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Background

Large parts of this presentation provide a succinct overview of the main issues analyzed in a study performed by the
author, under an Israel MOEP Contract.

A deep, detailed study was needed, inter alia, to provide an alternative to the “10 Scientists’ Report” published in
summer 2016, contending that a severe accident in an ammonia ship, carrying some 16,000 tons of anhydrous ammonia
(atmospheric tanks, -33.5°C), is a potential “ultra-killer”, equivalent to simultaneous detonation of five nuclear bombs
(Hiroshima Type), causing 600,000 casualties (most of them fatalities), including possible total massacre of the entire
Technion and Haifa University personnel.

| o" n u IH

The study was not a classical “regulatory type” “one fits all” risk assessment, focusing on pre-defined representative,
rather realistic, accidental events involving large releases of hazardous materials from storage tanks, chemical processes,
transportation etc.; It focused on rather severe, low probability, operational - accidental events (10-6/y and less), thus
helping in assessing the public acceptability of a “small ammonia ship” (see below).

As a side benefit, this study (if properly interpreted and prudently implemented) can possibly serve as a useful tool for
assessing the consequences of possible hostile, malevolent, acts, aiming to cause severe damage to the ship and
consequently, to surrounding population as well.

In general, extremely severe accidents are not necessarily DBAs (design basis accidents) from operational point of view,
but could be such, or modified to be such, if e.g. it is decided to account for (i.e. to design against) various kinds of non-
operational accidents, including natural disasters and hostile acts.



Which? Why?

Which

Accidents were chosen for risk assessment of a “small” ammonia ship (two atmospheric tanks, up
to 1250 tons each)?

- Spill of contents onto water surface
- GB (guillotine break, full bore hole) in the 1 km, 10” pipe (100 tons/hr)
- Direct spill into a bund due to pipe failure (evaporation)

Why ?

- Help in overall investigation of the Risk Acceptability of the “small ship option” (in terms of
Individual Risks to be compared to international widely acceptable “acceptability criteria”)

- Court involvement
- Public fear

- Better insight into possible outcomes of malevolent acts as well as non-operational accidental
events.



Anhydrous and Hydrous Ammonia Risk Assessment

Issues and Parameters

Issue/Parameter

Consideration in
current study

Comments

Spill characteristicancluding spill Yes Basically from USCG 1974 (ADL)

area; Duration of release

(evaporation);

Instantaneous/continuougdispersion | Yes Instantaneous- from the spill;

modeling Continuous- from the 10" pipe Guillotine Break
NH; Plume Rise Yes From USCG 1974 (ADL) and other sources

NH; high altitude movement towards
amountain.

Yes

Exposures apoints “ h”i by the plume

NH,OH Formation Yes Specific Modeling

NH,OH Plume Rise No NHOHisas sumed t o *“ cr seawatersurfacely c
Conservative (?) approach

Virtual Source considerations Yes Crucial (because of thdimensions ofwater surface puddle)

Diffusional dry deposition No Conservative approach

Gravitational Settling No Ibid.

PAC3 values NH; Yes Exposure duration dependency

PAC3 values NH,OH Yes

Indoor exposures No In most casesyery conservative if ignored (see last slide below)

Wind Rose Partially For individual risk estimations

Operational accident probabilities | Yes Ibid.
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Dispersion of Anhydrous Ammonia from Large Spills

Significantly lighter than air (M=17 Vs. 29)

In cases of spills onto water surfaces — additional buoyancy, driven by heat absorbed within water surface,
due to exothermic hydrolysis of approximately half of the anhydrous ammonia. This may affect rates of

evaporation as well.

Significant plume rise, up to several hundred meters (as argued by several authors), can be expected.
However, final plume heights are subject to modeling and may turn out to be quite uncertain and rather
controversial. The main question to be resolved is the “capability” of droplets formation within the buoyant
ammonia plume to cause the entire rising air + ammonia mixture, to gradually become heavier than air; and
if really so, would the mixture tend to undergo slumping processes or (more reasonable) — disperse
“horizontally” in the downwind direction?

Spill Quantity: 1009 Tons

Curves from USCG 1974 (AD 779 400, by ADL)
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Hydrous Ammonia (NH4OH) formation and dispersion
Basic Modeling

* Basic modeling - mainly for spills on water surfaces. Can be applied for spills on any surface
* Assumptions and data (1)

(a) Hydrous ammonia is formed by immediate hydrolysis reaction of anhydrous ammonia evaporating
from a puddle with water molecules present in ambient air, in either gas or liquid phase (droplets)

(b) Maximum water content (corresponding to 100% relative humidity) — 4% v/v (data)

(c) Each water molecule present in a hypothetical cylinder located above the puddle
(Reyi= radius of the puddle; heyi< 20m) is assumed to “meet”/”hit” an NHs molecule, and
hydrolyze immediately to form an NH4OH molecule.

%k %k %k %k %k %k k

Amounts of hydrous ammonia formed per unit time, within the hypothetical cylinder, depends on relative humidity and
rates of NHs evaporation (to be modeled separately)

It should be emphasized — NH40H is not a gas; And it is not “lighter than air”. It will appear in the “cylinder” as liquid

(droplets) or solid (icicles) particles; And will be subject to particulate aerosol dispersion patterns, depending on its AMAD
(aerosol mean aerodynamic diameter) being greater or smaller than, say, 20-30 microns.



Hydrous Ammonia (NH4OH) formation and dispersion
Basic Modeling (continued)

Assumptions and Data (2)

(a) All the NH40OH present in the above cylinder will disperse downwind, “crawling”
above water/land surface. Any possible plume rise and any contributions
from particles higher than 20 m are ignored (due to negligible additional doses at close
public receptor locations, based on extensive, iterative, sensitivity analyses)

(b) Dispersion is treated as puff, considering extremely short release (i.e.
evaporation) durations obtained in USCG 1974 and separately — in present, pertinent
ALOHA runs

(c) All NH40H is assumed to have AMADs<20-30 micron (i.e. not subject to
Gravitational Settling processes)

(d) PAC3 value for NH4OH is 4 times greater than NH3’s (i.e. significantly less dangerous, based
on US DOE tables (data)



Hydrous Ammonia (NH4OH) formation and dispersion
Basic Modeling (Example)

Example

Spill = 1000 tons of NH3 onto water

Fractionation — 50% dissolved in water; 50% evaporation

Rpuddle — 100 m

Relative Humidity (air) — 100%; Air water content — 4% v/v
Amount of NH40H created within hyp. cyl. — 30 tons (conservative)
Duration of Release from puddle — 2-6 min

Mode of Dispersion - Gaussian, Puff. No plume rise. No depletion due to dry deposition. No
gravitational settling; Virtual source considerations; Stability Conditions — D(4), F(2)

PAC3nHs0H - 10,000 mg/m3 (adjusted for 10 min. exposure to max. air concentration at a point);

Main results — Day conditions (D(4)) — Exposure at 1000 m: 0.3 PAC3. Night conditions (F(2)) —
PAC3 at approximately 1500 m.




Plume Rise and Virtual Source

For O height “area sources” (i.e. no plume rise) — virtual source is considered for sigma Y

For plume rise cases (see below, on left), virtual source is considered for sigma Z
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Puff Dispersion

from AIChE, CCPS (2000)

TABLE 2.13. Recommended Equations for Pasquill-Gifford Dispersion Coefficients
for Puff Dispersion®

Stability class 0, OF O, a,
A 0.18:0.92 0.60:0.75
B 0.14x0-92 0.53x0.73
C 0.10x0-92 0.34x0.71
D 0.06x0.52 0.150.70
E 0.04x092 0.10x0:65
F 0.02x0-89 0.05x0.61

* From AIChE/CCPS (1996). The distance downwind, x, and the dispersion coefficients have units of meters

Puff Model. The puff model describes near instantancous releases of material. The
solution depends on the total quantity of material released, the atmospheric conditions,
the height of the release above ground, and the distance from the release. The equation
for the average concentration for this case is (Turner, 1970)

. 2
S — A
D o o a0, ﬂpl 2[%] ]

el ez | 22

(C) is the time average concentration (mass/volume)

G" is the total mass of material released (mass)

a,, 0, and o, are the dispersion cocflicients in the x, y, and z directions (length)
¥y is the cross-wind direction (length)
z is the distance above the ground (length)

H is the release height above the ground (length)

(2.1.58)
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NH3 — AEGLs/PACs as Function of Duration of Exposure

Ammonia 7664-41-7 (Final)

10 min 30 min 60 min 4 hr 8 hr
Ppm
AEGL 1 30 30 30 30 30
AEGL 2 220 220 160 110 110
AEGL 3 2,700 1,600 1,100 550 390
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NH3 — PAC3 Distances for anyPlume Rise Height

preliminary results

D(4) conditions (dispersion above open water (left) and “urban and forest” (right))

Max. concentrations at 2000 m from initial puddle on water surface — below PAC3 (time
adjusted PAC3 for NH3 — see previous slide). Should be further reduced by a factor of 2,
due to account for the irrelevance of the H=0 “factor of 2”, characterizing Gaussian

dispersion.
Virtual distance behind the source — 4200 m

May represent hits at any mountainous elevation. ppm
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Qutdoor Vs. Indoor Exposures

Differences may turn out to be enormous, especially for puff dispersion patterns.

See e.g. previous slide

See also below, ALOHA output for air concentrations at 1000m from daytime puff release
of 1 ton anhydrous ammonia

THREAT AT POINT:

Concentration Estimates at the point:

Downwind: 1000 meters Off Centerline: 0 meters
Max Concentration:

Outdoor: 152 ppm

Indoor: 2.7 ppm



