during
the passage of the cloud, we can derive the following relationship
between the moles of vapor collected by an impinger at height 24
directiy downwind.

From Section 6.5, the concentration of vapor at any location (y,2z)

at a distance x downwind can be adequately represented by

2 2 2

. ) (y-yo) ) (z—zo) ) (z-!-zo)

m_{(t-x/U) 2 2 2 (5-1)

v 20" 20 20
e{X,¥,X,t) 7o &) o T y lﬁ z  te z

y z

and m, =-% Sz c(x,yo,zi,t) dt (5-2)
where

m, = meles of vapor collected by an impinger

m = rate c¢f evaporation of vapor (a function of time)
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€ = vapor coacentration {(in density units)
ya"o = position of the meximum concentration
t = time
q = Impinger suction rate
¥ = molecular weight = 17 gms/mole = 0.375 pounds/mole.

Assuming that the peak concentration occurs at the position of the center
line of the cloud, we can show that

- (a2 )?
qu g

M . 2024
v "o o, op ©

Substituting the values with z, = 21 feet

_@1-13)?
-3 2
o 91.04 x 1,324 x 10 e 2x7.5% =5 . (5=
ve get My = T X160 % 7.5 x 11 % 0.0375 %0 % 107 moles (3-3)

This value is compared with the experimentally observed value (see
Figure 5~%a) of 60 x 10"5 moles. The cheoretical value is about 50%
more than the experimental vzlue. Wind directicn is never steady

in the atmesphere. This might be one reason for lower mass ¢ollected
by the impinger. Also, because the raft is floating, the impinger
direction may not have beer parallel to the wind direction, leading

to lower mass of NH3 vapor collzcted. It is also possible that the
impinger itself was sucking air at a rate legss than 2.25 liters/minute
{because of the long tubing in the vacuum line), Other possibilities
are discussed In Section 5.5.

5.4.5 Spill Radiug

The maximum spiil radius measured as a function of the gpill quantity
is shewn pletted in Figure 5-7. Note that g straight line, of zlepe
0.8 on the logarithmic plot, correlates mogt of thes data. However,
1f the same power law with volume is assumed zo hold, then the radius
of a 2,000 ton spill would be about 36,000 feet - a highly improbable
number. Hence care should be exercised vwhen the small-gcale test

vesulis are extrapolated to large-scale spills. A theoreticzl model

125
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has been worked out and reported elsewhere (n £o predict the maximum
radius of spill for the spread on water of ingtantaneously released
liquid natural gas. The results of the anszlysic are as follows:

1/8 ‘
R V3G i
max | <2 (5-4) :
y ]
'v .}1/4 ) ™

t:e = 0.674 [—»-—-2- (5-5)

Gy
where

V = volume of spill

y = linear liquid regression rate {assumed to be a ccnstant)
“Lyu,

G = =ffective gravity = g ( - -——————-)
water /

£ = time to complete the cevaporation

e

The 3/8 ths power law variation of radius with spill size is also
plotted in Figure 5~7. Note that the line seems to correlate the
large-gcale field observations. Based on equation (5~4) and the
experimental results of the 50-gailon tests, we find the "1liquid
regression" rate (&) to be 2.8 inches/minute., Using this value, the
time to complete evaporation, calculated from equation (5-5) is 9.5
seconds. This time is comparad to the experimental values of between,
five and 11 seconds. The agreement meems to be very good. Using che
above formulae for prediction, a 3,000-ton instauntansous spill of
LNH3 on water would spread tc a maximum radius of about 475

faet and evaporation would be complete in about 120 seconds.

5.5 DISCUSSIOX

The partition raticsz have been calculated from the impinger data
using the "mass balance' method. The validity of this method for
obtaining partition ratios has already been tested in the case of
i{ntermediate~scale tests. The method gives reasonahly accurate values,

provided the lmpinger dats are good and wind velocity is known with

o ————————— = e
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good precision. (See Table 4-7.) 1In the large-scsle tests, the
partition ratios calculated vary from a low of 0.497 to a high of 0.98.
The latter high values have been obtained in tests where either the

impinger data are peculisr or visual observatiors indicated the passege

of the vapor cloud above the rafts. The logical conclusion is, there-

fore, that in such cases & major mass of vapor did not pass through
i the impingevs, resulting in high values of the partition ratios. How-

ever, in the tests where the wind was good and the bulk of vapor cloud
pagsed through the rafts, the partition ratios are reascnable, giving

credencz to the method of calculating the vapor mass from just the
time-integrated, spot-sampled vapor concentration data. Recall that
the major assumption in this method of calculation vapor mass is that
the concentraticn distribution profiles everywhere in space, at a given
location, must be similar. This assumption should be reasonably valid

for steady wind conditiona. Even in cases where the wind meanders

very much, the above assumption will be valid, provided the time
of passage of a cloud at any given location is small compared to the

preriod of meandering of the wind.

The Gaussian nature in the distribution of the vapor concentraticns
(impinger data) is clearly indicated in the sample data shown in ;
Figures 5-8 through 5-10. The horizontal distributions conform to
the Gaussian better than do the vertical distributions. In the low-

wind tests, very pecullar vertical digtributions have been notlced. Aas

explained earlier, the main reason for this is the passage of the cloud
wall above the rafts. Another reason may be the movement of the

rafts (which are floating) during the cloud passage resulting in the
impinger mouths being not in iine with the wind direction, While

the possibility elways existed that the wind direction wae not always
parallel to the impinger Intake tube, the movement of the rafts

within the duration of the passage of vapor cloud is so small as not

to materislly affect the impinger data.

The plume rise data has been shown in two graphs. Ome of them
bas been obtained from the peak concentration locations in the z direc-

tion distribution of impinger data. In view of the comments in the
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previous paragraph, it is very likely that these peak locatior data

are not very accurate. In fact, the z directiovn distributions seem ‘
to be reagonable only for the first raft. Pigure 5-1la is based on

this data. This plume rise data has to be compared with that obtained
from obgervations of the visible cloud behavior (plotted in Figure 5-11b).
The two figures give the impression that the maximum vapor concentra-
tion occurs below the center of the visible cloud. However, before
accepting this as always being the case, note that the data are

really insufficient to draw any conclusions. In fact, the impinger

data are time-integzated values of concentration and therefore may

not reflect the true position of the peak concentration during the

cloud passagé. Also, there are other uncertainties in the z direction

impinger data, as dlscussed earlier.

The plume theory predictions agree with the observation dats
(Figure 5-11b) very well. In addition, the experimental data and the
plune theory have the same power-law relationship with wind velocity.
This agreement with "plume" theory, instead of with "puff" theory is
intriguing, because in the experiments the vapor wzs observed to
digperse in the form of a sphericsl cloud moving downwind rather
than 2s a plume. However, it is likely that in spite of rhe fact
that the vapor seems to be liberated in the form of a puff, the time
duration of 10 seconds (for 50 gallons) is long enough for the
vapor to move as a plume. It is quite uncertain how the vapor liberated
by 2 really massive spill (occurring in an extremely short period) would
behave. However, application of puff theory to the prediction of the
movement of cloud originating from an atomic blast, has proved to

(18)

be very succeassful .

Because of the location of the source at ground level, the surface
boundary layer wind structure is important in the dispersion of the vapor.
The wind velocity in this surface boundary layer varies from zero ecn
the ground (smsell but finite value on the water surface becauze of
wator movement) to an essertially constant value at the top of the
boundary layer (of height 50 to 100 meters). A plume rise model incor-

porating the variable character of the wind has been worked out, but
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becauge of lack of informstion on the vertical velocity distribution

of the wind, no compariscr cpuld be made with experimenzal vapor clowd
rise observations. However, the simple plume thesty bas predicted the
experimental observations quite well. In obtaining the "predictions,"
the mean pool radius was asgumed tc be 0.707 of the maxjmum pool radius
end the partition ratio was assumed to be 6LX.

T3 expiain the results shown in Figure 5-1la by the plume theory,
one has to aspume a large fraction of serosol, up tov about 20X
by weight, in the vapor. Even though it is likelr that the vapor
liberated nas considerable amounts of aerosol, 204 by weight seems to
be rather a large fraction. (Unfortunstely there are no direct
measurements of the amount of serosel in the vapor cloud.) It is
therefore concluded that visual ovbservation data give the beet indica-

ticn cf the lecation of the peak vapor concentration.

The dispersion parsmeter values (o's) obtajned from the experimental

data and those obtained from Gifford curves are plotted in Figure 5-12.

Note that Gifford curves were developed from a large number eof
tracer experimentsz with continuwous scurces. Alec, Gifford curves
are given only for distances grester rhanm 100 meters., For comparison
with the exverimental data, these curves have besn extrapolated to
the raft distances, which are much cloger than 100 metera. 4lso,
the atmosphere type for tne davs of the experiments were inferred
from the sunshine data, the type of wind, kizds of clouds, etc. Since-
these are all subjective information, it is possible to mske some
errors in judgment and miscomstrue the class of the atmogphere.
Congidering all tkese problems, the agrsement betvween experlimental
and Gifford-dispereion parameter valives are quite excellent. There-~
fore, for predicting the Ni: vapor coacsacrations, Gifford values canm be
usged.

4 possibility exists that all the atwospheric classee irdicated
in Teble 5-5 are inccizeny. When s cold vapor such us saturated
533 vapor disperses cver a water surface, it may create its own local

inversion condition in the atrosphere. Since disperuion of the cloud
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of vapor depends to 3 considerable extent on the local atmospheric

condition, and since inversion represents a stable situation, it is
feared that the vipor cloud may not disperse a2s quickly as expected.
However, experimental observations do not seem to justify these fears.
The dispergion example worked cut in Section 5.5.4 ghows agreement
between the predicted concentration and the ex - rimeatal value.
Note that a simple continuous point source form.laz was used in the
concentration prediction. Thus, the answers are expected to be valid
for distances greater than about two times the meximum pool diameter
from the pool center. The example shown in Section 5.4.4 indicates
an error of about 507 in prediction. Though this error seems to be
igh, it is not unreasonable considering the fact that we are comparing
two numbers which are the time integrated values of the concentration.
Experimentally, there are many variables, the important ones of which
zre the wind velocity and direction. The agsunptions made in the
dispersion model as to the steadiness of the wind may aot be that
accurate., However, tiat the predicted and experimental values agree
that closely is in itself a proof of the adequacy of the digpersion

model to predict rzasonsbly accurate concentrations.
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€. THEORETICAL ANALYSES

6.1 INTRODUCTION

in the previous chapters, several experimental results have been
presented, anralyzed, aed discussed. In this chapter, severali theoretical
analyses ars given which are relevant to the prediction of hazards
presented by a gpill of liquid ammonia on water. These analytical
models provide a2 foundation for suitably extrapolating small-scale

experimontal data to bigger scale spills that might coccur duza te an
accident,

Section 6.2 is a discussion of the vapsr flaegh medel, which
provides a banie for calculating the amount of vapor produced when
iiguld samonda from & pressurized tank leaks out tc the atmosphere.

Section 6.3 presents a thermodynamic ing iwodel for the mixing
cf smmonia a2rd water, where it can be seen that «nite differert
ansvers are obtainzsd depending on whether ammonia mixes with water
or vice versa. In ap actual spill, both types cf mixing may take
place. The results of the model are the partition ratio and the
temperature of the mixed solution.

Section 6.4 containg a detailed heat transfer analysis, made to
obtain the pressure~time relation for the tank pressure of a liquid
armonia tank submerged in water. Such a situation mey occur following

the coilision of an ammonia barge and its subsequent sinking.

Sections 6.5 and 6.6 present a compendie of medels for the
dispersion of ammonie vapor ia air and sammonium hydroxide in water; i.e.,
the varicus formulse used in different situations, rather than detsiled
derivations. HMost of the formulae have pzoved accurate for predicting

various other gas diapersions and water pollutant concentrations.

Section &é.7 presents the predictions of the plume and vapor puff

rise theories, which are based on the analysis of Lhe mcticn of a buoyant
cloud of gas.
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An undarvater releass reactlon theory in presented in Section

6.8. Thiz model is based on an anology between tne behavior of turbulent
flames and Lﬁﬂa jet.

6.2 FLASH MODEL

Ammonia is transported as a liquid, either under pressure at ambient
temperature, or at atuospheric preggure as a cryogenic Jliquid. When the
pressurized liquid is released, a fraction of the liquid vaporizes
very rapidly and escapes into tiie atmogphere. The remaining liquid

cools to below its atmospheric pressure liquefaction temperature.

The present analysis is to obtain a method of calculating this

fraction of wvapor produced. In deriving the following equation, we i
have assumed that the process iz adizbatic. It can be shown that : J
the process i3 also isenthsalpic. Thug, we can equace'fze initial

and {inal enthalpies of a unit mags of LNH3; Assuming no supercooling

of the liquid, we can write the enthalpy equation azs

Mg = £h0 + (1-£) h§ (6-1)

where
f = fraction of reieasad LNH3 that vaporizes
= gpecific enthalpy (Btu/lbm)

i
A7 = heat of vaporizazition at one atmosphere saturated condition

supergcript o = final (outside the tenk) value (one atmosphere
pressure saturated condition)

L}

guperscript i = initial (inside the tank) value

scbscript £ = liquid

subscript v = wvapor
(hg - B
Bence, £ = — (6-2)

A

Iliusirative examples have been worked cut for three ceses of

tunk copditions, and the results are givep in Table &-1. Note that ;

the fraction of vapor formed incresses as tank pressure lucreases. ‘
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Vapor Flash Calculatione for Three Tarl: Conditions

Reat of
i v .
(55) aporigstiﬂé
Ambient Tenk Enthalpy of at atmospheric
Temperature Prassure Tank Liquid pragsure
(°%) (pai} {8tu/lbtm) (Btu/1bm)
0 30.42 42.9 589.3
46 73,32 86.8 589.3
100 231.90 155.2 589.3
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Vapor fraction (f) i
formed &t
1 atm. preasure

0.051
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A computer program has also been written to calculate the vapor

fraction, given the smbient temperature. The program utilizes an

"armmonla properties subroutine" to evaluste property values.
6.3 THERMODYNAMTC MODELS

6.3.1 Model Types

When LNH3 is spilled on water, it reacts with water in a relatively

- small srea and forms smmonium hydroxide (NHQOH) solution and gaseous

ammenla vapor (GNHS). The reaction is quite rapid and, for all
practical purposes, heat loss from the reaction can be neglected.
Thug, the mixing cap be considered to be adiabatic. The mixing process

can be modeled, using an equilibrium thermodynamic approach.

flowever, depending on the details of the mixing process, different
answers are obtained. This behavior is not unlike the differences found
Letween adding drops of wster to concentrated sulfuric acid and adding
drops of sulfuric acid to water. In this section, the three different
thermodynsmic modzis that explain the various mixing reactions are derived
ard discussed. The first case i1s most representative of surface spills of
LNH3 on water. It can explain mest of the experimentaily observed phenomsnon
with the exception of certain temperature measurements observed in the
larger size spill teats.

Cage 1. A "packet" of LNHB mixes with incres:zing amounts of wacer,
thereby undergoing dilution, and liberating ammonia vapor (GHHBO.
The ammeniur hydcozide (NHAOH) formed mixes again with water, uncer-
going further dilution. The "'packet" is assumed to be at uaniform
concentration throughout its volume, and the vapor produced by dilution

is agsumed to be removed out ¢f the reaction zone.

A model derjved on thege assumptions ie presented, and an expression
for the maximum vapor liberated by a unit mass of LNH, undergoing
infinite diluticn is obtaimed, The results of the model are compared

with expezimental data end discussed.

Cuase 2. A given mess of LyH, reacts adilabetically with a known mass
of water. The final condition obtained is an equilibrium state, with

the f£inal naaoa solution in equilibrium with its vapor at saturatios.
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The derived model presents expressions for calculating both the

total mass of vapor produced, and the temperature of the final wixture

(RH4OB) for various final ccncentrations. The rsgults of this model
are compared with some experimental results.

Cezse 3. The reaction is visualized to be betwoen & given
nngs of water end increasiag guantitias of LHH3 (a2 process quite the
opposite of Case 1). A model based on tchis premise has been worked
out amd its vesults are given.

6,2.2 Ceatinuous Water ¥ixing (Case 1)

Figure 6-la shows s schematic represeptation of Case 1, ia which
watsr is continucusly mixed with NHAOH solvtion (stazting with LNH;

i.e., 100% RHAOH solution) under adisbatic conditions and at one

stmosphere pressure. As vapor is liberated, it is remcved from the
1iquid, The sclution remaine satuvated at its locel conditicn at
all times .

The following equations msy be writtam for the conditions of
the sclution befora and aftsz mixing with che gusntity "dM" of water.

Pefarring to the control volume (shown in Pigure 5-1b) we have,

m = m(c) = ma2sg of amnonda (NH3) in the sviution (Nﬁaoﬁ) at any

concentration
M = mass of water in the sclution
c = conceatration cf the NH,CH golution = ?Efﬁ?iii (6-3)
Por the addition of "dM“ mass of water
Initial enthalpy of the aystem = (m + MjI{c) + dM I, (6-5)

Final cathalpy of the gystem after mixing = {(ﬁ +dm) + M+ &H)}'I(C + de)

(6~5)
Wherse I rafers to the specific eathalpy of mixture at any concaentration.
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Since the mixing is isenthalpic, we can equate equations (6-4) and
{6~5). Expanding I (c + dz) in Taylor series, simplifying, and rearrang-
ing using equation (6~3) gives

%M@fag- SEI’-CEC_:‘IW]:! {6-6)

l-A - (1 ~-¢) dc

or alternacively

9, m fl-cge-1) } (6-7)
de ¢\ TE=T (L) - el

where
A £ A(c) = Heat of vaporization of NHAOH at any concentration e.

The terms within brackets on the righkthand side of equations (6-6) and
(6-7) are functions of only the concentration (and heuce are obtainable
from the NH3~vater system property data) and the condition
of the water. The two equations can therefore be solved (for a given
initial value of m, the mass of LNHB) to obtain m as a function of
the mass of water added (M), or the NHAOH concentration (cJ}.

Without loss of generality, and for the sake of a simple
solution, we assume m = 1 at ¢ = 1 for the initial conditior:
i.e., a unit mass of LNH, to begin with. Hence the total mass
of vapor produced, by the time the LNH3 is diluted to a concentration

c, 1is
m = 1 - m{c) (6-8)

The ghysical meaning of the term I ~ c %% (called "partial enthalpy
of water") in the righthend side of equation (6-7) is shown in Figure
6-2, the enthalpy of the saturated NHAOH solution at atmospheric pressure
is represented by point E. Point D is the iitersecticn of the ordinate
axis and the tangent (DE) at E to the atmospheric pressure enthalpy
curve, whila BD represents the value of (I - —~D at the concentration

c¢. Foint A on the ordinate axis represents the condition of water.
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Distance AD represents the magnitude of the term (I - ¢ ar _ Iw).

dc
As the LNH3 getr diluted, the intersection point of the tarngent line
with the ordinate moves up the ordipate until the point D coincides
with point A at a “critical concentration” c*.

For ¢ > c*%, %% > 0, indicating thereby that a decreage in

concentration {(dilution) results in the liberation of vaport.

GO

Por ¢ < c¥*, %% < 03 1.e., for a further dilution below =%, the

)

mass of ammonia in the solution should increase.

The last case is not allowable, because for that to happen some
ammonia vapor should dissolve in the solution. However, ths basic
agsumption in the model is that any vapor produced is removed immediately
and is not ailowed to redissclve. Because of this stipulation, dilu-
tion of the solution below the concentration c¥* results in unsaturated
HBAOH golution, without, however, changing the mass of ammonia that is
in the solution at concentration ¢*, The solution tempersture is no

longer given by the saturation temperature corresponding to the concen-
tration.

Hence the maximum amount of vapor produced by the above mixing
process is given by

Total vapor produced = mv(c*)

mess of ammonia ir solution after
complete mixlig

Therefore partition ratio p = original mass of ammonia epilled s (6-9)

= l_mv(c*) = m(c*)

The solution of equation (6-7) 1s obtained numericalliy by curve fitting
for the properties that occuy on the righthand side. Figure 6-3 ghows

tNote that vapor is liberated when "du" is negative.
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the plot of the partial water enthalpy I - %% plotted against the

concentration. The critical concentration is determined by equating

the enthalpy defect and the initial water enthalpy (for 70°F water,
¢* = 0.48), The solution obtained in terms of total mass of vapor
iiberated is plotted in Pigure 6~4 for two values of water tempara-
ture. The paztition ratios given in Table 6~2 were obtained for

two different water temperatures.

For any concentration ¢ below c*, the temperature of the NHAOH
solution 13 not equal to the saturation temperature corresponding to
the concentration c. The following analysis indicates the method

ugsed for calculating the temperature solution below c*.

As before, the enthalpies of the system before and after the

addition of a "dM" mass of water are equated. Hence we get

(@t + M) [1(c) - (%%t (c) - 7)) + au I,

e

Initial Enthalpy of System

= (m* + ¥ + a4) [I(c + dec) - e 72880 + de) - (T + aT) ]

P o N gt
Final Enthalpy of the mixture (6-10)
where
n* = magg of ammonisz in the solution when the concentration is c#*
(This value remains s ccmstant during the subsequent dilution.)
c = gpecific heat of NHAOH solution (assumed independent of
P temperature and concentration)
Tsat(c) = saturation temperature at concentration
= temperature of the solution gt conceatration c
o
1 & ——arn
"800 CF T mE ¥ N
., 6~11)
and M = - 5 de (6-11)

141

1




,—
H A1
1 120N VINVNAGONRUIHL ZHL 40 SLTIASIY 5 IHNOId
uennios HOYHN $o udnenuwue] %
(¢F2 c9 us oy e 174 ot 0
T T I 1 _ L _ G
- oc-
— 0¢—
, — Ot
w,_ m \\t -
! m‘. J038M u_own\/”l:/ . — e —_— - —— - - 1°
A % 3004 ~—
_ .m g8 JO BI1BM . _ _ _ 7 ot
Loy ystm paiesadi
S ek J0dBA 0 $5¢ ~1 ~
g €0 A $0 5B 0z 4 ]
WM 3
S o &
& —1 £
g .. — oy o
Z pawsog HOVHN $0 oumessdway —~— I
3 -1 65 %
> o)
e H
x
-3 -,
S go ~ — 09
2 ainiesadws | LoNREINY T~ |
m. -P .w ﬂm .!ll]ll.l"cll’
I .r,m‘ :A” I W grmp o Oh 1
‘
? -{ oo
”
AA SLLO L0 rongy uonilieyd jeuly -1 08
4026 | 2501
(. aimesoduta ] Jeiem ...A 00t
v
o oLt
4 “
.




Theoretisally Predicted Partiticn Ratiog
and Maximon 58438 Soluticn Temperature

Mixing
Hater Critical
Tempecazare Concentration Partitzion
°F z Ratio
32 50.5 0.775
70 46.0 G.735
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Expanding the terms on the righthand side of equation (6-1G)
in a Taylor series, then rearranging and simplifying using equation
(6-11), it can be shown that equation (6-10) reduces to

. sat
A -c (™ -mn-1)
_ S . p Y. = (6-12)

c sat
(1 - cp(T -T) - Iw)

Integrating the above equation and substituting the initiel condition
that,

T = Tsat(c*) at ¢ = c#¥

we obtain the following solution for the temperature
i
c

P

sat

Tle) = T 0 (c) + ({1, - 1)) + S (1 (c*) - )] {6-13)

ck

This result is plotted in Figure 6-4 for twc water temperatures -
32°% and 70°F - along with the saturation temperature as a function
of the concentration. The result indicates that when cold water is
used, the waximum temperature attained by the sclution is higher than
the water temperature, and that for moderate and high water temperatures

no temperature rise is observed.

6.3.3 Complete Adiabatic Mixing (Case 2)

In this model we again digcuss the adiabatic mixing of LNK3 and
water, but the feature that distinguishes this mcdel from that of
Cagse 1 is its complete equilibriuvm betwesn vapor (if produced) aud
the final NE,OH solution. The results are independent of the "path"
in which the.final situation is attained,

The basic aspects of the model may be seen in the idealized

experiment shown in Pigure 6-5.

A certain mass cof LMH, at saturation (atmospheric pressure) and
a2 unit nags of water at given temperature are kept inside an adisbatic

cylinder, separated by an {deal membrane as shown in Figure 6-5a with
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the cylinder pressure maintained at atuwogpkeric value. At some instant,
the méxbrane 18 puuctured and the LKH3 and water are allowed to mix,
react, and come to equilibrium to form an Nukoa solution of a degired
concentrition. 1t 1s desired fo find what indtiel mzss of LNH3 is

needed to attain z specified concentration egnd to detarmine the mass

of ammonis in the solution at the final condition.

Sincs the process is adiabatic and av constant pressure, it can
be shown that it 1s also isenthalpic. 1If,

x = mg3e of LNH, to be taken imitially to obtain a final concentration ¢
-

1

W m{ » masg of water in the liquid phase and vapor phase, respectively,
in the equ’librivm wmixtura at ¢

gad m_, zz = mass of ammenis in the liquid and vapor phaasas, respectively,

M)

then we csn write the following enthalpy talance equations.
If no vspor is formed

o
M

Ez ° <l - c) (6-14)

i which case, the NE4OE solution formed is not saturated; and if

vapor = formed

1 A} e e
3 FI =i +wm)i{e) +{m +n e} {4-15)
E uziwaz R RO B LI S {6-15)

To cvaiuate the value of x fzom ecuastlom {6~15), ths fsilowing

addizional equaticns are used:

5
¥
&

i

: e 2 .

H ut % d &

! a ‘L.z T

§ £ v N

{ 1l =5 _ +m P

¥ oow i

! (6-16)

£ v 3

H B2 =@ +Rr H

i 4 a }

v v

Wit s M B R Sk it

(ilL
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vhere R{c} is a factor obtained fre» rzyperty data. In general,
R << 1, o that fer all practical purposes one can assuve m: =0

Y

(hence mi a 1)

Subatituting the set of equations (6~16) in (6-15), zud knowing
all the enthalpy values from property data, Che value of u can be
evaluated. Partition ratio cam then be calculated by

£
B

p = Eé (6-17)
X
When no vaper is formed (which happens when gmall amounts

of ammonis mix with large quantitiss of water) the final goluiion

obtained is not satusfated. In such a case, the temperature of the

mixture csn be calculated from

vhsre m  1s given by =quaticn (6-14), The temparature of the soluticn
which 1s in equilibrium with the vapors at any concentrstion iz equal

to ths: gaturation temperatuve correspcnding to that comcentration.

The reaults calculsted for twe watar temperatures are showm im
Figuraes 6-6 aad 6-7. Ffigure 6~6 shows the total msss of wster
n2ceshsTy $o make the neceegary conceatration solutien, starting
with & uniz mass of LEB3, and gives the total NH3 vapor produced at
any 2quilibrium concentration. Figure €-7 shows the depepdence
of the equilibrims temperature and partitiow ratio ou the final
copcentration. It is noteworthy that 2 substantial temperature
increagu (above water temperature) can result if the fingl concentra-
tion iz between 15 and 25%.

6.3.4 Centinuous L¥H., Mixing (Case 3)

One can vigualize a situvation where increscing amounts of LNHS
mix with a given gquantity of water. Am idesglized experiment, similar

to the one menticned for Cese 1, cam be pe. formed where insgtead of
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weter mixing with NH

0H, LNH3 mixes with NHAOH selution, starting

<

4
with pure water (i.e., 300% NHAGH sciution). The other conditions

(adiabatic, immediaze vapor removal, etc.) remain the same as those

given for Case 1.

An enthalpy balance equatica can be wrifter, and expressions
can be obtained for the mass of vapor produced, temperature of NHAOH
solution, etc. Detailed derivations are cmitted, but the results

are shown in Figure 6-8.

The results of this model show that even though the
total mass of vapor liberated increases as the total mass af LHH3
added increases, the partiticn ratio first decreases and then increases.
This indicates that up to & certain conceatration (about 43% {for
70°F water) the mass of vapor producad per unit msss of LNH3 added
first increases and then decreases., However, tha mein difference
between this mocdel and the model for Case 1 ie that in the latter
case the concentration of the mixture contlnuously decreases, and
after a certain concentration no more vapor is liberated. However,
in the model for Case 3, there iz a continuous increase in the mass
of vapor liberated, even though the partition ratio itself reaches
a pinimum, then rises back te waity. This is because of the increasing

guantity cf LNE, that is added.
6.4 HAZAKDS CAUSED BY SIKKINS AN 1333 BARCE
$.4.1 1Intzeduction

A major quantity of ammoniz is carried om U.S. inland waterways
in refrigzerated barges in amounts exceeding 2500 toms. & typical
2500-ton barge built by National Marine Service by Bethlehem Steel
is shown in Pigure &~3. The barge has two, 4C-foot-long, 18-footr-diameter
tanks, inmsulated by three-inch-thick urethene foam and an 18-gage
g~lvanized steel cover. The tanks are equipped with six-inch-diazeter
pregsure relief valvss, preset to open at 10 psig. The valves are

ilot cperated and have no flutter when coperati at the set pressure.
P P P ng p
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If such a barge is involved in an accident, and then sinks with
the LNH3 tank, a serious problem exists. Dapending ou the amount é
of tenk insulation lost in the accideunc, a tremendous amount of heat
leaks into the LNH3 from the water. The sudden heating of the LNH

3
causes an Increase in tank pressure and venting of 1iquid or gaseous

ammonia (depending on the srientation of the barge).

The analysis precented here concerms the consequences of such a
disaster and whether the venting capacity normally providad is adequate

to prevent the tank over-pressure and possible rupture. The consequences

LLENALL S

of an explosion releasing all of the remaining LNH3 at once underwater

are not yet very clear.

6.4.2 Problem Description

AL

To evaluate the potential hazard posed by a submerged tank filled
with LNH3, we censidered thé "worst" of the several possible cases.
Ag shown in Figure 6~1C, a sunken tank can agsume a variety of orienta-
tions. The particular orientation depends on the position of the barge
after sinking (note that a2 full tank of LNH3 is buoyant, by itsgelf).
The worgt case is the situation where the tasnk has been inverted during
the sinking so that the relief valves are on the bottom of the tank
and must pass liquild to relieve the tank pressure. In such a case,
the dissolution of liquid ammonia in water takes place around the tank,
heats the water around the tank, and increases heat transfer rate
to the tank. A temperature rige of 60° to 70°F has been observed
in a few instances in the test program. We also considered a situa-
tion where the urethene foem insulation on the tank was nullified by
detachment or permeability to water, and the rellef valves were

malfunctioning.

The parameter of interest in this analysis is the tank pressure

as a function of time subsequent to immersion in water. Such auxiliary

information as ullage volume, thickness of ice on the tank outer wall,

temperature of the tank contents, etc., was alsc generated. Two

specific cases have been evaluated:
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FIGURE 6-10 BCHEMATIC ILLUSTRATION OF THE POSSIBLE
CRIENTATIONS OF THE SUNREN TANK
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e Initially, contents are saturated at 14.7 psia. After sinking.
the tank is inverted and releagses liquid from the relief valves at

1G psig. The outside water temperature is 100°F, and all of the
Insulation 1s inoperative.

® A second case supposes that the relief valves do not open at

all and the tank eventually ruptures.

6.4.3 ¥odel Formation

6.4.3.1 Assumptions

We have stated previcusly that the principal output from the model
is & tank pressure profile versus time subsequent to immersion in 100°F
water. In assembling a model of the tank's physical behavior, we

nade the following assumptions:
¢ tank contents are always saturated at uniform pressure;
o static head of liquid is ignored;

8 heat transfer to contents is uniform over the exposed ares
of the tank cuter wall;

e ambient water is at 100°F; ® -

TR N A N R AR R A KT T PO TR PR ) B O R s

¢ flow through each of the two six-~inch relief valves is modelled

O

as turbulent flow through a sharp-edged orifice downstream

from a long contraction region;
3 ¢ relief valves are fully open at 1i7 over set pressure; and
:

e thermal capacity cof the steel tank 1s ignored in comparison with

the thermal capacity of the conteats.
6.4.3.2 Energy Equation

Three distinct physical situvations might occur during the transient

temperature rise of the tank contents:

1. Relief valves are closed and both vapor and liguid phases

Ly L L )

present within the tank:
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2.

3.

Relief valves are cloged with the tank full of liquid;

Relief valves are open and masz flows out of tha tank with
both vapor and liquid phases presenmt within the tank.

For each of the above cases, the erergy equation is written in

terms of the heat input rate and the iacrease in the internal eneryy

of the contents, These are given below, using the following nomenclature.

A

e MY

L)e

= gurface area of the tanx (ftz)
= gpecific heat of water (Btu/lbm-°F)
= energy contained within the control volume (Btu)
= gpecific enthalpy of liquid (Btu/lbm)
= gpecific enthalpy of vapor (Btu/ibm)
= heat transfer coefficient, water to ice(Btu/hr - ft2 - °F)
= heat of fugion of water (Btu/lbm)
= thermal conductivity of ice (Btu/hr - ft - °F)
= thicknegs of the ice layer (in)
s 1i%uid mass within the tank (1lbnm)
= vapor mass within the tank (ibm)
= contents pressure (psia)
{ap
= (35 time derivative of pressure (psia/min)
= rate of heat transfer to tank (Btu/min)
= time (min)
= contents temperature (°F)
= temperature of ambient water (°F)
= gpecific internal encrgy of the liquid (Btu/lbm)

= gpecific internal energy of the vapor (Btu/ibm)

= gpecific volume of liquid (ft3/lbm)

156




i LA E e L R e

L Y

MUY SAN VSIS BT KNP

<
L

specific volume of wapor {ft3llbm}

<
¥

tank volume (£t3)

B = wvolume fraction of vapor (dimensioriess) U < 8 <1

g = (%%) time derivative of vapor volume fraction {min-i)

Py density of ice (lhm!fts}

Situation 1 Relief vaives are closed and both vapox and liquid

phases pregent within the tank. For this case, we defize a control

volume as shown in Figure 6-11, and write the Flret Law of thermodynaumlcs
for the closed systen.

9 .
at By = 0

Expanding this we get

3 . .

5;-(mv u, +m, “f) = Q (6-20)
9 .18V (1-p vV } 621
I A S : (6-21)
Al AT % Ve (he ~ Pvo) R

In terms of the time derivatives of vapcr volume and axassure,

.

B and P respectively, First Lew equation bz2comes

r
- ¥ - 2V .
éi-h" Al Y B 2N R LML
- 1~ Py ) o+ L.
L Yy Ve v 2 v v ? Yy

2 (6-223

1~ 8 = ) & . 3 .
_ Py y . 2o 8) he av; \; Q
vf Vf Y

157

- v AT A TUREN

Hﬂ}m{}%ﬁw DAL < K Yk S 1T i 2 3 S AT U0 o AR I DM VTN, OB LS e S A A L R TR B AR S NG B T ARG 2T

,,,.A.w
. P




[P ——

vhere we have an equation in terms of B, F, Q 2nd the thermodynamic
properties of ammonia at sgturation conditicns. This 1is the most
useful formulation in terms of ouvr interest in the vapor volume

&
fraction B and in thke pressure P a3 functicne of time.

We need an additional equation to miake the prodlem smensble to

solution. Assuming we can later formulate the heat {ransfer 9, an

additional relationship b.cween 8 and P is necessary. Conservation

of mass within the control volume requires thst
3 (6-23)
A & + w0 &
3t (mv mf)

i.e., tke total system mass ig invariant in time. We caa rewrite this

equaticn as

2_ = o LA 6-24
hp @y ) = gp (myvmd g = 0 (6-24)

. oF _ o
We know that Y ? may not be constrsined to be zerc, so

9
37 (mv + mf) = 0 {5~-25)

.

vhis expressioan may ba expanded to yield

3 ,
35'(mv + mf} a ¥

a

v ar
v

tm” p—y

},‘iﬁ_iﬁ_;ﬂéﬁ_.{l—-ﬁi} - 0 " (6-26)
2 9P
V -

v 4

or, in another fomn,

. dv avy ] L
N [ R -8t (- 1\
3¥ L, 4y sz 4ap /_vv vf/ (6-27)
Now, we can relate 8 and P ag follows:
qa = 98 . 2B38P _ 38
B 7 5t “ 3p) Y 16-28)
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Given an expzegsion for é, we can sBolva for B and P as fuactions

R b KA T

of time, givea the two first~cvder differentiasl eguations in B snd P.

Situation 2 Relief valves closed with the tank full of liquid.
In this situstion, any hezd added will only sstve to expand the liquid
further in the absence of vapor. The assumption of satursted contents

requirea tioat theze be a finite vapor fraction existing te have two
phases in equilibriuvm, but we may simplify the results of Situstien 1
for B << 1 in the interects of a simpler solution. The eguatiuvas thea

reduce to
B =0
d .
> > — ? ———— - = -
and ?|-=3 (hf - Pvf) * v, (dp 4P vr} v (6-29)
v S
£ .

Strictly speakinyg, the use of property valuegs for the saturated
1iquid state is nnt entirely valid, because we'll be considering the

LU s Gy s A B A B b T L e 8 (8 T e g P LR T e T W

compresced liquid regism wvhen the tank becomes full of liguid.
But this formiletion will presume two-phase esguilibrium in its use
of property values for the saturated liquid, while at the sare time

Lol b

21low easiexr solving for the case when B << 1.

Situation 3 Relief valves are open and liguid flows cut of the
tank. Here, we must consider an open system (mass croesing the system
beundary) enalysie of the tank. The First Las formulation is now

~
L3

3t Bo) = Q- Tout s (6~30)
f where
i ; = -9 3 {6-31
i Roui st (mv * Bl {6-31)
3
=
2
£
§
3
3
§ 32




v£ I B AL S W ¢ HEN O X e S SN
{ v\ dp ap % R ap ar £ }
v -
dv__ dv
X , G-9g 1.
- 2 (hv“va}v 2 <hf-PvaP
V. v
v £
}
- P - .
+ [h" v _ he - P } 8 (6-32)
Vv s .]
The right side of the equation, (Q - éout hf) may be expanded
in the foxm .
dv AV, -
v P £
. 3 . 11\ @ -9 .
Q+ 37 @, + =)= Q+VS;‘--T g - 5+ - Pl 633
v £ v v £
( L ‘
If the right and left sides are cowbined in expardod forn, the energy
equation yields
h -Pv. h, -Pv I Lo fan av,
O G A I R EACoRLE
VV Vf vV vf/ }
dvv dvf
f an dv 85 Q-85
Q-8 £ _p £ ) & - Pv) - (h, - Pv.)
+ P Ver 2 £ £
Ve \d? 4ap £ vVZ v v v
c‘.'vv dv
8 5 (1-5)3;,;—'!h}=§
Hoot rEa L B (6-34)
Vv Vg Jl i
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6.4.3.3 The Pressure Drop Equation

An additional equarion is nesded to relste B and f, and can be
obtained from 2n analysis of liquid flow through the relief valves.

1f we model flow through the two relief valves to be similar to
a turtulent flow through a sharp-edged orifice, dcwnstream of a "long"
(L/D > 3) contraction region, we have for the pressure drop AP across
the orifice :

M 9 (6-35)
AP = 1.45———[- (m + n.) -
235 L a: v £ :

oY v

where the faector 1.45 is an orifice coefficient, and the cerm - 3;-(m + mf)

iz the negative of the rate of chunge of mass within the tapk. Since

§ the rate of charge is negative for flow out of the tank, a negative

: —_— 3

% sign ingerted sbove yields a positive AP as i

5 - - 167

g

% vhere P is, of course, the absolute (uniform) pressure of tha tank

g contente, and 1l4.7 represents the absolute pressure of tie surrounding

% water (also asgumed uvniforr). After some manipulatlion, the equation

g becomes s 4

3 - v

¥ i1 Yy f

% ( A 7 T

8 — (P - 14.7) -—— i 2 2

g l 5 ¢ vf J i_ v\] vf hd * (6"‘36}

g 8 = 11 L § W)

: veo- 5o v

5 £ v f

\ ;

£ i

g This. along with the expanded enmergy equation, comstitutes two first-

§ order differential equations relating the time derivatives of vapor-

§ volume fractica, B, and tank pressure, P. Givean a functional form for

§ the rate of heat transfer, Q, we nay solve focr B end P as functions of

g time in Situation 3, when relief valvea are copem and liquid fiows out

E of the taumk.

13

£ g
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6.4.3.4 Beat Transfer from Water

When a tank coataining cold {~28°F) LEHB is immersed in water,
ice beyina to form on the ocuter walls of the bere porticns of the tenk.
Figure 6-12 illustrates the ice layer and the temparature distri-
bution of this eituation. Because of thz high conductivity of the
metal wall, we zssume negligible temperature gradient in the wall.
Beat is liberated dve to water freezing and the subcocling of hoth
water and ice and the heat ig transferred to the LNHB. By ignoring
the heat capacity of the ice layer and wall, we can write the following
equation for the rate of heat transfer per unit area of the wallf

. kA
G~ —— {(32-T) (6~37)
*1

where T is the temperature of the trank contents at any instant of time.
An additional equation 18 neceszary to quantify the ice thickness

ag a function of time. Congidering an energy balsznce on tine ice layer,

we bhave

Q- qunicn + erom water

This equation can be written in terms of ice leyer thickneas,

hea2t of fusion, etc., as

7

A ai }
1 Sy m _1[ = _ 2] s (6-38)
“I;‘ (32 1) Aoi Ic hsf + C?_ (Lw 32),.! + hw A (Tw 32)

The equstion can be rearranged to give an expression for the rate of
growth of the ice layer, in terms of the tempereture of the tank contents,

as

i 4o — T - 2
P i
S < (6-39)
dt £ s . 32 \o=
oy ihaf + cp (Lw )j

tAll properties are expressed in Brilish thermal units.
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6.4.3.5 Governing Equations

In obtaining a pressure profile in time for the contents of the
tank, we need to solve gimult neously for the time dependence of the
vapor volume fraction, B, as well ag the ice lager thickness, £1.

In general, then, the solution reduces to that of a set of three

simultaneous, first-order differential equatioas of the form:

ke 3P -
P o= o0 = £, (B 8 1, Py T, v, Vi, ho,at) (6-40)
'B = %?8 = fZ (P) 8, li’ 8 T, VV’ Vf’ hv:“'t) (6~41)
-——-L—i- = f_ (P, B, 1,, T, V., Vzoy N t)
3 3 \, r Ly ? Vyr Vgr Bosene (6—-’42)

where each time derivative is a function of valuee of all three varizbles
(but not their time derivatives), plus the thermodvnamic properties of
amnonia at saturation. The thermodynamic properties may be correlated

as functions only of the saturation pregsure, P, with the result that
each time derivative is 3 function of only the three dependent variables
and of time. This gystem of equations i3 resdily amensdle to sclution
on a digital computer using one of many mumerical technigues. The

following section describes the particular computer program chosen.

6.4.4 Solution to the Geverning Equatisns

The governing equations that describe the pressure behavior within
the tank as 3 function of time imvolve the therzsodynamic properties
of anhydrous ammonia. These physical properties were obtained from
reference {19) and are listed in Appendix A, Unfortumately, tabular
data is not readily amepable to use in & numerical solution of the
governing eguations in the preceding section; rathar, an analytical
correlation is far more useful, particularly vhen calculating derivativas

of properties along the saturatiom curve.

In doference tc computational s2ase, the temperature, specific volumes

cf the vepor snd ligquid, and epecific enthalpies of the vapor and ligquid
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were covrelated by curve-fitting the property value in a series cf

Chebyshev polynomials in saturation pressure. This technigue

is a standard one and yields smooth approximations of the functional

dependence of fhe property with respect to saturation pressure.

F- . ty wag fitted to the 5th degree in the Chebyshev pclynomfals
.~ actory reproduction of the property value as well as
1--.-d1oa of smooth derivatives through the range of pressure

(7.67 to 128.8 psia) over which the correlation is valid. Accuracy

>f the computer calculated property values was checked. Swoothness of

b 4 e

the derivative was assured, because the calculated f£first derivatives
with respect to pressure are monutonic, with the gecond derivatives }
(curvature) unchanging in sign over the range of pressure for which 'the
correlatior is applicable. SUBROUTINE APROP contains the coefficients

yielded by the curve fitting, and serves to calcuiaie property values

5 P, oAate

and first derivatives for a given value of the absolute pressure.

The system of three simultaneous first-order differential equati.as
from Section 6.4,.3,5 which describe the transient: characteristics of .
submerged liquid ammonia tank, were solved via a computer program

invoking one of the standard predictor-corrsctor techalques for numerical

integration of such a aystem. The program involves a short main program

and four subroutines, in additlon to SUBROUTIRE APROF. The program
is extremely flexible in that it has the capability to vary the {time)
step size during the integration to keep the numerical erxrreys within’

specified bocunds. The program elements are:

SUSROUTINE 4PFOP - Crlculates property values and derivatives
glven & pressure @ . ut.

SUBRQUTINE FUNCT - Evaluates time derivatives of vapor-wolume

{raction, pressure, and fce layer thickness at a particular time step,
glven the property valuer frow APROP.

SUBROUTINE RUKU - Using a Runge-¥X.:tta technique, RUKU performs

a singie-point integration of the three dependent variables, given
uerivarives from 7 NCT.

’%‘5&&%%&&&1& AN A L 5 T

"
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SUBROUTINE MILKE - Using the Milne predictor-corrector method, MILNE
iutegrates based on a three-point technique usirg derivatives at three
points to find functicon values at a fourth.

SUBROUTINE DE -~ This subroutine is callad from the MAIN program.
Its basi~s functica is erroz control during the integration. At the
start of tne integraticn, PE calls FUNCT (which calls APROP) for values
of the derivatives of vapor volume fraction, pressure, and lce layer
thickness at the origin. It then calls RURU which performs a single-
point Runge-Kutta integration of this derivative to obtain the pressure,
atc. at the first, second, and third time steps, DE then calls MILNE
for a calculation of the dependent veriables al the fourth and ali
succeeding time steps, and checks the error in the predicted versus
ccxrected valueg., Should this error exceed that maximum acceptable
ercor specified in MAIN, DE will halve the step size, employ RUKY
tn get started again, and proceed. In the case where the error yielded
by MILNE is sufficiently low («s specified in MAIN), DI will double
the stop size tu speed up subsequent integration. Again, since the

gtop size is changed, RUKU will need to be used to start the integra-
tlion procedure again.

Figure 6~13 is a flow chart for the program that solves the governirsg
equations.

6.4.5 Results and Discussion

The results of the numerical solutions to the varlous cases are
discussed in this section. In all of the cases, it was assumed that

the heat %ransfer from water to the tasank was over the entire surface

area of the tank {uao insulation).

Figure 6-l14 shows the pressure-time higtory for various initial
ullage volumes. After the pressure in the tank reaches 10 psig,
the reiief valve opens. The important obgervation that car be made
from the Figure ig the duration of time (about 6-7 hours) it takes for

the tank presaure to reach 10 psig. Thiz is indeed an important rasult
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in that it allows considerable amcunt of time in which to take action
fellowing an accident and barge sivking. Also notice from the Figure
that for larger ullage volumes the rate of pressure rise is higher.
This 18 explained as due to the higher heat capacity of the liquid
compared to that of the vapor. The larger the amount cof liquid, the

greater its ability to absorb heat, ané the slower the rise in pressure.

The liquid expands due to heating and tends to occupy the ullage
volume. Figure 6-15 shows the varlation of the ullage volune with time
for different initisl vapor volumes. If the initial ullage volume
is a very smszll fractioa of the total volume, there occurs a time during
the heating process when the liquid expanrds to completely fill the
tank wvolume. This is shown clearly in Figure 6-15 for the case of 2%

volume. However, in practice the vapor-phase volume 18 generally
never less than 10X.

In the event the relief valve fails to open, the pressure-time
history 1is as indicated in Figure 6-16a, essuming of course that the

tank structure does not fail. One can see that after the pressure

ingside the tank reaches a value correaponding to which the saturation

temperature is 32°F, the ice layer outside the tank completely disappears,

resulting in a sudden increage in heat transfer. This has detrimental
effects in that the pressure rise becomes extremely raplid and eventually
the tank ruptures. The pressure rise in the post-ice-melt pericd is

shown in Figure 6-16b. Jbserve the time scales imvolved before ruptura.

6.42.6 Conclusions

A thecretical analysis of the consequences of the submergence of
a 2500-ton ammonia barge has been made. The main result of the analysis
iy the tank pressure-time history. The analysis has been carried ocut
for the worst possible case, that of the tank inverting after submerging
with the relief valve at the bottom. Ale. assumed in the analyeis
was the total loss of the urethene insulation around the tank and the

formation of aa ice layer on the outside of the tgnk wall., The follow~
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ing conclusions cen be drawn from the results:

¢ The pressure rise inzide the tank, even when us vznting is
takirg place in the initizl stages, is very low.

e The relief valve opening pressure (10 psig) 1s reached only
after 6 to 8 hourz, depending on the imitial ullage volume.
The lsrger the initisl ullage volume, the quicker the zime in
which this get pressuve is reached. Even 3¢, the time scale

i3 of the order of several nours.

¢ If the relief valves cpen at the above pressure, the rate of
pressure rige drops, eventuslly reaching zero, and even
regative values. That is, the relief vents provided are
sufficlent to cope with the problen.

@ If the relief valves are stuck and do not open at all, there
results a time (after & long period) at which the pressure
increases very rapidly snd reaches values higher than the
maximum allowable preassure (45 psig) for the tank, within a
matter of minutes. This may leas to disasterous results.
Bowever, even in thig case, there is gufficient lead cime (of
the order ~f 300 to 400 hours) within which remedial measures

can be taken,

In ghort, the design of the tank is such that it caa withstazd
several hours of submergence even without any insulation. However, &
word of caution is expressed in relation to the sbove analysis.

The whole anslysis rests on the assumption that a uniform laver of
ice forms on the outer wall of the tank. If for sume rsuson the
ice does rot form and there 12 a large rate of hest to the tank, condi-

tions will bacome worse much socner.
5.5 VAPOR DISPERSION

6.5.1 Introdusticun

Saturated zmwonia vapor is lighter than air anrd thersfore riges
rapidly when relecsed into the stmosphare. While riasimg, the wvapor is
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alge carried dowawind by the prevailing wind, The latter phencmenon
is dealt with in this section. The parameter of interest is the
downwind ground level concentration of ammonia vapor.

Two models are given, oue of which is applicable to the vapor
dispersion in & small-gcale spill, In this, the lateral dispersion
caused by the air-vapor mixing at the plume edges is important and is
taken into account. The second model iz appliceble to large-scale
spills where the size of the cloud initially is so large thet interal
digpersion can be neglgcted in coaparisor with verticsl mixing., In
both medels, we asgume that the concentyrations within the vapor cloud
can be represented by Gausszian profilee. Aiso used are the Pasquill-
Gifford curves(la} for the descripticn of the variances of these Gaussian
curves. The effects of local topology, variations in wind veloccity and
direction during the cloud dispersion, meteorological condition varia-
tions, etc, are neglectad. (The rise of ammoria vapo: in air has

been modelel and discussed in Section 5.)

6.5.2 Description of the Models

6.5.2.1 Continucus Spills (Model 1)

The conceantration at any point downwind can be represented by

Yy
(42 )QE[EXP{UJ +Exp~pz+h} U

2TV O
Y-z L20;

c{xyzt} = for x=<yt o

L

(6-43)

for x>yt

wvhere
a(t -‘59 = mass rate of generstion of ammonia 7apor

¥ = mean wind velpcitv

~4
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P
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t
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h = height of the ceater of the plume gbove the ground
(or water

z » coordinate measured from the grourd surisce.

m can he obtained if we assume a coastant boiling rate of LEBa on
water and a lineer incrczse in area of spread with time. {(See
Section 5.) z, %& deternined fros the plume thecry (Sectiom 6.7},
while o7 and g, axe oktained from the Pagquilil~Gifford curves shown
in Figure 6-17a and Figure 6~17b.

In deriving the above equation, it has been agzumed that the vepor

is generated from a point source, Hence the equation is applicable

at large distances compared to the diametex of tha spill.

R —

The concentration in equation (6~43) 1. expressed in demsity

unite. 7The relatiornship between vapor conceantration and the concentra-

tion in density unite (c) 1s expressed in mole fraction (y) of the air

.h - ————————

vapor aixture,

PR I BV A pnayer

1

3 X -
p, ¥

[1 t_2 w‘i] (6-44)
c M,

where

u,o= molecular weight of air = 28.9 gu/ucle

b $
O e e

u, = aolecular weight of vapor = 17.0 gm/mole

b e A e

The mass of vapor colle-ted (Hv) by an impinger with e volume suction

! rate of air of g is given by \2 ’ Lz
? z -z {z + 2
i a (%) N 5 J "
; T 2 2
: n q 20 20 e, 6-45 .
) M o= — - e v e z + e (6-43) ;
i v %G O U ]
z H
3
H
k]
wvhere !
]
by
m = total maes of vapor liberated §
v
and v,z = the cordinstes of the impiuger with respect %o cicud center %
(z = 0 is on the ground, and y = O is at the cloud ceater) %
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Larga Zpilis (imstzntaneous Spills)

that undey ordinsry wind conditions (less than, say, 10 mgh) the mixing
with ambilen: alr is slow. Copsequantly,

vapors from larger spills will
rise to greater heighis than the vapors from smaller spills, during
the same tim= durztion.

The disperzion of vapors Ffrom large spills depend to a great extent

on the atwospheric condition. In neutral and unstable atmospheres, the
vapor clouéd rises continuously asg it disperses dowowind.

atmospheres {’

In stable
'inversien™) the cloud center reaches 2 ceiling height and

from then on Gizperzes glmost entirely in the horizental directions only.
This will cccur because of the lack of atmospheric mixing process above
this ceiling height. From the point of view of ground level concentraticns
o€ vapor, the worsi conditicn during stable atmospheric conditions occur

when there is fumigationiig) taking place (that is, when good mixing

occurs between the ground level and the ceiling height, tesulting in &
uniferm vertical distribution).

Because of the relatively short duration in which even massive

(instaantaneous) spills of LHH, evaporate and the comparatively long

time it takes for the cloud to reach distanceg of the order of a

kilometer or mcre (in low wind velocities), the spill can be assumed to

generate 311 of the vapor instamtaneously. To take this finiteness of
the gource size into consideration,it is assumed that the vapor is
gensratad from a "virtual pcint source" located 5 peol diameters upwind,
Therefore, in the foramulae given balew the dispersion parameters {0's)

have to be estimated from the location of this viretual point source.

The following forwmulae are used for the two typee of atmespheric
conditions:

(1) neutral and unstable atmospheres (Sse Figure 6-18)

-~ ]
nt %y fx-u:}z + xz (z-5)2 z+h)zl
CA\X, ¥, 2, t) = p )3/2 7 exp - 5 exp -~ ) + exp - 3 H

Zn g0 20 20 2
Yy z A y 4 z z
L 1 3
(6.46a)
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FIGURE 6-18

SCHEMATIC DIAGRAM SHOWING THE FEATURES OF THE
VAPOR DIiSPERSION MDDEL FOGR LARGE SPIiLLS
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9 20 2
c = 4 ~46b}
ground (21;)377 5 Zq e (6-46b;
b4

h = the height of the center line of the plume at downwind

distance x, calculated by ths method discussed in section
6.7.2.1

o, = mass of vapor liberated in the spili

(i1) Stable Atmosphere

There are several types of stable atmospheres. An excellent review
of the different types and their consequences on atmospheric dispersion
of pollutente is given in reference 18. The different types arise
because of the variety of mixing process that takes place in the
atmosphere depending on the time of day, solar insolation, location of
the area of concern {over water or land) etc. To calculate the ground
level ammonia vapor concentrations in stable atmospheree, it is necessary
to know the exact type of stabllity. In the discussions below twc
extreme types of stable atmospheres are treated and methods for estimating

the ground level ccncentrations are given.

a) Stable: Fanning

In this type of stable atmosgphere the temperature in the
atmosphere increases continuously frcm the ground up. The zmmonia vapor
released from a spill rises to a certain height and then spreads
horizontslly, with virtually no vertical dispevxsion. The ground level
vapor concentration in such a case is very small. This ceoncencration
is estimated by using the same equation 6-46b, after substituting the
ceiling height h_ (calculated from equation 6~61) for the paramater h.

The values of oy and o, corresnond {0 those in stable atmospheres.
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b) Stable: Fumigation

In this type of stable atmosphere there i3 good Laxing between
the ground and a certain height (ceiling height). Above this height the
atmosphere is inverted. Because of this mixiag process beslow the ceiling
height the pollutants tend to disperse and incresse the grouad level
concentrations. In the case of ammonis vapor liberated from a groind
level spill, the vapor rises till it reaches the ceiling height. Later
on the dispersion is primarily in the horizontal direction with the
vertical ccncentration distribution being practically uniform frowm the
ground to the ceiling height. From the point of view ground level RH,
vapor concentrations, this situetion is by far the worst condition. )

Given below is an equation to estimate this ground level concentration.

max v ¢
ground  , 2.
y
where
h = ceiling height
cy = horizontal dispersion paramster fcr unstabie

condition (generally stmosphere C is used)

It is to be noted that the above ceiling height iz =n
atmospheric parameter and has to be known before grouad coucentration
can be evaluated. The maximum duration for which the ground conceniratio

level persists above any tolerable concentration C%, ig given by:

s , max
£ = 2/7 y N2 _ground

.

u cw

Specific example are worked out in Appendix C to illustrate the
value of ground level corncentrations obtained for & 3000 ton ammonia

spill, during different kinds of atmosphreri. conditione.
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6.5.3 Discussion

The dispersion models presented are often used for predicting the

concentrations downwind from a vapor source. However, most previcus
applications have beea to describe the dispersion of gases that are

either neutrally buoyant or are heavier thaa air., In the sections

PR L ]

jusi presented, we have attempted to describe the dispersicn of ammonia
vapor - a lighter-than-air gas - by using the same foruulae, but including

the vertical rise of the vapor. The procedure essentially retains the

B IR e RILEE P

same turbulent mixing characteristins of the atmosphere whiie aliowing

vor

for the buoyancy driven rige of the vapex cloud. The method of calculation

of the latter has been presented in Ssction 5.4%.3.

Iwo models of vapor dispergion were presented: a mudezl that should

L R L B 7

be used to describe the dispersion of vapor from a continuous spiil,

and a model for instantanecus {large) spills. The model to be uvaeu in

-,

a particular situatiosn depends on not only the nature of the sp.ll but
also the relative timeg of soncentraticn observation and 2vapcration
of spill. The finiteness of the source asrea is accountsd for by
asguming the vapor to bhe veleased from a point scurce located five pocl

diamzters upwind from the spill point. This origin shift does nct

B T e R BT R

significantly affect the estimeclon of safe distances for toxic councen-

LAY

tration levels, &s these distances are expected <o be large compared
; to the paximsw pcol size. However, 1f the conceniraticns are very closge
‘ (within one ov two diaweters) to the spill desired, mor« appropriate .
. atrea aource wmodels have to bes used, One of these method@iis describved

in referenmce 17.

~ e on

Two extreme examples of stable atmospheves have been discussed,

. The need to distinguilsh amosnget the various classes of stable atmospheres

R

acviaes due se the buoyent nature of ammonla vapor. It 1g bacause of

W

ikgsggygf ' this phenonanon rogether «with the variabilicy of stadla atwospheres

SR ! .

r§§“§93» that a single eguatcion csn not adequatsly describe the ground level
e K

concentrations. As & consegquence of the low vertical mixing during
fannlag stahilivy tha grownd concentrations wiil be extremely small.
However, the concentration predicted by equation 6-47 for ths fumigation

case are hish sad chould bs construed as being extremely conscrvative.
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In most realistic situations, the ground level concentrations are
expected to be lower (perhaps by as much as an ¢rder of magrnitude) than
that predicted. This should be so hecause, in natvre, the vertical
cencentration distribution is rarely uniform and is more likely to be
peaked at the ceiling height. Also, there will be some, though not muchg
dispersion into regions above the ceiling heignt. Togethex, these two
phenomena will contribute to lessen the zround level concentration

predicted by the fumigation theory.

It is to be noted here that no test was conducted during the presgent
program in a stable atmosphere and consequently ihe predictions by the
above equations could not be tested against experiemntal data from the

present series.

6.6 WATER DISPERSION
6.6.1 Introduction

When liquid armonia is gpilled on water, a considerabie pertion
of the spilled quantity goes into soluticn with water, forming ammonium
hydroxide (NHQOH). This NHAOH formed is hot and lighter than water.

Therefore, it tends to spread out on the water surface (& spread

i o e s Do s s oLt R SR bt S G UL LR

velocity of about 0.22 ft/sec was observed in the laboratory-scale
spill tests}, However, N@;OH is readily miscible with water and

thus any mixing or stirring of the two liquids result iu a
diluted ammonium tydroxide solution. If the ammonis spill occurs

in a river or an estuary, the flow-created stream-turbuleace or the
wave action is sufficient to rapidly mix the ammonium hydroxide
with weter and dilute it.

The phenomenon of mixing is generally described theor:tically
by the classical diffusion equaticna with one ox nmore diffusion coef-
ficients. A comprehensive survey of literature and the derivatiens

of the equations from first principles are described in references {21 )

and ( 22 ). Ssveral investigators (Fisher(23), Hollecy and Harleman' 24),
(21)

Thatchex and Harleman ) have ccrrelated, from experimental data,

the dispersicn and turbulent diffueion coefficients for dispersion
in rivers, estuaries acd other regions. The dispersion equstions
derived are strictly correct for seutrally buoyant, conservative (or st

best first order decay) substances. Though concentrated ammonium }gdroxide

132
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is lighter than water, the density of water containing low concentrations
of it wiil be very cloee to that of pure water. Also, evea though some
vapor is generated during the dilution of NHAOH, the quantity of vapor pro-

duced 18 80 amall as to make the dilution process a mass conserved one.

The equatiuns presentad below predict the concentration of the
HHAGH golution. 7The spill is a2ssumed to be instantaneous. The two
reglons of water considered are a non~tidal river and a tidal

river.

5.5.2 Desgcription of the Models

6.6.2.1 Dispersion in a Non-Tidai River

When LHH3 dissolves in water and spreads radially, the FH,OH
formed has a concentration gradient in the vertical direction. Figure
6-9 shows the distribution of NH40H solution concentration at the
instant the LNH3 spread i3 a meximum. Dye distribution observed in the
laboratory experiments indicates that a high concentration of HHaoﬁ iz
at the water surfaze, decreasing to a2 very low value within a few
inches depth (three to four inches). The water dispersion nodels
81l assume an initial uniform concentration (in fact, infinite
concentraticn for instantaneous gpill) condition. For

such a hypothetical, uniform concentration region, we define

ng & magg of LNH3 tnat dissolves in water

p, = LNH; density (0.628 gms/cw3)
nax - maximum radius of sgprvead of LNH3
h = thickness of a hypothetical, 100% concentrated rad{us-of-

spread equal to
P qual t Rmax

In general, the value of h  1is very small (1.3 inch for a 3000~

ton aplll with 30% partition) compareé to the depth of rivers. Hence
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scurce can be essentially treated as an instantanecus area source
Two models are discussed below.

The digpersion of ERAOH can be visualized as follows. During the
initcisl stages, the spill pecol of NHQOH 1s woving downstream at about
the sane velacity as the surface velocity of the river. During this
period tne KHaOﬂ is ger:ting diluted by dispersion, erzentially in the
vertical direction only. {(The lateral and longitudiral dispersions can
be neglected if the spill diameter is of the zame order as the width of
the river.) After some time, the vertical distribuation of NE40H
concentration becomes egsentially uniform. Beyond this stage the
dispersion is essentially longitudinal. Given below are two modelc to
describe the above two different regions of dispersion. In tbe first
case -~ called the near field anaiysis -- the finite area of the source
is accounced for. In the second case -- called the farfield anslysis --
the concentration is assumed to be uniform throughout the cross section

of the river and dispersion to be predominently longitudinal.

1) Near Field Aralvsis:

In the near field analysis we first propose a model in which the
area scurce is taken into account together with the dispersion in all
three directicns. This model is amenable to solution only on a computer.
Subsequently, we give a simplified version of this model in waich the

longitudinal and transverse diapersiong of N340H are neglected.

Genergl Model: The concentration at any point within thke river

at time t after the spill is given by

185
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Ko Rax y;
" (x - Ut - x)°
0
2 u::. { éext
C(x,y,z,t) = dx dy e
(éﬂt)alz Ve e e § ° © !
b A
J e
X " Rpar Yo T Tmax
¥ ; 2 2 2
y-vy) u(y-yg—w) -(y-y°+W)
be t e t ba ¢
e y + e ¥ + e v
- 2
z2 - (z - 2d) }
be t
4ezt z
e + e
|
L 4
where
. m
' = mass of HH&OH per unilt area of epill =~ ;%2
max
d = depth of the river
v = width of the river
Yo = Jocation of the centre of spili from the
mid stream
exeyez =  turbwlent diffusicn coefficients respectively

in x, vy & z (1.2., longirudinal, latexal and
depthwise) directions.

The turtuleac diffusion ceefiicients es e . and e_ are cbtained
-

from the characteristics of the river.

the coefficients

Harlemsn suggests the use of

given in Table 6-3. The concentration given in

equation (6-30% is in density units.
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Diffusion
Coefficients

1

where

Table 63

Turbulent Diffusion Coefficients in a River ¥

Very wide rivers For narrow rivers
(w/d > 100) {w/d < 100) Remarks
0.067 u*d 0.067 u* R, The e, value is the
mean of the vertical
O.le, O.le, distribution given by
. e= K*Z(l"?-/d)
Ole, 0.23 u* R,

u* = ghear velccity = 3.3 n U %-1/6

gtxead crosgectional area
vetted perimeter

R._l = hydraulic radiusg =

n = manning facror 0.01 < n < 0.04

Uf = meaa Stream velocity

t all quantities are in F.P.S. units
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Simplified Model: Neglecting the longitudinal and lateral dispersion

and assuming no edge effects and uging equation 6~49, equation 6-50 can

be simpiified to the following equations.
¥ith
a - ) H
ty (x Rmax’ /U

ty = (x + Rmax) /] U

U = mean stream velociry

and for t. <t <t

1 2

x if“ﬂ ez t < d/Z (5_51)
y YTt e t e t
' ’
. A t o? 2
“water surface ( ) “ e d” }
o, {R/d+ = T sin (u -g ) j (6-52)
n=] n

andc = o0 for £t <t ort < tz
At azny point x downstresm this concentration would last for a

time of about 2R___/U. It should be noted that the minimum concentration

predicted by this above esquation is equal to h/d. However, in ths river

the concentration goes below this value due to the longitudinral dispersion.

This is discussed below,

(ii) Far Field Anslvsis

In order to calculate the far field concentration value the following
equation can be used. Far field analysis results can be used when in
equation 6~52 the term involving the summation of the expontially

decaying sine serles is very smals rompared to h/d.
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n
]

HHQOH concentration (maximum)

ta
)

77n U Rh5/6 = longitudinal dispersion
coefficient

t = time from the instant of spill
and other quantities are defined in Table 6-3.

6.6.2.2 Dispersion in a Tidal River

Whea ammonia spills occur at the mouth of a harbor or
in the esturine regions, one must congider the tidsl character of the

waterway in dispersing the a monium hydroxida formed.

For a constant cross-sectional area region with a sinusoidal
variation in the tidal velecity, superimposed on a stream velocity,

the following equation can be used to predict the concentration

dowmstrean.
__f(x—-uf’r).a- '_;T_-[cos a”ﬁ—é)—cos(o’é)}
CJAEY
Gt = —o @1 - :
A‘,MYET
where
M =

total masgs of NHAOH that is dispersing

¢ = constant stream velocity

(=]
¥

]
]

T amplitude of sinugoidal wave velocity

O
]

phase lag between spill time and high wsater slack time
g = frequercy of oscillstiosns
E = longitudinal dispersion coefficient

A = cross-sectional ar=a of the channel
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The concentration given by equation ($-53) is the crose-sectional
area mesn value. Local concentrations canm be obtained by a much more
compiicated formulation of the dispers.oun prohlem, Also, the msss of
NHAOH generated is sgsumed to be uniformly distributed acroes the
croag~sectionsl area ot the stream at the initial time. Bocause of
these agsumptions, equation (5~54) can be used to predict the concentra-
tion far downetream from the spill positioa. The lorxgitudinal dispersion
coefficient, E, is ar empirically determined parameter that depends
or che flow characteristics of the river. io general, it can be

determined from the following formula:
E = 6uxd (6-352

6.5.3 Discussion

Tha character cof navigable waterways var’es so much from piace to
place that no one gemeral water-dispersion model can be epplied to
all places. We have presented three modele; two for ncun-tidal
rivers, and the other for tidasl regions. In all the modals, we have
asrumed that the primary mixing agency is stream turbulence. The
equations can be used to predict the temporal averages of ammounium
hydroxide concentratioa in a stream for instantaneous spilis,
Different equations wmuet be used for continuous spills, and many
such equations have been published elszwhere (reference 17 ). The
valueg of the turbuleat coefficients, or the longitudinal-dispersiom
coefficient, are based on the empirical correlaticns which seen to
correlate several experimental results, both ic the labora.ory snd inm

{ \
the flele 257,

The models presented have, in some zasas, csken 1.ty account 2us

finite arca oo the water gurface crom which HBAOH spreads and zixes

= spite of the initial lower demsity of NH, H solution (hence its
tendency to stay on the water surface), because f its extrexe
mdezibility and the miving process in the stresr:, the concentration
of NHAOH is rapidly decreased by dispersion ia all directicns. The
dilution procass results in the liberation of aumonis vapor. However,
the quantity of vapor is small and dilutica of conceatrztion less
than 30% NHAOH doss rot relesse ammonia vapor. Therefore, we have
assuned that the process of diiutfon takes place with the total mass

of sweonium hydroxide as a constant.
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Tt is pointed ou?r bere that during the present series of experiments !
ammonium hydrozide concentrations were not measured. Congequantly, the :
results of the models suggested cannot be compared to any experimental
date. However, these models have heen well esteblished in the literature

and have been verified against efi@finental data.
[

€.7 VAPOR CLOUD RISE

6 7.1 Introduction

When liquid ammonia spills on water, rapid boiling ensues, result-
ing in the liberation of a cloud of NH3 vapor. The cloud is lighter
than air and rapidly rises intc the atmosphere, while at the seane
time drifting horizontally on the prevailing wind. Vapor liberation
can be continuous, as in a continuous spill, or more or less in a puff,
in the case of an instantaneous spili. The two models giver below

describe the wotion of a maintained plume and that of a ruff of vapor.

Y

The plume rise model was developed by Slawson and Csanady(26j
refined recently by Hoult et al.(27}. The thevry was developed
primarily to describe the behavior of chimney plumes. The puff model
is due to Morton et al.(zs), and describec the icotlon of a suddenly
released cloud of buoyawt gas. In both the theories, the motiom of a

uniform density vapor in a ztably stracified atmosphere is considered.

6.7.2 Vapor Cloud Motion iHodels

6.7,2.1 Plume Theory

A continuous stream of buoyant gas released from a maintained
source 7ises into the atmosphere. The gas mixes with atmospheric air
and is diluted, resulting in a concinuous decrease of buoyancy. In
the initial stagez, the plume is carried vertically by the momentum
of exit gases. During the second stage, buoyancy forces dominate

the plume rise,

S DG Ss  T
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T2 the atmosphere were of congtant density, theoreticaily the
plume would kecp on rising. However, at a certain height in a stably
stratitied cimosphere, the plume, which is being ccnstantly diluted
due to turbuient mixing with air, attains a mean density that is equal
to the outside air demsity. Above this height, the plume rise is
Tetarded by a negative buoyancy, but it continues to rise because of
upward momentum. However, after the plume has risen a smalil distance,
upward velocity drops to zero and the plume falls dewn, finally
reaching ar equilibrium height. During vertical motion, the piume
is being dispersed horizontally by the wind.

The following equations describe plume motion. In deriving them,
Slawson et al.QG) and Hoult et al. 27 aggumed that the rate of
turbulent entraimment of the ambient air was proportional to the verti-
cal velocity of the plume. Algo, the plume was assumed to be circular

in cross sectiocn and nave uniform density and velocity.

The following nomenclature describes the definitions of the various
symbols used in the equations.

b = radius of the continuous plume at any position
b, = radius of plume at the place of generation

Bi = ipitial buoyancy volume released in the puff = Vg4

¢ = fraction of actual size for evaluatipg the position of the
virtual source (0.005 < ¢ < 0.01)

d = distance along the plume beyond vhich the ipnitial momentum
has no zffect on the plume asize

F_ = buoyancy flux in the continuocus plume = bizuigA = ;5%

x
[}

acceleration due to gravity

»
n

buoyancy length (used with a subscript)
B
£ = buoyancy lenmgth in the case of cloud rise .{;;

S
u

buoyancy length in the plume rise = Pp/U3
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The Plume trajectory

radius of the sperical cloud at any position

stratification parameter = %;

duration over which £ volume V of vapor is released
absolute temperature of the ambient air

initial vertical velocity of vapor at release

mean wind velocity

volume of vapor initially generated

downwiné distance

downwind distance where the cloud becomes neutrelly buoyant
vertical coordinate

maximunm height reached by the vapor cloud (or plume)

empirical parameter in equetion (6-62) (gemerally - 0.093)

empirical parameter occuring in equatioa (6-56) (0.5 < B < 2.0)

P
fractional density defect = (1 - f)
a

abazolute value of the potential temperature gradient in the
atmoaphere

parazeter in equation (6-62)
density of ambient air at the position of vapor release

density of vapor at release

36,

Brunt Yaisalla frequency = T 3z

cen be written as

3
P

1
or z = (1.5/8%) x F 3 U

() ()

2/3

2 1/3 2/3

P
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{in a constant density region of the atmosphere)

(6~56)

(6-57)

- A e ——

Aant LT e ]

[T

v

i
%




where B is an empirical parameter found to be ia the range 0.5 < B8 < 2.
(Fay (29 suggests the use of B = 1, based on ihe arnalysis of a large

volume of chimney plume data.)

Physically, the buoyancy length, lp’ indicates the minimum distance
along the plume, meagured from the exit, at which the entrained fluid,

rather thsn the ejected fiuid, is balancing the buoyant impulsze of

: the exit gases. The distance, d, along the plume up to which initial

gag wonentun dominates the plume rise is given by (29),

e e o em——————— AR RS TIRD
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: 2 b,gA
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Equation (6-56) was derived assuming that the radius of the "chimney”

at the exit of the gases is small. Essentially, the source was asgumed

to be a point. However, if the vapor source is an area source (as in

the case of LNH3 spill on water) the equation can be easily modified
to account for the release from a virtual sgource,

The height above
the ground of the ceanter line of the plume can be represented by the
equation for the virtual gourze by

- 1/3 2/3 ~\2/3
:__, -{;—+(-2-22) (”}-) (1%) (6-59)
) P P

where 3

X = 3f(bic)
\ 3 (6-50)
and z = cb,/B ]

o = effective radius fraction, for the finiteness of the source
(.005 < ¢ < ,01).

When the atmosphere is stably stratified, the limiting height reached
by the plume is given by
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where S is the stratification parameter relatad to¢ the poteatial
temperature gradient in the atmosphere.

Equation {(6-36) descridas the traiectery of the plume center
fairly close to the source, whilie asustion {(§~61} describes the

naximun height reached by the pluma.

6.7.2.2 Puff Thecs

When £ puff of buoyart gas is relsased into the stmosphere, it
behaves very much like a buoyant gas plume. However, in the case of a

gas cloud, mixing with sabient air takes place over the entire

surface area of the cicud. This leads to much more rapid mixing that

that in a continucus gas stream.

¢
Morton et al. (28) hsve derived the following equations to describe

the behavior of a buovant cloud in the atmosphere, Tha cloud shape

is assumed zo be spherical, and the initial momentwm and size of the

cloud at release are ignored. The cloud trajectory, in the comstant den-

ity reglon of the atmcsphere, iz

1/4 1/2
RS NG, S— 2

gc L [ 78 (G")B C ' (6"‘62)

or in cdimengional form

T 3 1/2 1/ -1/2

x B, U (6-63)

L. 2% (a<)3

while the radius of the =mpherical cloud ia

. r 1/4/ < \1/2

R Eax X ($-64)
te !_ n \ %)

v
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vhere the value of the parametric group ak has been experimentally
determined to be in the range of (.27 < ax < 0.34, Morton suggests the
uze of a = 0.0G33.

For the rise of a cloud ir a stsbly stratified atmosphere, the
following fcrmulae are used:
¥ 1

ks i 4
w 3 ; =
3 - )
R - 31 $ (6-65)
¢ (o) J

and for the di.tance downwind at which the vapor cloud first reaches

neutrzl buoyancy the expression is

x* T!/.K-

L 2
C

The vapor cloud reaches the equilibrium height given by equation
(6-65) after several oscillations. For yractical purposes, the steady-
state height is a distance about five times the digtance Iindizated
in equation {6-68).

6.7.3 Discussion

The piume model is used to describe a continuous piume, and for

this model the height of the center line of the plume decrecses
inversely with the wind velocity for a fixed observation position down-
wind., The resuits presented by this theory have been found to correlate
all of the observel data for chimney pluwes from power plants. The
theory indicates that the maximum height reached dependa ¢a both

the wind velocity and the temperature gradient.

The second puff model describes the agcent of a suddenly released
bueyant vapor mazs. The height of rise of the czuter of the cloud
a2t a given downwind distaance is pvoportional to the inverse square
root of the wind velocity. However, the maximum height reached is

independent of the wind velocity, and depends only on the initial buoyancy
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volume and the potentlal temperature gradisnt in th2 atmosphere. It

(18)

has buen reported that the result of equation (6-65) under predicts

by 30% the actuzl peak height reached by clouds generated by atemic

blasts. It has bueu argued by Mortcn et al, (28)

that such an effect
is due %o the stromg initial turbulent motiom in the interiorx of a
cloud whose surfroe is relatively smosth and because of this, there
is very little mixing with ambient air. In effect, the cloud rises
as 2 bubble rather than as 3 mixing mass. Similar observations have
been made in the case of vapor liberated during quieacent conditions

from the 4stantzneous spill of 50 gallons on LRH3 on water.
6.8 UNDERVATER RELEASE OF LIQUID AMMONIA
6.8.1 Introduction

A liquid ammonia barge that ginks in water mey eventually release
ammonia underwater. Depending on the orientation of the tank,
liquid ammonia or gaseovs ammonia may be released. When the liquid
is relessed, a piume of liquid ammonia rises towards the water suriace
and during this rise a considarable quantity of LNH3 reacts with water.
The primary concern of this section is to predict a "critical depth"
deeper than the depth at which a2ll of the liquid reacts with water

befcre reaching the water surface if the liquid ammonia is releasec.

Trying to model in all its entirety the above process of rising
ammonia pluxa which continuuvusly reacts with water producing wapor
{which itself may dissoive in water at a site far removed from the
site of generatica) is much too complicated. The fracticm »f the
releagsed liquid smmoniz reaching the water surface might be a furction
cf the release depth, release rate underwater currents, mixing vate
between the water ard the emmonia plume, turbulence lesvel in the stream
and the plume, effect of vapor bubbles on the mixing process, «tc.

The physical model presented beiow is based on the simiiarity between
a liquid smmonie plums rising in water and a turbuismt diffusion

flama, The model is baged on simple dimensiosal arguments and gives

& method of calculating the "critical depth" fo sn srder of magnitude
only.
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£6.8.2 Details of the Model

6.8.2,1 Analogy with Turbulent Diffusion Flame

The phLiysical rrocesser 9sociated with the ammonia plume bear
striking resemblance to tt 1€fusion fluzme. If one conceives of NH3
ag a fuel, H20 ag zn oxidis ., and NH4OH as the combusion product,
the similarity is appirent. Water diffuses into the LN¥H, plume forming
a mixture of NHAOH and NH3. LNB3 diffuses into the wa:e; forming a solu-
tion of ﬂ340£ and HZO' The mixing process alsoc involves 2 release
of heat though the magnitude of heat releage per mess of NH3 is clearly

much less than that associated with a coxbustion process.

The wmodeling procedure becomes eupecially couvenient because of
the analogy with flame. For the turbulent flame, it has long been
known that the fleme height is a function only of the burner diameter
for a given fuel, The height is independent of volumetzric flow rate(3o) .

If the flame beight is considered as the length of the reaction
zopne, thea by analogy the mixing height of the ammoris plume would be
the height at which the ammouia would have achieved complete solution
in the water. IY the releage depth were greater than this mixing
height, one would expect no smmonia to egcape inwo the atmosphere.

In the following secticn an order of magnitude estimate calculation is

given for calculating the mixing height.
6.8.2,2 Derivation of Mixing Height Relation

The dimensional argumenis for estimating the height of turbulent

mixing height start witk the mass coanservation equation:

v & .y 2’ (6-67)
3z 3y2

wheze
¢ = gome specie concentration

D = turbulent diffusion ccefficient

U = velocity cf flov in thie axlal direction ¢f the discharge tube
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z = axial co-ordimnate
2 = cross axial cooridinate

The solution of the above equation will result in the definition
oi a "boundary laver thickness of reaction zome" &, which is of the

following order of magnitude

a0 ( D,Tz) (6-68)

Assuming that the reaction zone dimension at the wizing height is

of the same order of magnitude as the pipe diameter, we have

Db,
s wo (MwQ (|7 (6~69)
‘ 2

ud
i.e., hwo {5 ) (6-70)

In the case of turbulemnt jet from a pipe, the turbulert diffusivity variese

as

DwvO (U d) (6-71)

Subgtituting 6-71 in 6-70, we have

hwo (4) (6-72)

0f course, application of the turbulent flame concept requires that
the flow from the pipe be turbulent., Calculetions of thes liquid
ammcnia Reynolds number at the exit of a two~inch diameter pipe for
release from a 12 psig tank indicetz the fiow is quite turbulent.

Therefore, we can write a relation for the plume mixing height "h" as
h=Ad+ 3 (6-73)

where A and B ate experimenrally determined constants.
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6.8.3 Discususion

The result derived in equation (6-72) indicates that the length
of the LNH3 plume, before it 1s completely converted to NEAOH is
of the szme order of magnitude as the diameter of the pipe from which
1t is relessed. Within rhe gcope of the assumptiona made, thie is an
interesting result. It implies that 1f the mouth of the discharge pipe
is at a depth greater than about 5 to 10 diameters of the release pipe,
all of the LNH3 would ba converted to NH403 and uo vapor would be
liberated.

Also the analysis presented has tacitly assumed thst the turbuleat
mixing in the jet is characterized by the turbulence in the pipe. How-
ever, this may not always be true. During the discharge of LNS3

into a stream, the stream turbulence itself may be very important.
; Also to be censidered is the turbulence caused by the rapid boiling

phenomenon during the he:ting cf LNH3 by water.

Many other phenomena that may occur in an underwater releage
' have not been considered. These include pissible explosions, limita-
tion cof water quantity, water curreants, etc, Further refinements

of the model will have to include one or more of these phemomena.
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7. NEUTRALIZATICH

7.1 INTRODUCTION

The general characteristics of a spill cf refrigerated {-28°F)
amnonia on water may be described as follcws. A spreading pool of liquad,
boilirg ammonia forms cn the water. About haif to thres-fourtins of the
total amount of ammonia spilled dissolves in the water by the time the
liquid has completely boilled awey, forming s layer of ammonium hydroxide
wvhich is elevated in temperature between 5°F and 15°F above the ambient
water temperature. After the iiquid smmonia has dissappeared, more
ammonia will be generated from the ammonium hydroxide layer and vaporize
into the atmosphere. However the quantity of vapor produced is small
compared to the amount of vapor liberated during the boiling. The
thickness of the ammonium hydroxide layer is in the neighborhood of
a few inches, and the rate of spread is roughly a few inches per second
(radial increase), depending cn the rate of spill. The maximum spread
radius is proporilonal to the three eights power of the quantity of
spill. For example, if 3,006 tons of refrigerated ammonia were spilled
instantaneously, the rate of spread would be 2-i/2 inches per cecond,
the maximum thickness cf the ammonium hydroxide Jayer would be about
5 inches, and the maximum radius of the liquid pool would “e approxi-
miutely 475 feet. The characreristics c¢f underwater leaks are determined

by the leak rate and depth under water.

The dispersion of the ammonia vapor in the stmosphere depends on thic
wind velocity and atmospheric conditions. Because of the extremely buoyant
nature of the amwonia vapor, tiiere results a rapid rise of the vapor
cloud, following the spill. It is estimated that within about 1000feet
of downwind travel, the center of the vapor cleud from a 3000 tom gpill
would reach a height of between 1500 to 18C0 ft.

Estimate of the time of vaporization of a 3000 ton instantaneous
spill indicstes that the entire boiling process lasts only for about
120 seconds. If therefore the time ¢f spilling of this 3000 tons is
larger than about 10 minutes, it should be assumed thst evapcration of

the spilled mass occurs as soon as the spill :suches the water.
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The approaches which can be taken towards corrective action mny

be enumerated as followe:

A. Ammonium hydroxide solution in water
1. Digperssl
2., Coantainment
3. Alr spargiag
4. Sorption
3. Chemical neutrelization

B. Ammonia vapurs
1. Digpersal
2. Wate. fog

7.2 AMMONIUM HYDROXIDE SOLUTION

The preferred me.hod of treatmest for the ammonia dissolved in the
water depends on the specific situation. If the principal hazard is
due tc the presence cof ammcni:m hydroxide Zn the wa“er, and the presence
of ammcrnia vapor in the air is cf secondary importance, containment of the
ammaonium hydroxide whilie allowing evapcration of ammonia irom the wa“er
to occur, or stripring of the ammonia from the water by subsurface air

sparging, may be desirable. If the reverse ie the cese and the signifi-

cant hazard is ammonia vapor in the air, it is important to preveamt evapora-

tion by dilutioun, nevtralization or abscrption cof the ammonium hydroxide

in the water.

7.2.1 Dispersal

If the spill is on a river or any body of water where repid water
movement occurs, the NH&OH in the water will be carried away with the
curreni. If zixing occurs, which iz likely under such ¢onditions, the
dispersal will be 2nhanced by occurring in depth ss well as horizontsally,

particularly in the case where there issignificant wave action.

The effects of the NHAOH will be felt along the entire swept-out
path, aithough the geverity of these effects may decrease with distance
dowvnstream due to the reduction of the NH,CB concentrsation a3 & result
of evaporation of NH3 from the water surface and the mixing with lerger

volumes of uncontaminated water.
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In the case of a confined chanmel, however, a plug of NHaoﬁ msy
sweep dnwm the river with only a sliight dacrease in conceatration with

dowmsirzam distancze.

in lakes or harbor aress where currents way be small, dispersal
mav be enhanced by running swmall vessels threugh the spill, utilizing
the turbulence caused by the propel.ers and wake of the vesszl to pro-
mote mixing with the water. Cara should be tcken, however, to temporarily
block cff water intakes, and it should be remembered that the NH40H is
highly corrosive to copper, copper alloys, and galvanized surfaces.
Smaller spilis in still bodies of water may be dispersed with fire
nosea (or any hizh pressure, high volume water hose} played onro the

NHQOH layer from dock or shipboard facilities.

Since prompt action is required for dispersal of an LHH3 apill,
the use of water hoses or the turbulent wake of 2 boat or vessel 1s

the only practiczl mewuns of achieving rapid dispersal.
7.2.2 Containment

In lakes, ponds, or other less active bodies of water, the NHAOH
layer may remain iantact near the splli locacion. If it is ixportent

to localize the adverse impact due-.to the WR,OR on aquatir life

ficating boom such as is used to contain oxléspills may be deployed
to'contain the NB&OH layer. The instantaneous spill considered above doea
not represent a realistic situetion. 1In most cases, a 3,000 ton

8pill would be the result of a tanker barge or vesgsel accident, and

the asmenia would most likely be released over a period of time rang-
ing from minutes to hours. Consequently, the maxiwmtm spill diameter
would be gubstantially less that 1,000 feet. The NBéOE gpreading

could probsbly be contained by 2,000 feet of boom. Placement of a boom
would allow a substantial fractiecn of the ammonia to svaporate from the
NHQOH layer, and would allow the use of a neutralizing agent or cf
abaorption or removel of the NHAOH or N§3.

There sre a large number (more than 65) of differernt types of
(31)

& 24

floating booms fer containment of o1l spills, gome of which vwould
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be suitablc for containing an 1KH, spill. 1a the cases of an LNE3 spill,

it {s important to use a boom uhizh i3 rapidly deployable and is con-
structed of materiais which are inert to Naéoa and §H3. Tt has been
ctserved thaz the currents in ghaltered areas where most spills occur,

such as at pilers; in ships, at bulkheads and in coves, are much smaller

than the high velocity currents which occur ia midstream 2t peak flow
periods.(32) It was found that a boom having a freeb.:ard barrier of § inches
aad a2 submerged skirt of 12 inches would suit manv spill situacions and be

rapidly deploysble.

The feollowing general performanca characteristics are Jdesirable

for an LNB3 containent boom:

i. The boca's fabric should contain the flotstion pods, ballast
and vertical stiffeners, and be capable of withstanding
totsl tension streases up te 6,000 1hs without additional

chain or cable tension mermbers.

2. The fsbric rust de ra2sistant to NHAGB, HB3 gbrasion, solar
heat and ultraviolet radistiecn, salt watey and znticipated

aaviroomentsl temperature extrenes.

3. Thz boom nmust be toweble from one end at speeds up tc 5 kaots

thout dsmage.

4. The boom should weigh less than 2 1bs per running foci and
ccst less than $12 por foot with a minimum life expectaacy of
five years. It ashould be bright yeliow in color to reduce
accidental damage by uninformed vessels in harbors. Grab

handles should be provided on the top edge.

5. The ballast and float coaflguration shouid give stability
in 15 kno% winds, 0.5 to 1.0 knot currents and 2 fi waves.

T

though pone of the manufacturers of cli contaiament boome appeay

to mext 211 of the above specifications, ssversl of the:‘zz) could be
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considered for containment of LNH3 spilis: Acme O. K. Corral Boom;
Bennett 20-inch KHarbor 0il Boom; Jaton Boom, Centri-Spray Corp.; Reynolds

Aluminum 0il Boom; Sea Curtain, Kepner Plastics Fabricators, Inc.

In cases of currents above the retention capability of the floating
boom, it may be desirable to divert the LNH3 spill to keep it from
vulnerable shoreline locations or teo guide it into an area where it can

be controlled and further corrective action can be taken.

Mooring of the floating boom should not be as critical for LNH3
spills as for oil spills, since the duration of the spill is limited
by evaporation, and the full, twelve hour tidal variation will probably

not have to be accommodated by the mooring.

Bubble barriers or air curtains are not usually rapidly deployable :
-and are not likely to be available in time to contain LNH3 spills. The ;
effect of such barriers would be to erhance evaporation of NH3 from the

water irto the air.

.
i
i
¢
H
%
i

7.2.3 Air Sparging

Once the LNH3 spill has been contained, it may be allowed to evaporate
from the water over a period of time, or a more active course may be
taken. If it is important to remove the contained ammonia from the water
rapidly and there is no significant hazard associated with transferring
the NH3 to the atmoaphere, alr sparging may be used.

Ammonia can be stripped from water thtrough the use of large quantities
of air. Since the NHAOH layer is only a few inches deep and the power
required for alr ejection is dirsctly proportional to the depth of air
ejection, the air bubble pipes should be suspended only a few feet below
the surface. For a four fcot pilpe depth, 2 psig air is required, and

the horsepower requirement is:
HP = 0.024 Q

where Q ie ai: volume in cfm {cubic feet per minute), and compressor
efficiency and pipe and fitting losses have been accounted for. For
example, if the NHAOH layer were 4 inches deep and 475 feet in radius
(3,000 ton spilled instantly}, a 10( HP internal--combustion-engine driving

a compreasor unit would pass one cubic foot of air through each cubic
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foot of NHQOH every 56 minutes. This type of self~contained

compressor unlt is common in construction work.

7.2.4 Sorption

In some cases it is lmportant to remove the ammonia from the water
without releasing it into the atmosphere. One way of accomplishing this
is by absorption or adsorption with solids. Absorption refers to the
containment of the ammonia in the bulk of the solid; adsorption vefers
to the adherence of the ammonia on the surface of the solid. Both methods

are included in the term sorptiomn.

At least hslf & dozen different sorbent booms have been developed
for oil spill removal; similar principles can be appliad to ammonia. The
advantage of configuring the sorbent in the form of the boom is two-fold:
it may be towed over the spill repeatedly, which effectively circumvents
the problem of dispensing the sorbent; and it may be placed on board ship
or towed to & clean-up area after use, which reduces the difficulty of
collecting the used sorbent. Since the depth of the N340E layer is only
a few inches, the sorbent boom will penetrate the entire layer and practi-

cally all of the NHAOH should come into contact witb the sorbent material.

When the gorbent boom is saturated with awmonis, it must be removed
tc a clean-up area where the ammonia can pe removed and the boom be readied
for further use as required. Ammonia removal may be accomplished by
waghing the boom with water, squeezing the sorbent materisl to remove
NHAOH, allowing the NH3 to evaporate into the atmosphere, or heating the
sorbent msterial to promote evaporation of ammonia. If the sorbent
material is low cost and readily available, it may be disposed of in

sealed containers or by chemical treatment.

The sorbent material in szorbeat booms is generally contained in
porous bags, cloth or netting. The sorbent materials must have a preference

for absorption or adsorption of NBB or NH40H rather than water.

The practical difficuities in the use of a sorbent for large spille
lies in the quantity of scrbent, or numker of sorbent boom deployments
cequired. Sorbent capéacity ic generally stated in terms of a retesntion

ratic, or ratio of weight of NHQ taken up to welight of sorbent. With a
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retention ratio of 2, a 3,000 ton spill which dissolved 2,000 tons in the
water would require 1000 tons of sorbent or 500 passes with a 2 ton sorbent
buor. For this reason, the use of a sorbent may only be practical for

small gpills. It should be noted, however, that the sorbent is generally
inactive chemically, and should not present a hazard in storage, handling,

or transport.

7.2.5 Chemical Neutralization

The NH40H layer may be chemicallyneutralized by the additlion of an
appropriate chemical to the water. However, there are major difficulties

associated with this type of corrective action, and these are discussed .
below.

Quantity. The neutralizing agent must be used on a mole for
mole basis with the ammonia to completely neutralize it. For a 3,000
ton ammonia spill of which only 2,000 tons dissolves in the water, 4,300
tons of HCl would be required. WNeutralizing chemicals are not normally
available in these quantities.

Dispensing method. The neutralizing chemical must be dispensed
in a uniform and controlled manner throughout the NHéOH layer. 1If this is

not accomplished, additional neutralizing agent may be required and con-
centrations of excess neutralizing agent may occur and cause additional
adverse conditions in the body of water. It is difficult to dispense

the agent uniformly dispensed over the water surface, it must still mix
or diffuse through the NHQOH layer to achieve optimum effect; uniform
mixing may be inhibited by density differences between the neutralizing
agent and NHAOH or by the kinetics of the chemical reaction.

Heat generation. Most of the neutralizing agents that could be
used with NH

QOH would cause exothermic reactions, and create a significant
temperature rise in the surface layer of water. Although some of this
heat may be removed by evapo=ation, cnnvective air ccoling and vadiation,
some of the heat will be removed by water convection. The adverse effects

of the increase in water temperature must be tsken into account.
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Reaction products. The most likely product of a neutraliziag

reaction is a salt, i.e.: NHaCI if HC1 is used. Most of the ammonium
salts that would result from use of a neutralizing agent are soluble

in water, and would be difficult to remove from a large body of water,
The adverse effects of the dissolved salts must be considered in the use

of a neutralizing agent.

7.2.6 Safety

Most neutralizing agents are hazardous chemicals which must be
stored, transported and handled with caution. The circumstances
surrounding an LNH3 spill allow little time for adequate practice of
safety procedures; the use of a neutralizing agent can represent a
new hazard comparable in potential adverse impact to the original

LNH3 spill.

It appears, from the above discussed difficulties, that the use of
a8 neutralizing agent is not the preferred corrective action for an LNH3

spill, except perhaps for very small, confined spills.

7.3 AMMONIA VAPORS

Depending on the particular situation, Lt may be d.sirable tec disperse
the ammonia vapor into the atmosphere, or coaversely, to trap the ammonia
vapor by water (or other means) and remove it from the atmospherse. For
a 3,000 ton spill of LI‘!H3 on water during a one hour period, about 1,000
tons of ammonia will be generated during a period of 120 seconds. Subse-
quent to the complete evaporation of the liquid ammonia pool, provided
no corrective action is taken with respect to the NHAOH in the water,
amnonis will continue to evaporate from the water surface to the extent

of 1,000 tons during the next. few minutas, for quiescent water conditions.
7.3.1 Dispersal

If a strong wind is blowing, the ammonia vapor will be dispersed
into the atmosphere, leaving little alternative as to any possible
correction actions. This 1s true regardless of wind ccanditions since
the cold ammonia vapor is always lighter than air. Little can be done

to prevent rapid disperssl of the vapor cloud.

i 08
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7.3.2 MWater Fog

If atwegpheric conditions are such that the ammonia vapor is not

|
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rapidly end naturally dispensed, it may be desirable to attempt to
repove it from the atmosphere. Probably the most cffective way of

achieving this gosgl is by the use of a water fog or water sgpray. Equip-

ment for generating substantial quantities of a dense water fog could

be devaloped utilizing the principle of the cooling (to near ambient
temperature; of a warmer, vater 3aturai2d alr masa, ané using mechanical
blowers or fans to direct the fog through thz ammonla wvapor. The

result would be the formation of a NH4OH fog which, as it cocled, would
condense and fall intc the water surface where further corrective action

could be taken.

If specialized water fog generating equipment is not available,
fire hoses could be utilized (with apray nozzles, if possible) to play
streams of spray or water through the ammonia vapor cloud. This would not

be as effective as a water fog, and might create the additional problem

-

of forming a liquid ammonia aerosol by splashing the LNH (if the liquid

ammonia pool has not yet completaly evaporated), which is nore difficult

- -

t.0 remove with the water spray than is the ammoniaz vapor.

7,3.3 Sorption and Chemical Neutralization

The use of solids to absorb or adsorb the ammonia vapor may be
unreagsonably difficult. The only possibility would be the use of a

pulverized or dust-like sorbent which could be projected through the
ammonia vapor cloud by a mechanical blower. However, large quantities of

sorbent would be required (on the order of 500 to 1,000 tons for a

3,000 ton gpill), and the problems of availability, transport, and
subsequent clean—-up of the sorbent from the water appear to be major

objections to this type of corrective action.

The use of a chemical neutralizing agent i8 even more unlikely
considering the difficulties discussed above in Section 7.2.5. The

hazards associated with spraying large quanticzies of a neurralizing

chemicsl through the ammonia cloud appesr to be greater than the
benefit that might be gained by neutralizing the ammonis vapor.
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APPENDIX A

Thialappendix contains the thermodynamic properties of anhydrous
armonis. Table A-1 (taken from reference 33). gives the important

! property values. Tables A-2, A~-3 and A~4 (from reference 19} give
respectively the boiling points and the liquid and vapor enthalpies,

all as fuattions of pressure. Tigure A-1 1g the enthalpy concentra-

(1%)

tlon diagram for an ammonia-water system.
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Table 4~1 Important Properties of Anhydrous Ammonia -~

Chenical Formula , ; ‘ y : i NH, ) -
Holecular Weight eevenemsesot . _ 17.03° '
Boiling Temp?razuxe at Atu.sosphe':ic _P:essme, E ' . ' '-:23.0‘ \
?xet;:zing Tempgratuxe at Atmesphe:ic Pressurs, F e i ~108
. Cilticai Temperatuze, F . “ ot 271.4
Ctitical Preasuze, psia : i . ' : 1657
Ct..itif':ai Density, Ib per cu ft ‘ : 14.6
Pensity of Liquid at -28.0 F, Ib peg cu it , 42.5
Specific Voiume of Saturated Vapot at ~28.0 F, cu ft per Ib;mumsucrmsrsnnrer, 18.00 ’
Specific Heat of Liquidat 86 F, Btu per (ib) (F) . 1.343
Specific Hest Retio (cp,’cv) of Vapor at 86 F and
One Atmosphere Pressure ... 1.29
--Thezmal Conductivity, (Btu) (ft) pet (sq ) (hr) (F): *
Satusated Liquid at 32 F ... - : 0.29
Saturated Liquiu ot 86 F : A 0.2¢ (Avg.)
V.apor at One Atmosyhere Pxe;sme at32F - ... 0.0128
. Vapc;r at One Atmosphese Pressure 2 86 F _............ . 0.0145
Viscosity, Centipoises: ‘
Saturated Liquié atsS ¥ ... - 0.250
Saturated Liquid at 86 F ..... 0.207
Vapor at One Atmosphere Pressute at ST .. 0.0085
"Vepor at One Atmosphere Pressure at 85 F ... .cceveeesnrnssssensesmesssssasarens 0.0102

Relative Diclectric Streagth of Vapor at 84 F

and One Atmosphere Pressure (Nitrogen =1) ... : - 0.82
Color y ; .. Clear and watar white
©Odor and Detection Ircitating odoz, readily

detectable by smell.
Buriing sulphur used for

loceting leaks.

Flammability Limits (Per cent by volume) ... 1610 25
Toxicity, Underwsiters’ Laboratories Classification Group 2
214
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s U ASCTTSRAYARE SRR,

BUOYANCY OF AMMONIA VAPQGR - AIK MIXTORE WITH
AFROSOL FRACTION AS A PARAMOTER

Introduction

Whether a2 gas cloud rises iv air (and if so, its rate of rise)
is determined by the relative densities of the gas cloud and :
the surrounding air. The information about the buoyancy of the cloud
is important ia dectermining its dispersion iu the atmosphere.

o e mew

Pure ammonia vapor is lighter than ambient air, even &t the low
saturation temperature (-28°F). However, when the azmonis vapor
is liberated from a boiling pool of liquid amconia on water, or ou lsnd,
1iquid droplets of LNB3 are thrown into the vapor chase in the form of
aerosols. The demsity of such an aercsol laden smmonis vapor is mere
thar that of pure vapor. Alsoc because of the affinity ¢f armonia
for water and its reacticn with water, several phencomena tske place
when moist air mixes with aerosol laden axmonia vapor. The air is
cooled, decause of the vapor's low temperaturs, resulting in ¢he
possibility of water vapor condeasation. Armonia may go into solution
with water, libersting heat. A part of this heatr goes to hea: the
zixture cf the gases and another part to evaporate the liquid dropleta'
of amnonia. The firal equilibrium condition depends on the relative

anounte of aerosocl, hemidity, the 2ir temperature, and the wass ratio
of vapor to air.

To obtain the final mixture conditicm for 553’ vapor aixing with
weist air for sny given initial conditions, is an exiremely difficult
and involved process. However, to obtain some basic underatanding
of the buoyant nature of the gas with diffarent aerosol fractionms, 2
simplified problem is workad out, wherein ouly dry air {s considsred.
Picslly, equations are developad tc describe the mixiang procsss with

=cist air and an approach to the solution 1s discusscd.
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Mixing of Saturated Ammonia Vapor with Bone Dry Air

obtain the gaseous mixture density, the mass balance equsrion

and energy balance equations are written and st lved for the final

equilibrium mixture temperature. Knowing this temperature, the mixture

density

ig obtained. In deriving the equations, the following

asgsumptions are made:

All equations are derived on the basis of one unit mass of

bone dry air;

Let F

b)

The gases are considered to be perfect gases;
The final mixture is in a pure gaseous state (no droplets);
Total pressure is one atmosphere.

= Mass of cold ammonia vapor (including the aerosol) mixing
with unit mass of air;

= Fraction of the mass of ammonia vapor which is in the form

of aerosol;
= Enthalpy per unit mass of any substance (subscripted);
= Alr temperature
= Initial vapor temperature (saturation temperature)

= Temperature of the air vapor mixture.

Mass Conservation

Mass of air 4+ mass of vapor = masgs of final mixture

Energy Conservation

Since the total pressure is a constant, the erargy conservation

equation becomes the enthalpy conservation equation, i.e.;

Ia(

+ F

(sat) {(sat)

lrd - & = ’ (

;a) +F [FL 111q (Ti) + (1 FLB IVap (vi)] I, \Tmix)
{sat)

T

“wvap (Tmix)
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The air-vapor mixture temperature is obtained from the above
equation,

¢) Egquation of State

Ru Ru
peP == T = P — T (B2)
2w, i mix Moix mix
where
LR
(e, + Fu) | (33)
R.u = univarsal gas constant
P = atmogpheric pressure
U = molecular weight
If the gases can be assumed to have constant specific heats,
then equation Bl can be rearranged to give ¢
c T +F (c T, = F A
T - [ pia 8 ( 2,v "1 L ] (B4)
mix iFP e +c ]
PV p,&8

vhere c’s are the coastant pressure specific heats and A is the average

latent heat of veporization of liquid ammonia.

Alsc from equations B2 gnd B3 we get

(2 T .
Fractional Density Deviation = A g(pmix o 9 v [ = (- ?2 ~ 1 ] (B5)

T u
8 Bl 1 +-2 R
uv

It is noted thet physically tre mixture Cemperature csunot oe
lass than the saturation temperature of ammoniaz at atmospheric preasuare.
This condition imposes an upperbound on the acceptable value of the mass

ratio of vapor to air (F) for & given fractional aerogoi mess in vapor.

By substituting Tmix = Ti in equation B4 and resrranging we get
for the criticeal F,

220
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Substituting B6 in B5 and using the numerical values for the

molecular weights of alr and ammonia

A

o]

-

Figure B-1 shows the fractional density deviation as a function
of vapor air ratio (F) with the aerosol fraction (FL) as a parameter.
The critical F value and the Critical A values are indicated for each

FL‘

respectively) are indicated as also the forbldden region consistent

with the mixture temperature condition.

Figure B-2 indicatzs the mixture temperature for different F and :

F_ values,

L

2) Mixing of Saturated Ammonia Vapor with Moist Air

In formulating this problem we assume that:

- P22 8 i (B6)

The buoyant and nonbuoyant regions (i.e., A negative and A positive,

[Ta 1+ Fc) -]
T, T+ 1.69857) o 2

SRS NS ol 2

The mixing of air and vapor is adiabatic.

At equilibrium conditicn after mixing, the mixture contains
air, ammonium hydroxide solution, water vapor and ammonia
vapor. The last two components are in equilibrium with the

ammonium hydroxide solution.

The ammonium hydroxide solution is in the form of aerosols and

deoes not precipitate out. E

The velune occupied by NHAOH drops 1s very small.
The total pressure is constant.

A unit mass of dry air basis is used.
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Let

Hv = mass of gases other than air in the vapor phase (only water
and ammonia)

ML = page of NHLOH liquid droplets formed
x = nass fraction of water in the ligquid

y = mass fraction of water vapor inm the wates vapor gmmonia vapor
mixture (air excluded)

v, - initial mass of water vapor iam air

Pa = partial pressuve of air in the mixture of gsses

V = volume of the mixture

a) Ammonia ﬁhss Balances

1 - x)ML + Q- y)M& =F

b) Water Mass Conservation

x ML + v MV =W,

¢) °Phase Bquilibrium Relation

v = £(x, T axe P~ pa)

d) Partisl Preessure of Air

Ru
pav " ;; Tmix

e) Volume Relstion

M

Ve —

fy

where

p, 2P, (= T (s P = P,)
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f) Relation Between Mass of Vepor end Msge of Liquid

M

v
e £y T 00 P = Py)

8) Energy Equation

Initial enthalpy of air + Initial enthalpy of saturated awmonia
vapor = Final enthalpy of mixture

The above form a set of seven coupled equations for the seven

uaknowns HL, Mv, Tmix’ Pgr X5 ¥ and V. The golution of these
equations for given initial values of F, v, and Ta is extremely

difficult., However, in prianciple the solution car be cobtained provided

the furctional relationshipe connecting the various parameters for

an ammonia~water system are known compiately.
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APPENDIX C

HBAZARD ASSERSMERT PROCEDURES ARD
APPLICATION TO SEVERAL SPILL SIZES

Introduction

The procedures for calculating the hazards caused by a spill of
liquid anhydrous ammonia (LKHB) are presented in this appendix.
The proceudures are iliustrated with epecific nimerical examplas for
the spill of 3,000 tons of LNH3 on water. Tune examples include the
calculstion of vapor concentration at ground level in section 1, aud
in secticn 2 the calculation of ammonium hydroxide conceatraticn in
water. At the end of each section, plots are given which fucilitate
auick hazard assessment for several spill quantiries and envirormental
conditions.

Section 1: Vaper Digpersion

The procedure for calculating the ground level wapcy concentration
can be aummarized by the following steps:

1. Calculate the maximum radius of spread (Figure 5~7)

R .
max

2. Crlculate the mz238 and volume of satursted vavor liberated.
using the value of the partition function, the mass of
liquid spflled, and the density of vapor.

3. Calculate the fractional density deviation of the vapor.

4, Calculate the buoyaney £lux (section 6.7.2.1) and then the
buoyancy length. Knowing this and the dowawind distance,

tha vapor plums rise can be obtained.

5. Knowing the value of the potential temperature gradient
ia the atwmosphere, calculate the atratificsgticn parameterg

(see section 6.7.2.1). From this the ceiling height z_
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tu - ich the cloud rises can be obtained. Nete that
cloud reaches a ceiiing height only in stable atmospheres
(atwospherea E and F). Also, in the czza of fumigation
type of atmospheres, the atmosphers shouid de considersd
‘ to be urstable up to the ceiling height. This latter

; ceiling height should be obtained frem weather deta

(see section 6.5.2.2 11).

; 6. For the height of rise of cloud, use the smaller of the

' values obtained in gteps 4 and 3.

7. Obtain the effective downwind distance X eg by adding to
the actual distance 10 times the maximum radius of spread.

8. Obtain the dispersion parameter values (¢'s) for the

appropriate atmospheric type, at the effective distance,
from Figures 6-i7a and 6-17b,

9, Using the appropriate formula depending on the type of

atmovphere, obtain the ground level coicentrations,

The procedure is illustrated below with a specific numerical

example.
Data

Density of liquid ammonia at -28°F 42.56 lbs/ft3

Density of saturated vapor at -28°F 0.03556 1bs/£t>

Ambient temgerature 68.0 °F

Demsity of air at 68°F 0.07488 1bs/Etd

Mass of LNBs spilled instantaneously Hg 306¢ tons
=6x10% ° 1be

Volume of liquid V2 1.056 x 106 gallons

Partition ratio (assumed) P 0.6

Liquid regression rate (see page 126) § 3.89 = 10-3 ft/s

~
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Calculstions :
G.375
Maximm radiuvs of spread R = 2.5 (gal) = 453.75 ft
Figure 5-7)
Mass of vapor liberated o = (1-p)¥, - 2.6 x 10 1ps
Volume of vapor liberated Vv ~ = $.32 x 107 ft3
3 P
. Fractionsl density deviaticn A, = (1- =2 - 0.318
3 ) 0
4 of LNH, w
é Fractional density deviation Ag - (1- -z ) = 2.259
¢ of vapor Pair
; Maximum vapor liberation rate éa " ﬂniax Py §(1-p)= 1.713 x 104 1bs/s
v, 1/4
Time for complete evgporation ¢t = *2 A ] - 123,4 sec
of L¥d, (equation 5~5) € L4

a) Dispersion of Vapor Under Unstable Atmosphere (c)

Wind velocity (assumed) U = 20 kaots = 33.8 ft/s

Downwind diastance at which ground x = 5 km = 2.7 nautical miles
level concentration is needed !

~ 7 s
Buoyancy flux Fp (see section 6.7.2.1) = .32 2 10 x 32.2 x 9.259

H

¥ x 123.4 |

= 9.29 x 10° £t°/s |

F |

Buoyancy length £ = —% = 24.0 B 3 - ;

2y U zf'\ 2

Height of rise of center line of z = 3.3x°° ft !

vapor cloud (equaticn 6-56 with :

x in feet) :

Hence z = 3.3 x (16400) 23 & 2130 £t §

Effective source distance = .
E, =% 10 Rmax = 20936 ft
Dispersion parameters for x o in 1837 £t

atmosphere ¢ (sese Pigures 6%17a vy °

and 6~17v) % « 1050 £+

~

. S O SR L8 Bt S
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L2x2.4x10°¢ 1/2(;05;)

Ground lavel concentratiom ¢

(sec equation 6-46b) ¢2m "> 1837% x 1050
= 1.1z 107°
Concentration in ppm - 1.1x 1070 x (22,825 x 10%
= 251
b) Dispersion in Stable Atmospheze (F)
Potential temperature gradient 3
in the atmoaphere (assumad) . 5
¥Wind velocity 1] {7.3
Atmogspheric temperature 288
¥
Buoyancy length (£) 2 2389
Height of rise of center line of 2/3
vapor cloud in 2 distance of x z 15.2 »
feet (see equation 6~56)
Brunt Vaigalla frequeacy o 1.304 x 10_2
(see page 193)
Stratification parameter S 7.3 — -
(gee page 183) 238% x 1.304 x 10 ©
2

Hence the maximum height z_ 2383 x (-234)2/“ =
raached by the vapor cloud
(equation 6-61) given by the
plure theory* 1.5
Dowmwind dietance at which x* (%%gs) o
thizs maximum height is raachad *
Downwind distance at which 10
ground level concentration is x {60 300
needed (assumed) ’
Effective distance x x+ 10 R =

e “max
Dispersion paramaters for a 1640
atmosphere F at the distance ay 197
x, {from Figures 6-17a and =
6517b)

¥és alresdy discussed in section 5.5 (page 128), the behavior of a vapor

clouva liberated by a massive spill is likely to be more accurately
deecribed by the puff theory. However, becausa of the lack of data
for maesive spills of L¥H, and in order to conform to the findings of
the present test program, we use the more conservative value givsn by
the pluxe tneory, that is, z_ 1s assumed to be 989 £t (insteed of =

= 1710 ft given by puff theory)
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Therefore ground level concen~ _ 2 x 2.4 X% 106 e"llz 197
tration {equatisn 4-46b) (°r)3;2 B 14402 < 197

e—20.0625

= 0,044
c¢) Dispersion Under Stable (F): Pumigation Condition

Assuming a ceiling height ) 1,000
(this has to be obtained
from weather data)

Downwind diestance - sgame X 10
as in case b)

Dispersicn coefficieat at c 4,900
effective distance (x ) for v
fumigation condition

(atmosphere C) from Figures

6-17a and‘6-17b)

Hence grodnd level concen- 6
tration (see equation 6~47) - 2.4 x ;0
2n x 4900° x 1000
= 1.59 x 107
= 361.0

The ground level concentrations for various atmospheric conditions
are plotted as functicns of docwnwind distances in Figures C-1, C-2, C-3,
and C~4 respectively for 100, 500, 100C, and 3000 ton spills. The
curves for atmosphcre F indicate the fumigation condition, which is
the worst coandition as can be gseen frem the exampies in b) and ¢).
in calculating these stable atmosphere curves, the celling height
for each value of egpill was evaluated from the plume theory asauming
a temperature gradient of 5°X/km. It is recalled here that undcr
fumigation conditions, the ceiling height depends cn the westher and
as such haa to be obtained from weather data. Therefore, the curves
given for atmosphere F are to be used with care and where necessawy

have to be recalculated using the proper ceiling heighx data.
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Section 2: Water Dispersion

Introduction

The amseonium hydroxide (naéou) formed by the dissolution of LNH3
in water 1s dispersed by molecular diffusion in quiescent water and by
turbulent mixing in flowing streams. 1In the case of flowing rivers

and stresms, the dowpstresm NH40H concentration is calculated by using

the water dispersion models.

In this section, numerical exemples are given, indicating the
calculating procedure te obtain the NH40H concentration. A 3,000-ton
surface spilll of LNH3 1s considered.

In the examples shcewn below, botch the near field and far field
calzulations are indicated, The near field approximation gives NHAOH
concentrations in the iumediate vicinity of the spill. The far ifield
model iz used for distances beyond which there is no appreciable
vertical mixing. Because of the nature of the azsumption made in
the derivation of these two models, there is bound to ke some
discontinuity in the values of NHAOH concentrations predicted by the
models in the common regions of applicability. Hence, proper judgment
has to be exercised in interpreting the concentration values obtained

in these regions.
Calculations

In the ca:culations ghown below, the following asssumptions are

made’

s Even though ammonium hydroxide is lighter than water, we assume
that this does not have any significant effect on the dilution

process.

o No avaporation of the ammonium hydroxide takes place during
dilution.,

e The spill is instantanzous.




Spill snd envirommental conditions:

6

Quantity of Spill = 3,000 tons = 6 x 10 1bs
& 106 gallons

Mensity of LNH, = 42.56 1bs/ft3

Partition Ratio « 0.6

Location of Spill = In the middle of a
nontidal river

River width = 1,000 ft

River depth = 50 £t

Roughness factor for riverbed = (0,03

Mean velocity in the river « ¥ =3 ft/sec

Downstrean distance at which = 0,5 nautical miles

maximum concentration is to be = 3,000 £t

knowvn for near field approxima-

tion

Downstream distance at which maxiwum = 10 nautical miles

concentration is to be kanown for g 60,000 £t

far field approximation

Total quantity of 100%Z ammonium = 0.6 x 6x 10° = 3.6 x 10° 1bs

hydroxide generated in a
surface spill

1000 x 50
1000 + 2550 = 45-45 ft

Shear velocity (see Table 6-3) u* = 3,3 x .03 x 3 x (45.15)
= 0.16 ft/s

Hydraulic depth of stream Ry
-1/6

The concentration at any point downstream of a surface spill is
a maximum »n the water surface. For the near field analysis, the
source is considered to be an area source because of the rapid spread '
of LNH3 on water. For underwater relecases, at sufficient depths all
of the LNHB should be assumed to dissolve in water. The location of
the maximum NH40H concentration downstream for underwater release is
not necessarily at the level of the release. This 1s because of the
buoyant nature of NH4OH. However, for large downstream distances, the

location of release hardly influences the concentration.
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Near Fleld Approximation

2292 = 100 sec

Time at which concentration is maximum =~%
at x = 3000 £t

Eatinated turbulent diffusion coefficient e, = 0.067 x 0.16 x 45.45
(see Table 6-3) for narrow river = 0.49 £t2/sec
Maximum radius of spill, R = 2,5 (gallons spilled)0'375
may,
=z 454 ft
Equivalent thickness of 100% concentration o 3.6 x 106
§§2g§ layer (see Figure 6-19 and equation £2.56 % 1 x (454)2

0.144 1b/ft3
2300 ppu = 2300 mg/1

Meximum NH,OH concefitration (see
equation 6-52)

Far Field Approximation

It can be seen that the near field approximation gives a constant

concentration for sufficiently large time. This occurs because the

derivation of the ejuation neglects longitudinal dispersion -~ the only
mechanism by which dilution will take place once the vertical distri-
bution of NHQOH in the water beccmes uniform.

Therefore, for concentration predictions at long times, equation

6~ 18 used to allow for longitudinal dispersion.
*
Longitudinal dispersion cvefficient E = 23.3RU
(see equation 6~55) = 23.3 x .16 x 45.45

= 169.4 £t2/gec

Time at which concentration ie X =z §Q§QQQ = 20,000 sec
maximum at x = 61,000 £t U
Maximum KH,OH concentration - 3.6 x 106

(see equat&on 6-53) 1000 x 50v4r x 169.4 x 20,000

« ,011 1b/ft3
= 177 ppm = 177 mg/l

ey
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Uigcugsion

To facilitate a rapid hazerd sssecsment of the water pollution
£zom an LNH3 spill on water, Figuves C~5 through C-8 axe drawn. These
Figures indicate the maximum NHaOH concentration as a functlon of the
downstream distance in nontidal rivers. The strem width is treated
as a variable in addition to the spill quantity. The stream depth is
kept a constant at 50 feet.

The plots were generatsd using the two models {llustrated earlier.
However, in the overlapping regions; concinuity between the two

models is provided using suljective judgment (to give conservative
concentration estimates).
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FIGURE C-5

Water Jispersion Hazard Asseasment Plot for

Surface Spill Quantity of 100 Tons
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FIGURE C-6

Water Dispersion Hazard Assessment Plot for

Sucface Spill Quantity of 500 Tons
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Water Surface NH, OH Concentration {PPM)
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FIGURE C~7

Water Dispersion Hazard Assessment Plot for

Surface Spill GQuantity of 1900 Tsous
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FIGURZ C-8

Water Digpersion Hazerd Assessment Plot for

Surfzce Spill Cuantity cf 3000 Toms
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