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Strategies for Today’s
Environmental Partnership

One of the most significant long-term trends affecting the future vitality of the petroleum industry is the
public’s concerns about the environment. Recognizing this trend, APl member companies have developed
a positive, forward-looking strategy called STEP: Strategies for Today’s Environmental Partnership. This
program aims to address public concerns by improving our industry’s environmental, health and safety
performance; documenting performance improvements; and communicating them to the public. The
foundation of STEP is the API Environmental Mission and Guiding Environmental Principles.

AP| ENVIRONMENTAL MISSION AND GUIDING ENVIRONMENTAL PRINCIPLES

The members of the American Petroleum Institute are dedicated to continuous efforts to improve the
compatibility of our operations with the environment while economically developing energy resources and
supplying high quality products and services to consumers. The members recognize the importance of
efficiently meeting society’s needs and our responsibility to work with the public, the government, and
others to develop and to use natural resources in an environmentally sound manner while protecting the
health and safety of our employees and the public. To meet these responsibilities, APl members pledge to
manage our businesses according to these principles:

< To recognize and to respond to community concerns about our raw materials, products and

operations.

< To operate our plants and facilities, and to handle our raw materials and products in a manner
that protects the environment, and the safety and health of our employees and the public.

% To make safety, health and environmental considerations a priority in our planning, and our
development of new products and processes.

*,
Q..

To advise promptly, appropriate officials, employees, customers and the public of information
on significant industry-related safety, health and environmental hazards, and to recommend
protective measures.

< To counsel customers, transporters and others in the safe use, transportation and disposal of
our raw materials, products and waste materials.

+ To economically develop and produce natural resources and to conserve those resources by
using energy efficiently.

% To extend knowledge by conducting or supporting research on the safety, health and
environmental effects of our raw materiais, products, processes and waste materiais.

< To commit to reduce overall emission and waste generation.

4+ To work with others to resolve problems created by handling and disposal of hazardous
substances from our operations.

<% To participate with government and others in creating responsible laws, regulations and
standards to safeguard the community, workplace and environment.

+ To promote these principles and practices by sharing experiences and offering assistance to
others who produce, handle, use, transport or dispose of similar raw materials, petroleum
products and wastes.
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FOREWORD

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE,
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED.

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC-
TURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY
RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER
LOCAL, STATE, OR FEDERAL LAWS.

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU-
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV-
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL-
ITY FOR INFRINGEMENT OF LETTERS PATENT.
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PREFACE

his manual presents methods for modeling hypothetical accidental releases of fluids into the

atmosphere from petroleum process operations. Given a particular type of release (e.g., pipe
break, evaporating pool) and the chemicals or petroleum fractions involved, methods for modeling
the release and subsequent dispersion phenomena are treated in a step-wise, comprehensive
manner. The reader is presumed to be technically oriented, but not a specialist in the various disci-
plines represented.

Release phenomena, germane meteorological concepts, and after-the-fact mitigation countermea-
sures are presented for ready reference in this document. First, fluid dynamic and thermodynamic
procedures best used to calculate flow rates and initial fluid states for a material being released into
the atmosphere are given in some detail, including numerical examples. Next, the essential
information required to characterize the atmosphere for dispersion modeling is presented, along
with recommended default parameters. Lastly, available quantitative methods for incorporating
vapor cloud mitigation methods into the dispersion modeling are presented.

To demonstrate how a number of the modeling procedures can be implemented, detailed
simulation of eight hypothetical release scenarios are presented. The assumptions made, the
calculation and/or selection of appropriate modeling parameters, use of several well-known
modeling programs, and graphical presentation of results obtained are discussed.

It is not possible to present all the information that might be required for the various disciplines
involved; however, extensive references are provided.
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NOMENCLATURE

Symbol Quantity SI Units of Measure?

L Length meters, m

M Mass kilogram, kg

F Force newton, N

T Time seconds, s

E Energy joules, J

T Temperature kelvin, K

P Pressure Pascal (derived)
kmol® Moles kilogram molecular weight

a: If blank, the quantity is dimensionless, a fraction, or a count.
b: ‘mol” is defined as one gram molecular weight.

Symbol Description Units of Measure
A Throat area, pool area, etc. L?

A Effective area for air entrainment by sprays L?

B Buoyancy factor for evaporation

Cp Heat capacity at constant pressure (+ subscripts | or v) E/[M-T]
Cp Discharge coefficient

G Cloudiness index

¢ Concentration M3

D Diameter (e.g, orifice, evaporating pool) L

d Ordinary differential operator

E Energy EM
Ei Internal energy EM
Eun Kinetic energy EM
Epot Potential energy EM

Fy Nozzle flow number for Equation 5-1

FDF Finite duration factor

.. Mole fraction in cloud entering spray barrier

f, Mole fraction in cloud leaving spray barrier

fom Mole fraction released material

f, Mole fraction vapor (or weight for pure component)

G Mass flux M/[L21]
Goax Maximum mass flux M/[L%)
G' Normalized mass flux, Leung/Epstein model M/[L%1)
g Gravitational constant ( = 9.807 m/s?) L2

H Enthalpy EM

h Heat transfer coefficient, air-to-pool E/[Tx]
hg Vapor barrier fence height L

h, Liquid head L

hpool Height of evaporating pool L

K Equilibrium vapor/liquid mole fraction ratio (Chapter 3)

K Empirical nozzle constant (Chapter 5)

k Specific heat ratio

k von Karman’s constant (0.41)

k, Convective mass transfer coefficient Lt
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Nomenclature
Symbol Description Units of Measure
k, Thermal conductivity of ground E/[LT]
L Length of water curtain, Equation 5-1 L
L, Lateral spray nozzle separation distance L
M Molecular weight M/kmol
M Momentum flow rate per unit length of barrier FL
m Number of spray nozzles
Np, Prandt] number
Ng. Reynolds number
N, Number of chemical species
Ng. Schmidt number
N, Sherwood number
n Number of intervals, samples
0 Number of moles
ndf Number of degrees of freedom (Phase Rule)
P Pressure FAL?
P An intensive property, a variable quantity
P Exponent in wind speed power law
Q Amount of heat E
q Heat rate Ek
R Ideal gas constant (FeL]/[kmol*T]
Ri Release Richardson Number
r Evaporating pool radius L
r Pressure ratio (defined with various subscripts)
r, Critical pressure ratio
S Entropy E/[M-T]
s Downwind dimension of spray barrier L
T Temperature T
t Time T
tol Numerical equation solution tolerance
U Volumetric flow rate L3t
u Velocity of fluid Lit
ug Air entrainment velocity Lt
ug Wind speed at vapor barrier fence height L
Upind Wind speed Lt
U. Friction velocity L/t
v Volume v
v Specific volume (volume per unit mass) L’M
v Specific molal volume (volume per mole) L3/kmol
W Mass M
w Mass flow rate Mt
X Evaporation surface roughness correction factor none
X Downwind distance L
x; Mole fraction of a component in the liquid phase
y Crosswind distance L

N-2
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Nomenclature
Symbol Description Units of Measure
Y Mole fraction of a component in the vapor phase
z Vertical distance (elevation) L
Z Liquid head L
Zipeas Wind speed measurement height L
Greek and Other Letters
@y Void fraction (fraction vapor in a vapor/liquid stream)
] Before/after concentration ratio for barriers
ar Thermal diffusivity L’
Y Convergence filter or “accelerator”
A Finite difference operator
d Partial differential operator
X Fraction material remaining in the plume after curtain
£ Scrubbing (removal) efficiency fraction
€ Error of equation solution
€ Radiation emissivity (average) none
g Heat flux E/[L%1]
n Number of phases in equilibrium
o Heat of conduction factor E/[L%t%)
A Monin-Obukov length L
Ap Thermal conductivity E/LTq]
B Absolute viscosity Pa-s (pressure/time)
£ Vapor barrier fence porosity
v Kinematic viscosity of the vapor in air L
P Density M3
0y, 0y, O, Atmospheric dispersion coefficients L
o Surface tension FL/L
O Stefan-Boltzman constant E/L,T,]
P Monin-Obukov length function
i) Downward pointing spray correlation parameter
bg Sun angle degrees
X Mass fraction
Y Rain out mass fraction
Q Net work (includes expansion) E
Q. hatt Shaft work E
® Correlating parameter for Leung/Epstein model
G Molecular diffusivity of the vapor in air Lt
b Henry's Law constant P
Subscripts
* denotes friction velocity
v low superheat
1.25 wind speed at 1.25 meters elevation
2 stagnant reservoir (flow models)
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Nomenclature
Symbol Description Units of Measure
3 atmosphere (flow models)
a atmospheric
avg average
BP bubble point temperature
b mitigation barrier location
bulk bulk property, pseudo-pure component
c critical (temperature, pressure, volume)
DpP dew point temperature
e air entrainment
i component index
int internal (energy)
b phase index
key key component in a mixture
kin kinetic
l liquid phase
1h liquid head
Iv liquid-to-vapor, heat of vaporization
max maximum (choked)
ms mean value specific to entropy calculations
N Maximum value of index n
NBP Normal boiling point
n index, count
ns for the plume (= cloud), just before entering the spray
P initial plume (except for C,)
pool evaporating pool
pot potential (energy)
pxs plume cross-section entering the spray
rev reversible process
m released material
] saturation conditions
[ spray interaction surface
sat saturated
sauter Sauter mean particle diameter
si spray impact area
spray after the spray
surf surface value
T thermal
v vapor phase
vap of vaporization
wind wind
X for downwind distance axis
y for crosswind distance axis
z for vertical distance (elevation)
1 Into the pool
i Upward out of the pool
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CHAPTER ONE

Introduction

he purpose of this Guidance Manual is to provide methodologies for consequence analysis

purposes. That is, given a potential or after-the-fact set of circumstances for the accidental
release of a chemical fluid into the atmosphere (the “scenario”), what are the appropriate methods
to estimate spatial and time dependent concentrations of the material over a particular geograph-
ical area?

Scenarios may be generated within the hazard analysis parts of overall risk assessment studies.
Techniques such as HAZOPS, fault tree, and “what if ” analyses are used to discover potential
hazardous situations which lead to an accidental release. Concentrations predicted for an
identified release scenario may then be used to estimate possible impact of the shock waves and
thermal damage from vapor cloud explosions, or potential toxic effects. The impact of toxic
dispersed vapor clouds requires interpretation by specialists such as toxicologists and industrial
hygienists. Thus the person or persons doing the source/release and dispersion modeling must
interact “upstream” with those doing hazard analyses and with those “downstream” who interpret
health or flammability aspects. )

The modeling methodologies presented and recommended are intended for use in risk assessment
studies for refinery/chemical plants during design or operation as well as for emergency response
planning purposes. Also, available quantitative or semi-quantitative methods for mitigating a
release after or during its occurrence are discussed. The product of any modeling exercise is an
estimate of concentrations of the released material over a potentially affected geographic area so
that possible toxic and/or flammability impact can be estimated. Modeling procedures are
recommended on the basis of applicability to the particular situation being considered, required
accuracy of results, simplicity, and availability of computer codes. If comparable modeling
methods are available, they are discussed and used selectively in the example release scenarios.
The calculational procedures and computer programs discussed are in the public domain. To limit
the extent of the demonstrative simulation work, only SLAB, HGSYSTEM and DEGADIS program
systems were used.

The release/dispersion scenarios described and exemplified are hypothetical; that is, they do not
describe any particular accident that has occurred, nor a known situation for which an accident is
liable to occur. However, the treatment and examples are realistic, for they have been drawn from
the experience and knowledge of many technical personnel working in industry, government and
academia. Calculational procedures used and recommended are well-accepted and are state-of-
the-art in terms of readily available methods in the public domain; for example, the calculations
for initial fluid release amount/flow rate and its concomitant physical state use standard chemical
engineering methods, including thermodynamic and physical property estimation.
Additionally, the turbulent jet and dense gas atmospheric dispersion models are
based on atmospheric boundary layer theory and other physical principles; the
models have been extensively evaluated against small and large scale experi-
ments.

This Manual does not cover the
origination of release scenarios,
nor the interpretation of concen-
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Chapter 1

tration estimates, except to demonstrate the
concepts. These factors should be estab-
lished separately for each individual model-
ing application. Effects criteria, such as
flammability limits and references to toxic
materials, toxicities, or toxic concentrations
levels, (concentration of concern), are used
only to impart a sense of reality to the vari-
ous examples and should not be used
without review. Estimation and/or interpre-
tation of possible toxic effects of model-
predicted chemical concentrations are out-
side the scope and purpose of this Manual.
The sidebar suggests a method for selection
of flammability limit concentrations if no
other information is available and/or for
screening purposes.

The scope of the manual does not include
model development and evaluation. Use of
a specific modeling program for a type of
application does not imply that program is
particularly recommended. In general,
problems encountered by the author in using
a program were made known to the pro-
gram author.

Manual Organization

iter]

Published flammability fimits are determined
in the laboratory by means of experiments in which
the fuel/air concentrations are uniform and precise-
ly known. Thus measured, the lower flammability
limit ("LFL") for most hydrocarbons ranges from
about 2% to 6% by volume. So, to be conserva-
tive, a LFL of 2% can be taken as a nominal, global
value for the purposes of this Guidance Manual.

Actually, the concentration at any point and
time in a real cloud, such as that being considered
here, will be highly variable. There will be "finger-
ing," "holes," and other inhomogeneities caused by
terrain, structures and general turbulence.

In @ number of field tests, it has been found
that peak concentrations are generally about twice
that of average concentrations in vapor clouds. On
this basis, the LFL of 1% should be considered for
general use. However, dispersion models do not
predict concentrations more accurately than a fac-
tor of 2 at best. For these reasons, a range of con-
centrations for the lower flammability limits must be
considered. Therefore, for these purposes, if a
model calculates a released material concentra-
tion less than 0.5%v, the corresponding real
cloud will be taken as non-flammable.

Also, an upper flammability limit need not be
considered, as it must be for a closed system.

With a cloud, there is always an “edge” in which a
flammable mixture exists, thus the cloud can be
ignited if the edge encounters an ignition source.

Chapter 2 of the Manual provides an overview of phenomena which must be considered in
defining release/dispersion scenarios. The phenomena involved are discussed qualitatively so that
the applicability of modeling methods described in later chapters can be appreciated. Eight
representative scenarios are described for the purpose of previewing types of problems, which will
be analyzed, simulated and discussed in Chapter 6.

Chapter 3 provides working methods for estimating the rates and physical states of released
substances on entering the atmosphere. Because chemical engineering thermodynamics is
extensively used, a working overview to this subject provides the basic concepts involved, as well
as references to sources of physical and thermodynamic data required for the calculations.
Calculational methods follow for releases from process equipment (valves, openings in vessel
walls, sudden vessel failure, etc.). The releases may form “clouds” consisting of vapor, and vapor
plus liquid aerosols. In some cases, evaporating pools of liquids may be formed on water or
ground surfaces. The best, practical, calculational methods are presented for the current state-of-
the-art. The results of these calculations are needed as parameters for the atmospheric dispersion
models.

Chapter 4 provides an brief overview of meteorological phenomena which affect vapor cloud
transport and dispersion as well as descriptions of associated characterization parameters used in
dispersion modeling. Recommendations are made for selection of parameter values.
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Chapter 5 describes mitigation of accidental releases into the atmosphere from the standpoint of
modeling after-the-fact actions with estimates of their effectiveness. This information can be used
with dispersion modeling to help in the selection and design of mitigation measures.

Chapter 6 presents the purposes, statement, analysis, simulation methods and results for eight
release scenarios. Recommendations are made within each presentation for selection and analysis
of modeling parameters for the problem at hand.

The Nomenclature (follows the Table of Contents) lists the symbols with their generalized units-
of-measure used in the Manual. The SI units-of-measure system is used for all equations and
examples. The three modeling program systems use various mixtures of the metric system units;
conversions to and from SI units by the user are implied. *

Appendix I summarizes the suggested default values for selected modeling parameters.

Appendix II is an overview of the features and input data requirements of the three modeling
program systems, SLAB, HGSYSTEM and DEGADIS. These are used for demonstrating the modeling
techniques and typical results for the demonstration scenarios in Chapter 6. User’s Manuals
should be consulted for detailed descriptions of program theory, operation, data requirements, file
formats, and results generated.

Appendix III contains listings of germane modeling program input and intermediate result files
referenced in the time dependent release simulation of Scenario 7 of Chapter 6.

Quick References

In addition to the Table of Contents and the Subject Index, several techniques have been used to
aid the reader in locating particular information or methods to use in modeling applications.
Chapters 3 through 5 each have a Quick Reference text box showing the page and/or equation
where a particular subject or algorithm is most directly discussed.

In the scenario descriptions of Chapter 6, a text box summarizes the major Release Attributes by
which the scenario’s type and principal parameters may be readily identified. A RECAP summa-
rizes the parameters used in the modeling. Additional methods, noted in the introduction of that
chapter, are also used to aid quick referencing.

Equations which are primarily used for calculations have the symbol <> appended to the equation
number.

Conventions

Within each chapter, tables, figures and equations are each numbered sequentially from the top of
the chapter. If reference to these items is made from one chapter to another, the chapter number
is prefixed. For example, Figure 3-12 is the 12 figure in Chapter 3. Pages are numbered
according to Chapter number-Page number. To avoid confusion, the tables and figures for each
scenario in Chapter 6 are prefixed by Sn, where n is the scenario number and S designates
“Scenario.” For example, Figure S6-2 denotes the second figure in Scenario 6.

* Perry's Chemical Engineering Handbook, Sixth Edition, Chapter 1, contains a complete definition of the

SI quantities, the relationships between them, and tables of conversion factors to other units-of-measure

systems. This will be called “Perry's Sixth” for brevity. See References for further information on the
handbook.
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References, listed after Chapter 8, are presented according to chapter number. Within a chapter,
a particular reference is made according to author [reference number]. If a citation is made from
within one chapter to a reference listed under another chapter heading, the chapter number is
prefixed.

Terminology

Not all of the terminology used in this field is precisely defined or used. In this manual, “sub-
stance” is used to denote a pure chemical, chemical mixture, or other material which can or might
be released to the atmosphere. “Fluid” is used for a substance capable of flowing, which may be
gas, liquid, a gas/liquid mixture or aerosol suspension, or even a suspension containing solids in
a flowing stream.

1t is common practice to use the term “vapor cloud” for any visible or invisible body of substance
moving with, and/or through, the atmosphere. Such a cloud may actually contain released liquid
(in addition to its vapor) or even suspensions of solid particles. Although “p/ume” may most often
refer to elevated releases from stack, it is used herein also for ground level or vapor clouds. “Gas
blanket” is sometimes used to describe a surface level, dense vapor cloud in the early stages of
its release. These terms are used more or less synonymously in this manual to mean the bounded,
fluid entity of released substance (mixing with air) flowing through the atmosphere.

The symbol “ppm” refers to parts-per-million by volume [mole] in the gas, unless otherwise stated.
Also, if at all possible, standard mathematical symbols as in the disciplinary literature are used for
the parameters and variables. However, the same symbol or letter is often used in this text for
many different items; this can be very confusing. Therefore, to help minimize possible
misinterpretations, some different-than-standard symbols are used.

Subject Index Development

The subject index is based upon Chapters 1 - 6 and Appendix II. Not every appearance of a
particular word or phrase is listed; a usage which is of minor importance does not appear in the
index. The Nomenclature, References, Appendix I and Appendix III are not indexed.

In Chapter 6 demonstration scenario simulations, the words/phrases pressure, temperature, wind
speed, and stability class are not indexed because they appear a large number of times in the text
for each scenario.
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CHAPTER TWO

Overview of Release/Dispersion Processes
and Demonstration Scenarios

The Overall Modeling Process
Every modeling study involves six major steps:

1. State the objective(s) of the study, including consideration of the material and mechanism, or '
scenario, by which it could be released. A scenario may also define initial ranges for parameters
to be studied, such as release rates and modes, meteorology, etc.;

2. Devise or select appropriate release/dispersion modeling method(s);

3. Calculate the source parameters such as the amount released or mass flow rate(s) as well as
physical state(s) of the released fluid for the next step;

4. Model the initial transport and mixing of the fluid with the atmosphere;

5. Model the transport and dispersion of the formed plume or cloud in the atmosphere; this
produces concentration estimates over the space and time of interest; and

6. Document the work and report the results in a clearly understandable manner.

The goal of a modeling study is to answer the question: “What are the safety implications of a
particular hypothetical release?” This must be considered in light of the local area involved, e.g.,
population density, structures, terrain, weather, etc. In a real study, Step 1 above must address
the local situation.

Given the objective and the hypothesized circumstances of a release, modeling methods can be
selected in Step 2 to best (or adequately) represent the scenario. Sometimes, particular phe-
nomena can only be modeled in a very approximate, or bounding, manner because of lack of a
valid model, experimental information, time allowed to do the study, etc. In such situations, it
may be necessary to modify originally chosen scenarios to fit the available resources. Since
modeling of an entire scenario often requires sequential use of submodels, results from a particular
model may change or influence the choice and use of following model(s).

Calculation of release rates/amounts via Step 3 may be fairly straightforward. In some cases, the
rate may be given as a result of a preceding risk analysis or “what if ” study. However, most of

the time these values will need to be calculated by accepted engineering methods and thermody-
namics.

After the fluid enters the atmosphere, a “transition” modeling method may be required as Step
4 to define the initial mixing of the fluid with the air. This will represent phenomena such as
cooling of the cloud or jet by gas expansion, state phase changes, etc. A common example is a
fluid at high temperature and pressure being released through a hole. Intense mixing, which
occurs in jets, can markedly affect downwind concentration results when compared with the case
where a jet is not formed.

Step 5 is the final dispersion modeling process for a scenario. For example, the selection of a
particular dispersion model will be based upon whether an elevated plume proceeds into the “far
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field” under the influence of wind and atmospheric dispersion phenomena, or whether a dense gas
cloud is formed from an area source, or perhaps where a jet is ignited to flare. These models,
which may be steady state or time dependent, will generate concentration isopleths (constant value
loci) over the geographical area and time of interest.

Step 6, documenting the work and proper presentation of the results, is very important. The
manner of presentation should be designed with the background of the intended audience in mind.
The presentation of results by means of extensive tables of numbers, e.g., concentration vs.
downwind distance, is usually very ineffective. Well-prepared plots and other figures designed
with the intended audience in mind are preferred.

Near vs Far Field Modeling

Consider the release of a fluid for which the plume or cloud remains near the ground as it travels
downwind. Close to the source, the detailed “mechanism” by which the fluid leaves its contain-
ment to form a plume at atmospheric pressure must be modeled to obtain accurate concentration
estimates. For example, release of a turbulent jet will immediately entrain large amounts of air.
On the other hand, at sufficiently long downwind distances, the amount of air entrained into the
plume by the turbulent jet becomes insignificant relative to the amount subsequently entrained by
atmospheric mixing processes.

Therefore, the term near field is generally used to mean the area close to a source where the
details of the release mechanism phenomena still significantly affect the concentrations. The term
far field denotes the area beyond the near field.

If a particular modeling application is concerned only with the far field, it may be possible to
simplify the modeling procedures. To estimate the approximate distance for the beginning of the
far field, modeling with and without detailed source effects can be used; the distance at which
plume centerline concentration curves approach each other is the beginning of the far field as a
first approximation; the far field is where the original substance concentration becomes less than
about 1/1000 of the release concentration.

Note that the above definitions apply only to releases occurring near the ground (or sea) for which
the plume remains near the ground. For elevated plumes, the near versus far field concept is not
as useful. Plume rise has a significant effect on all calculated ground-level concentrations.

To summarize, if near field receptor locations are of interest for ground level releases:

®  The mechanism of the release source effects should be modeled (e.g., for released chemicals the
particular reactions and phase equilibria should be appropriately modeled);

®  Time dependent modeling should be used if the release is of short duration (varies rapidly with time).
If far field receptor locations are of interest for ground level releases:

m  Concentrations are functions of release rate only, not the specific mechanism of the release (e.g.,
once chemical reactions and phase equilibria effects disappear in the far field, inert gas
thermodynamics may be used in the modeling);

®  Steady state modeling of finite duration releases may often be used with appropriate correction
for concentration averaging time with respect to travel time.
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Overview of Release/Dispersion Processes and Demonstration Scenarios 2-3

Mitigation effects on the cloud can be important, particularly if pollutant is removed from the
cloud. However, air entrainment which dilutes the pollutant concentrations in the cloud are
generally only important in the near-field. Cloud mitigation systems are discussed in Chapter 5
and Scenario 7 of Chapter 6.

Release-to-Dispersion Phenomena

The phenomena associated with an accidental release of a petroleum or chemical material into the
atmosphere and its subsequent dispersion is, in general, a complex process. To properly model
the final dispersion process, which is primarily controlled by atmospheric forces, all release
phenomena must be appropriately modeled so the correct release rates and fluid states are used
for dispersed concentration estimates. Without this, serious over- and under-predictions can be
obtained.

Figure 1 broadly summarizes most of the sequences of processes, or paths, through which a
discharged material can pass until its dispersion is controlled completely by atmospheric boundary
layer phenomena. (Key words or phrases corresponding to the boxes in the figure are shown in
bold type below.)

s "Vapor” indicates vapor—
Fluid Release oty o1 © supercricn
or or or fluid. )

Only liquid released Only "vapor" released

"Vapor" or V +

Condenses
or Flashes

bolh
/4_4_1 or)

Liquid Pool Two—-Phase Jet | Vapor=0Only Jet l
Near —field
Boiling . Slowly Evapo-

Dispersion
Pool rating Pool

Liquid Poriion

\..

Direct Cloud
Formation

Liquid and/or
Solid "Rainout"

Dispersion by Atmospheric Boundary Layer Phenomena

Figure 1. Paths to Air Dispersion near the release point.
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Starting at the top of the figure, the fluid* release may be from a bursting, or large, opening in a
vessel, or from a valve, a small hole in a vessel or pipe, and so forth. If the fluid is a liquid
superheated above its normal boiling point, it will flash to form a vapor/lliquid mixture; this is
a high energy process, so much or all of the liquid may remain suspended in the gas phase as an
aerosol of very fine droplets. If the fluid is condensable vapor, the cooling caused by expansion
from storage to atmospheric pressure may cause a liquid phase to form. This liquid may remain
all suspended as an aerosol, or some can “rain out” to form a pool.

If the fluid is released at high pressure through a hole, nozzle, orifice or pipe-end, a turbulent jet
will be formed. Turbulent jets rapidly mix the fluid with the air. Thermodynamic processes
mentioned above are also acting. Thus dispersion in the near source is primarily controlled by
these mechanisms. However, for a vertical release, the plume will bend over to an extent,
depending upon its density relative to air. A dense gas, ground level cloud may be formed by
the plume sinking to the ground. **

If the original fluid is below its boiling point at atmospheric pressure (i.e., its normal boiling point),
is a non-boiling solution, is a cryogenic liquid, or is a liquid formed by condensation from the
adiabatic release, a pool of liquid may be formed upon release. (The cases where all the fluid is
absorbed by the ground or drops to the bottom of a water body are not treated in this Manual.)
Pool evaporation may occur by two modes: 1) Boiling evaporation takes place if the ground is,
and remains, warmer than a liquid which is below its normal boiling point; 2) mass-transfer limited
slow evaporation occurs from the turbulent action of the wind over the surface of a liquid or
solution which is a non-boiling liquid. Since the boiling process requires heat, a spill may start as
a boiling liquid, but as the ground is cooled, the evaporation may become mass transfer limited.

Finally, the released cloud becomes subject to dispersion by atmospheric turbulence, as indicated

in the lowest box in the figure. If an elevated jet-plume is formed above the ground, its velocity

will slow to the wind speed, and the temperature and density of the plume will asymptotically

approach that of air. If the jet directly impacts the ground, the cloud formed will spread

horizontally and then disperse in the atmosphere. If the cloud is from a boiling pool, usually a

dense cloud is formed, which will initially spread due to its density, and then disperse downwind
- through normal atmospheric processes. For surface area releases in which the emission rate is
- small enough not to affect significantly the density of the air at the source, a neutrally buoyant
. cloud will be formed at ground level and disperse through normal atmospheric processes.

It is common practice to refer to all the modeling processes above the bottom box in Figure 1 as
“source modeling,” while the dispersion by atmospheric-only process is often called “dispersion
modeling.”

Demonstration Scenarios

Eight hypothetical release scenarios have been developed to demonstrate methods recommended
for modeling. These scenarios were selected to encompass many of the paths shown in Figure 1,
and to demonstrate the atmospheric variables required (to estimate concentrations) for a given
situation.

Table 1 summarizes the source/release, interpretation, boundary layer, and attributes for all eight

* “Fluid” refers to gas-only, liquid-only, vapor plus liquid and/or solid mixtures (aerosols), etc. The material

may be a pure chemical or a multicomponent system.
“Ground” will be generally used to denote the earths's surface, either sea or ground.
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scenarios.

In the following descriptions, only minimum details are given. Full scenario descriptions, their
analyses, simulation results, and summary discussions are provided in Chapter 6. Excerpts from
Figure 1 show the particular analysis path for each scenario; those scenarios with similar paths are
grouped in a single figure.
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Table 1. Summary of Scenario Attributes

SCENARIO

Liguid benzene from tank bottom outlet
Anhydrous HCI vapor jet - water spray mitigation
Ammonia loading hose or pipe break
Liquified chlorine tank truck accident
Oil well blowout

Supereritical propane pipe hole release
H2S in CO2 from safety relief stack

H2S from unlit flare stack
|—-—L—— e et e |
ATIRIBUTE 1 3 31415161718
SOURCE CHARACTERIZATION
Release method:
"Hole" (orifice, nozzle, pipe-end, etc.) X
Vessel burst X
Area flux X
Flow rate given X1 X X
Released fluid state:
Liquid X
Vapor Xt X X X
Liquid + Vapor X1 X |
Supercritical fluid X
Chemical reactions:
Time characterization:
Steady state X1 XX X X
Finite X X1X
Short transient (fast decay) X
TRANSITIONAL
Turbulent Jet:
Vertical upwards orientation Xt X X
Horizontal orientation X X1 X
Other orientation
Pools, ponds, etc. (areas):
Boiling ("cryogenic™)
Non-boiling X X
ATMOSPHERIC ATTRIBUTES

(Flat, level terrain assumed.)
Cloud or plume elevation:

2
o

== 1IN 1) I (O (O I~ (oo

b
x
x
x
>
x

On the surface X X XX X

Elevated XX X]|X

Roughness type:

Rural X X ¥ X

Urban X X

Industrial X X | X X

Other X

Stability:

Stable Xi X X X X 1 X

Neutral X§ X§| X X X X

Unstable X1 X X
INTERPRETATION

Averaging time:

Instantaneous X XIX

1 minute X] X X X

10 minute X

Other X X

Hazard type:

Toxic X X X X X1 X} X

Flammable X X X
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Scenario 1: Hydrogen Sulfide from Unlit Flare Stack

This scenario demonstrates the effects of two important variables on the dispersion behavior of
vertically-directed turbulent jets (plumes): 1) the momentum, which is the product of the initial
fluid mass flow rate and its density; and 2) the atmospheric conditions, which govern the wind
speed and air density. In addition, the method for treating a multi-component gas release using
the properties of a pseudo-pure component gas will be shown.

For a hazard analysis, maximum
ground level concentrations of
H,S are to be estimated for a
range of potential pressure relief
valve discharges of sour process
gas from a 26.8 m tall flare stack.
Flared gas has greatly increased
plume buoyancy as well as air Vapor—Only Je!
dilution rates compared with the —
non-burned gas. Of concern here Dispersion
is the possibility that the released
gas is not ignited or that the
flame goes out, thus causing po-
tentially hazardous concentra-
tions of H,S at ground level.

Fiuld Releass

i Dispersion by Atmospheric Boundary Loyer Phenomeno I

The design maximum flow rate
for the stack 1s 16 kg/s, the mini-
mum flow rate is 1.6 kg/s, the flow regime is non-choked, and the stack exit temperature is 300K.
The exit diameter of the stack is 0.20 m. The chemical composition of the stack gas, which
contains methane, ethane, propane and hydrogen sulfide is given.

Figure 1. Release paths for Scenarios 1, 2, and 3.

The process unit is in a large oil refinery surrounded by urban and suburban areas with trees.
Scenario 2: Hydrogen Sulfide and Carbon Dioxide from a Safety Relief Stack

For an oil field located in a rural area, secondary recovery operations use carbon dioxide as the
flooding agent to maintain reservoir pressure. The separation plant produces a recycled stream
containing about 1.3%v H,S with the balance being essentially all CO,. This stream is represen-
tative of the gas discharged to a new safety relief stack being designed for the unit. The maximum
flow rate of 12 kg/s is to be used to estimate the required stack height and exit diameter. For the
diameter calculations, assume an internal pressure of 70 kPa (gauge) at 275 K.

For this example, assume that the ground level concentrations for H,S and CO, should not exceed
10 ppm and 2.0 %v, respectively, on an averaging time basis of 60 seconds.

Scenario 3: Supercritical Propane Pipe Hole Release

Supercritical propane at 340 K and 7.0 MPa is heated in a gas-fired process preheater to a
temperature of 540 K. Assume that the pressure in the outlet line is the same as for the feed line,
and that a 19 mm diameter hole can develop from some type of failure on either line. Either hole
would be about 3 meters above grade. How far downwind could a vapor cloud remain flammable?
The most likely igmition source is about 15 m from the heater. Could the jet’s vapor be ignited if
it happened to be directed towards the ignition source?
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Scenario 4: Oil Well Blowout

The 0.35 m diameter well casing

of a sour crude production well F Fluld Release
breaks off at ground level to

cause a blowout which spews oil TL_
and gas vertically into the air at pii
about 23,000 kg/hr. The tem-

perature of the mixture just be-

fore discharge into the atmos- @?“b
phere is 316 K (108 F). It is ex- | Near—fiss
pected that the discharge would Dispersien
continue at this rate for some

time, perhaps several days, be-

fore it could be shut off. The

reSUltS Ofthe Cl'Ude assa’y analySis { Dispersion by Atmospheric Boundary Loyer Phenomena l
and flash calculation are known.

From these, the H,S concentra-
tion in the vapor phase of the
released fluid is about 12%v.

Figure 1. Release paths for Scenarios 4, 6, and 7.

Dispersion modeling is required to estimate “worst case” estimates of H,S concentrations vs the
radial distance from the well. Or, stated another way, what would be the radius from the source
for which the H,S concentration would always be less than 10 ppm, for all expected meteorologi-
cal conditions?

The meteorological conditions

typ:c.al for the location are hot, Fluid Release l
humid days when the at- x
mosphere becomes very unsta-

C "Vopor” or V + L

ble during the day, with maxi- or Flashes l

mum instability occurring in the
early afternoon. At night, the
earth cools to cause stable Dirct Cloud
conditions. Daytime winds and

cloud cover produce neutral
stability conditions.

Scenario 5: Liquified Chlo-
rine Tank Truck Accident

r Dispersion by Atmospheric Boundary Leyer Phenomeno J

On a partly cloudy night with
light winds, a tank truck, filled - :
with liquid chlorine to its full 16 Figure 1. Release path for Scenario 5.

metric ton capacity, jack-knifes, then overturns in tall grass adjacent to the highway. The tank
ruptures and empties in 30 minutes in a manner so that the rapidly expanding fluid forms a cloud
of vapor and liquid aerosol as it enters the atmosphere. No liquid pool forms. Assume that the
internal tank storage temperature equals the ambient temperature, 303 K. For this locale in the
Midwest prairie/farm country, forecasts call for daytime high temperatures of 303 K with winds
from 4 to 8 m/s with moderate insolation and minimum nighttime temperatures near 293 K with
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winds ranging from calm to 3 m/s with less than 40% (< 3/8) cloud cover.

To assist emergency response personnel, estimates of downwind chlorine concentrations along
with the areas potentially affected are required.

Scenario 6: Ammonia Hose or Pipe Break

As part of a study to design the site of a new railroad tank car and tank truck ammonia loading
facility for a very large refinery/chemical plant complex, the hazard analysis indicates the conse-
quences of hose breakage or accidental disconnection that should be investigated. The hose end
could whip around to discharge liquid ammonia in any direction, or the pipe to which the hose was
connected could discharge the stream in any direction.

Upstream automatic control systems are being designed so that if a release such as this occurs,
flow can be stopped quickly (several minutes or less). To assist the control system designers in
deciding the maximum automatic shut-off time, a modeling study was requested to estimate the
effect of shut-off time, and therefore release duration, on downwind cloud travel from the facility.

Assume the ammonia is stored in pressure vessels which are in temperature equilibrium with the
surroundings, and that the pipes and hoses have inside diameters of 5 cm.

Demonstrate how different release durations and associated averaging times can affect analysis
results.

Scenario 7: Hydrogen Chloride Pipe Break

This exercise demonstrates typical procedures that may be used to model water spray barrier
mitigation effects by means of a ground level hydrogen chloride plume release. The presentation
differs from other scenarios in this chapter in that it is a step-by-step presentation of methods,
rather than an analysis and solution of a given problem. These methods are, in general, applicable
to the removal of other chemicals and/or the use of other barriers (e.g., steam curtains, vapor
fences) provided their specific effects can be quantified.

Scenario 8: Evaporating Pool
of Liquid Benzene

Fiuld Release

During construction operations,
an outlet line on the bottom of a s st sz |
benzene storage tank is sheared
off. The discharge continues for
30 minutes before it is stopped.

The diked tank is located in the )
tank farm of a large refinery/
chemical plant complex sur-
rounded by urban and suburban
populated areas. The minimum Stowy Evopo~
distance from this particular tank '°"": fod
through the complex to the com- l Dispersion by Atmospheric Boundary Layer Phenomenc l
pany fence line is 195 meters. ‘

Tank size and information need- -
ed for discharge rates as well as Figure 1. Release path for Scenario 8.

dike dimensions are given. Assume the potential release occurred in the morning of a warm day
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with full cloud cover.

Required are estimates of downwind maximum concentrations of benzene as comparative plume
areas shown by 1 and 50 ppm benzene concentration isopleths. The effect of wind speed is also
of interest. A 10-minute averaging time needs to be used for all concentration estimates.
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CHAPTER THREE

Source Modeling

Overview

his chapter presents methods for calculating re-

lease rates and fluid conditions for substances ac-
cidentally released to the atmosphere; this information
is required by atmospheric dispersion models to calcu-
late downwind chemical concentrations. The substan-
ces may be pure chemical compounds or mixtures
thereof, and the fluid stream may be vapor, liquid, or a
suspension of a vapor and a liquid (“aerosols”). Para-
meters needed to characterize a released substance are:
Source type (e.g., jet, evaporating pool, “instantane-
ously” formed cloud), mass flow rate, physical state
(vapor, liquid, or both), stream temperature and com-

Quick Reference

Phase Equilibria
Fluid Properties
General References
Thermodynamics of Fluid Depressurization . 19
Flow Rafte Estimation
Choked Flow of an Ideal Gas

Non-Choked Gas Flow
Non-Flashing Liquid Flow
Flashing Liquid Flow
Initial Jet Expansion
Evaporation
Evaporation Madel Survey
Aerosol Formation
Size and Shape of Pools
Model Components

position. Parameters can be estimated by methods
drawn from Chemical Thermodynamics and Fluid Mechanics.

Commonly used calculational methods, with overviews of background theory, are presented.
Derivations of most equations are not provided, references are given so the methods may be
expanded or modified to suit specific circumstances which are beyond the scope of this Manual.
Concepts applicable to systems in thermodynamic equilibrium are reviewed, starting with phase
equilibria.

Methods for obtaining and/or calculating generally required physical and thermodynamic
properties of gas and liquid phases are presented. For releases involving large flow rates, such
as rapid flow through a hole, or an instantaneous rupture of a vessel containing supercooled fluids,
the thermodynamic equilibrium and fluid momentum concepts for calculation of flow rates are
presented. Finally, methods for calculation of evaporation rates from boiling and non-boiling
pools are discussed. Example calculations for the various methods are given.

Release Characterization Complexities

Most incidents start with a substance being released from containment, owing to either failure of
the storage vessel or pipe, or an abnormal discharge from an engineered device such as a relief
valve, vent stack, or other device. Superheated liquids will expand into the atmosphere as a
cooled vapor and/or liquid stream, and if both, usually an aerosol cloud. Liquids with normal
(atmospheric) boiling points below their storage temperature will form evaporating pools on the
ground. If the container fails by means of a relatively small opening, the mass flow rate through
this “hole” can be estimated by well-known equations, provided the temperature, pressure, and
physical properties are known (e.g., liquid or gas density). For a chemical system involving
vaporizable components, vapor/liquid equilibria calculations are required to calculate the relative
amounts of the vapor and liquid phases, as well as to establish instantaneous phase compositions.
Physical and thermodynamic properties are temperature, pressure, and composition dependent.

‘ * Releases in which all of the available substance is released into the atmosphere in less than roughly one

minute are often called “instantaneous” releases.
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Also, as flow continues to decrease the amount of stored substance, the pressure and temperature
(and composition, if applicable) in the vessel will change to satisfy conservation of mass and
energy. In some applications, these time dependent changes should be considered in modeling a
specific release scenario.

Most release scenarios can be modeled by assuming that the processes involved are reversible and
in thermodynamic equilibrium, considering the large uncertainties of scenario definitions and
dispersion models. Although this assumption is generally not true in the strict sense, some
processes are so fast that equilibrium calculations provide adequate results. Also, use of this
assumption may be the only way estimates can be obtained, because sufficient detailed knowledge
of the phenomena is rarely available for more accurate calculations.

Units of Measure

The SI units-of-measure system is used for all calculations in this manual; see Smith and Van Ness
[8], Perry’s Sixth [6]. A list of all symbols with units-of-measure is presented in the Nomenclature
which precedes Chapter 1. The SI pascal unit of pressure is primarily used, but other common
units are often used in scenario discussions (1 atm = 14.7 psia = 101,325 Pa = 0.101 MPa). When
pressure in pascals is used in the various equations involving energy balances, the gravitational
constant, g = 9.807 m/s?, usually does not appear explicitly because of SI definitions. In other
units-of-measure systems, such as English and Metric, g appears explicitly. Finally, because of
common usage, degrees Celsius and atmospheres, for temperature and pressure, respectively, will
often be used in example problems and release scenarios throughout the Manual.

Phase Equilibria

A frequent calculational problem is: “Given the composition of a system, its temperature and
pressure, what are the relative amounts of vapor and liquid, and what are the compositions of each
phase?’ The methodology of solution is called “VLE” (for Vapor-Liquid Equilibrium) or a “flash”
calculation. The general methods for calculating phase equilibria are beyond the scope of this
discussion. However, introductory methods to solve this problem for “well-behaved” substances
(e.g., certain hydrocarbons at low pressure) are presented to give an overview of the techniques
involved. Further, these equations can be used in some accidental release modeling applications.
For comprehensive information on this subject, please refer to texts such as Smith & Van Ness,
Chapter 13. Reid, Prausnitz and Poling [7] also provides a table of references.

Phase Rule

A phase is a homogeneous region of matter. A gas or mixture of gases, a liquid or liquid solution,
and a solid crystal are examples of phases. A phase need not be continuous; examples of
homogeneous phases are a gas (e.g., CO,) dispersed as bubbles in a liguid (soda water), and
liquid droplets suspended in a vapor cloud. Abrupt changes in physical properties occur in the
interface between phases. Consider a vessel containing one or more phases in thermodynamic
equilibrium; the relative amount and composition of each phase remain constant with time, and
all phases have the same temperature and pressure. The phase rule governs the number of
intensive variables which can be independently specified — the number of degrees of freedom (ndjf).
(Intensive properties are those which are independent of the extent of the system and of the
individual phases.) The phase rule for non-reacting systems is

ndf = N,_-n+2 ()%
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where N, = number of species and 1 = number of phases in the system.

For the case of a single substance, or “pure component,” N, = 1. Thus if the system contains
only liquid or vapor, but not both, then ndf = 2. This means that both temperature and pressure
may be specified (manipulated), as long as another phase does not appear. However, suppose
pure liquid is in equilibrium with its vapor, then n = 2 and ndf = 1. This means that either
temperature or pressure may be specified (manipulated), but not both. That is, if temperature is
specified, then the pressure of the gas phase above the liquid in the vessel is the vapor pressure
at that temperature.

For multicomponent systems, N, > 1 and the degrees of freedom increase, so more knowledge
(e.g., independent equations) must be applied to completely specify the state of a system. Some
examples are shown in the box.

Phase Rule Examples

Degrees Number Number

of of of Allowed Specifications, Typical Situations
Freedom Species Phases
ndf = Nee - n+2

2 1 1 Can specify T and P; e.g., for vapor only

1 1 2 Specify T or P; Use vapor pressure curve for non-specified
variable

2 2 2 Specify T and P, then the phase compositions are deter-
mined.

3 3 2 Specify T and P, the mole fraction of one componentin a

phase may be set.

The degrees of freedom determines the number of independent equations which must be solved
to find the phase compositions and overall vapor/liquid mole ratio. Also, for example, if tempera-
ture is an unknown variable,
another relation such as the

overall vessel energy balance Equilibrium Vapor Pressures
must be invoked [Smith & Van Saturated Vapor, Selected Pure Compounds

Ness, p 362 et seq). 100 A~ i 500
Pure Component Systems I N | °“?°" Diowide — 450

For a pure substance contained
in a vessel, specification of ei-
ther temperature or pressure
determines whether the single
phase is liquid or vapor. Fig-
ure 1 shows vapor pressure vs
temperature plots for several i
pure chemical compounds. At 0.01 I ——— 303 . el
constant pressure (e.g., the at- Reciprocal Temperature, 1/K

mosphere), all of a given sub-

-
o

Pressure, atmo
=Y
W ‘ainjesadway]

e
-

Figure 1.
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stance is vapor at temperatures to the right of its curve, and it is all liquid to the left. The
temperature at which the vapor pressure equals 1 atm is called the Normal boiling point (Tygp).

As shown in Figure 1, the example plots of the logarithm of the equilibrium (“saturation”)
pressures (P,) vs the reciprocal of absolute temperatures (1/7) gives straight or nearly straight
lines for the ranges shown. For vaporization at low pressures, the Clausius/Clapeyron equation
[Smith & Van Ness p. 182] may be used to relate the vapor pressure to the temperature and the
latent heat of vaporization (4H}):

dMPm
4H, = R —_— )¢
d(1/T)

The derivation of this equation assumes the gas is ideal and that molar volume of the liquid is
negligible with respect to that of the vapor. (The SLAB dense gas dispersion model uses this
equation.) If the pressure (temperature) is high enough for the gas to be significantly non-ideal,
the Clapeyron equation (not presented) should be used using numerical solution techniques.

Multicomponent Vapor-Liquid Equilibria

Almost all substances in
industrial applications Heat of Vaporization Example
arc multicomponent The SLAB dense gas dispersion model is to be used in an application concerned
with the release of chlorine to the atmosphere. The latent heat of vaporization, a

Strea_ms' If a Stre‘flm required input parameter if a two phase system is possible in the turbulent jet expansion,
consists of one major can be estimated from Figure 3-1 as follows: Using the finite difference approximation,

: dinP inP,) - (InP. -
component, with small slope = o (NP) - nP)  In18 - 16 _ 540
amounts of other com- T (/7)) - (/T,)  0.003 - 0.004
ponents (“trace” sub- The ideal gas constant in SI units is 8313 (Pa - K - kg - m - Joules), thus the

: i f vaporization is:
stances)*, then it can be approximate heat of vaporization is
thermo dynamlcally AHIV = - R'Slope = (’ 8313) '(' 2420) = 20.12 MJ/kg.

_ SLAB requires J/kgmol; dividing the above value by the molecular weight of chlarine,

treated as a pure com 7001, ghves 263 .
ponent. For multicom-

ponent streams that can

form vapor and liquid, there may be a range of pressures (at constant temperature) in which liquid
and vapor co-exist. An example is shown in Figure 2. It shows temperature (7) vs. phase
concentrations for a two component mixture. Shown are the mole fractions of component 1 in
the liquid and vapor phases, x; and y,, respectively. (Because the sum of mole fractions of all
components in a phase must always sum to 1, x, and y, can be found by difference; this is in
accordance with the phase rule.) The horizontal dashed line shows the liquid and vapor composi-
tion in equilibrium at 80 C; the liquid phase is at its bubble point and the vapor phase is at its dew
point for this particular pressure.

Raoult’s Law connects the vapor and liquid concentrations for ideal gases in equilibrium with ideal
solutions:

P.=xP_.=yP 3)

i sat, i

* “Small” usually means less than about 1%. The concentration(s) of trace compounds are such that the

phystcal, chemical and thermodynamic properties of the major component of interest are not significantly
affected.
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That is, the partial pressure of the component in the vapor (P,) is proportional to its mole fraction
in the liquid times its pure component, saturated vapor pressure value. Because the partial
pressures must sum to the total pressure (P),

2 yP =Py =PIl . @)

! H

The vapor/liquid equilibrium “K-value” is defined as

<

- =K, . %)

i

|

For non-ideal systems, the K-values depend on composition, and the vapor and liquid mole
fractions are multiplied by concentration dependent vapor and liquid phase activity coefficients.
These coefficients are obtained by empirical correlations developed from measured data, and their
use is beyond the scope of this chapter.

In some applications, the full curve of Figure 2 does not exist in the ranges of temperature,
pressure and composition conditions of interest.
For example, the solubility of a gas in a solute is
very low. In that case, Henry’'s Law may be

used: Binary VLE Diagram

Constant Pressure

P, = b x (6) 90

Superheated
in which subscript 1 denotes the solute, and 5, Vapor
is the Henry’s law constant, which may be a
strong function of temperature. Note that the
constant is found by extrapolation of solubility
data to infinite dilution; activity coefficients are
applied when the concentration becomes great
enough to be significant. For this situation,
special techniques must be used in setting up the
VLE equations to be solved.

Two Phase
Region

o
2
|

x1at800

Temperature, C
[+
o
{

75—
Discussion
The following VLE methods should be useful Suﬁ;ﬁ;’“
for understanding the types of governing sets of 7oberoto bbb
equations; an example solution of a simple, 00 02 04 06 0.8 1.0
well-behaved VLE problem is presented later. xq1. (x2=1-X1)

For accidental release modeling purposes, the
required accuracies of solution are less than =
those needed for typical chemical engineering Figure 2.

design purposes. That is, applications which involve pure components, or mixtures of substances
may be solved by ideal gas and ideal liquid assumptions. In general, these substances will be of
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low molecular polarity, such as hydrogen-saturated hydrocarbons, and the vessel will be at low
pressures. As the compounds become more polar, molecular interaction increases (as may
pressure), thus mixing and compositional effects must be accounted for. Thus, to obtain adequate
accuracy, more complete thermodynamic equations are used which employ liquid and vapor
component conceniration activity coefficients, these are based on measured deviations from
ideality. The best advanced methods are based on equations of state which, in some way, account
for molecular size and attraction (i.e., the ideal gas law does not).

Because VLE calculations for real streams are complex and require a database of characterizing
parameters for all substances of interest, computer programs are used. Many organizations, such
as petroleum and chemical companies as well as process engineering organizations, have stand-
alone VLE computer programs. Programs are available from several vendors. Process engineer-
ing flowchart simulation programs usually contain complete thermodynamic and physical
properties for substances, and may be used just to obtain VLE solutions along with physical
properties.

The VLE concepts discussed here are limited to constant temperature and pressure applications.
In the more general problem, temperature and/or pressure is unknown, so, in addition to the
conservation of mass equation, energy and/or momentum balance equations must be used for
implicit specification of these variables. For example, a stream of constant bulk composition and
mass in equilibrium at conditions [7; P,] isenthalpically changes to [T, P,], with T}, P}, and P,
being known. A VLE calculation is performed for the mixture from which the enthalpy (H) is
directly calculated. Then, T, is iteratively adjusted by the algorithm until the specific enthalpy
(H ;) matches the first value, H;. Of course, for the general case, the VLE computational part of
the computer program must always determine the number and kind of phases existing before
proceeding with the flash calculation. This is usually done by calculation of the dew point
temperature (7pp) and the bubble point temperature (Tpp); if a trial solution for T, is between
Tpp and Tgp, then a two-phase solution exists. Smith & Van Ness has complete discussions on
these topics, including detailed computational flow charts for bubble and dew temperature/
pressure calculations.

Ideal VLE (Flash) Calculations. Consider a multicomponent mixture for which the temperature,
pressure and overall (bulk) composition are known for N, chemical species (components). The
moles (mass) of each component must be equal to the sum of the moles in the vapor and liquid
phases:

z,(n, +my) =y, +xn ™
where z; = mole fraction of i" component for the total system (“bulk™), n,, = total moles in the
vapor phase, and ; = total moles in the liquid phase. This equation may be put on a single total
mole basis by dividing it by the quantity 7, + 7, to obtain:

z; =y, X0 ®

where f, = mole fraction vapor and f; = mole fraction liquid in the system. By definition,

fovh=1 ©)

Substitution of Equations 7 and 8 into 9 and rearranging yields
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Z.
YUTRE Y ] o

To maintain material balance in the liquid phase,

in =] (11)
i

must be satisfied. (Summations with respect to  are always made over all N unless otherwise
stated.) Thus, given the z; and K| values (the latter are generally known as a function of tempera-
ture), the problem is to find £, while satisfying Equation 11. However, a real solution to the set
of equations (10 and 11) does not exist if two phases do not exist; e.g., as depicted in Figure 2.

If the system is just at the dew point of the vapor, then f‘; = 1; substituting this into Equation 10
and then the result into Equation 11 yields

z
E_' < 1 : True for all vapor (12)¢

In the preceding, equality holds at the dew point (saturated vapor), and if the summation is less
than 1, the system is all superheated vapor. Equations equivalent to 10 to 12 may be derived using
fyand y, from which it may be shown that if the system is at or below the bubble point of the liquid
(thus the system is all liquid), then

32K < 1: True for all liquid (13)%
i

For chemical systems for which the K-values are very weakly dependent upon concentrations, the
non-linear Equations 10 and 11 may be numerically solved for £, with Newton’s Method. Define
the error for the j’h iteration for Equation 11 to be

§=1-Lx, (14)
1

the value of which is to be reduced below some small constant, fol. Given a positive, real value
for £, j»an improved value can be calculated by Newton’s Method by

]:I,j-fl :-fv,j (15)

+ y; j
de/df,),

where v is a convergence “accelerator” or “filter” coefficient (0.1 <y < 1). From Equations 10
and 11, the derivative in Equation 15 is
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de _ Z; (Ki 1)
df,). = [f,, &, -) +IF

(16)

Flash Calculation Algorithm

Using the above equations for a stream in which the K-values are independent of phase composi-
tions, and are known for the given temperature and pressure, the equilibrium amount of liquid and
vapor, as well as their compositions, may be found. The following algorithm assumes that a two
phase solution exists.

L

2
3.
4

5.

Given the bulk composition (z-values) and the K-values, choose a starting value for £, Use
0.9 if no other information is available; do not use a value near zero or else the algorithm may
march into zero or negative territory. Assign j = 1 and to! (a very small number, e.g., 1E-06).

Calculate €; by Equations 10, 11, and 12, and the derivative by Equation 16.
If € < 1o, then go to Step 3, else go to Step 4.
Calculate an improved value, £, ;, by Equation 17, and go to Step 2.

The solution is complete. Calculate the vapor component mole fractions by Equation 7, if required.

An example flash calculation for a three component system is presented on the next page.
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Fluid Properties
Volumetric Properties of Pure Fluids.

The calculation of release rates into the atmosphere, and the state of the fluid (liquid, vapor, or
both) requires certain physical properties (e.g., density) and thermodynamic quantities (e.g.,
internal energy, enthalpy, entropy). The latter quantities are derived from volumetric and thermal
data. Quantitative knowledge of the pressure-volume-temperature (“PVT”) relationship for a pure
component or a mixture is key to understanding and calculating phase existence, phase equilibria,
flow rates, and fluid expansion parameters into the atmosphere. The basic concepts and equations
of state are summarized below. The last section of this Fluid Properties part provides general
references from which property values and estimation methods may be obtained.

Homogeneous substances are liguids, vapors, or solids for which physical and thermodynamic
properties are markedly different between the three states for a given chemical compound.
However, the differences in properties become indistinguishable at the critical point. The critical
point is determined experimentally, and is characterized by the critical temperature (7,,) and critical
pressure (P.). Above this point, the substance is totally homogeneous and is neither liquid or gas
or solid; it is called a supercritical fluid. These fluids are beyond the scope of this chapter, as are
solids.

The Virial Equation of State for Gases. It has been experimentally determined that the PV
product for a pure gas is more nearly constant, at a constant temperature, than for either P or V
alone. A form of the generalized empirical Virial equation of state for gases is:

%=Z=1+k1P+k2P2+k3P3+... 17

where P is the pressure, V is the volume per mole, R is the ideal gas constant (8314.4 for SI
units), T'is the absolute temperature, Z is the compressibility factor, and k, k,, k; are constants,
termed the virial coefficients. This is the basis for the ideal gas law, for it has been determined
that as P tends to zero, the PV product tends to the same value for all gases in the limit (at a
constant temperature). A number of useful correlations have been developed in which the
compressibility factor is presented as a function of pressure along isothermal curves for pure gases
and mixtures. The API Technical Data Book, Vol. 1 [2] contains graphical compressibility factor
data for many petroleum-type hydrocarbons.

The Ideal Gas Law. As pressure is decreased, all terms on the right hand side of the preceding
equation except for the first approach zero, so in the limit Z = 1, thus PV = RT, where the constant
R is based on one mole of the substance. For » moles, the ideal gas law is

PV =nRT (18)¢

from which molal and mass density may be readily derived. The ideal gas is generally used in all
atmospheric dispersion programs. For calculation of current vessel contents (“holdups™), and flow
through pipes and orifices, the ideal gas law may provide sufficient accuracy for these purposes
if the system is not near the critical point.

Cubic Equations of State. Polynomial equations cubic in molar volume have been found the
simplest of those capable of well representing both liquid and vapor behavior; this dual phase
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applicability is required for general thermodynamic use. Some well-known equations have been
developed by van der Waals, Redlich/Kwong, Soave, Benedict-Webb-Rubin and Peng/Robinson.
Solution of the cubic equations with concomitant calculation of physical and thermodynamic ‘
properties are iterative and usually require computer methods. In some process simulator |
programs used to obtain properties for release modeling, the user may be required to select the
equation of state method. Descriptions can be found in references [3,5,7,8]. ‘

Generalized Correlations for Liquids. Because of the uncertainties in modeling accidental
releases, where the major uncertainties are specification of the release scenarios and stochastic
variations caused by atmospheric processes, the variation of liquid specific volume (reciprocal
density) with temperature and pressure should not be significant in many applications. For
example, hydrocarbons will change volume by about 1 to 2 percent with change of 10 degrees
kelvin. Thus it may be sufficient to use a single average value, taken from tables or correlations
for the temperature range of interest. Also, liquid specific volume is usually a weak function of
pressure, so this variation can often be neglected. If the temperature range of interest is large, it
might be necessary to fit a simple linear or quadratic function of temperature to tabulated densities.
Densities for multicomponent liquids can often be obtained from general purpose VLE/physical
properties computer programs.

If liquid density data is not available for a particular compound, Rackett’s equation (Smith and
Van Ness, p. 97) is probably the simplest available. The specific molal volume for a saturated pure
liquid is found by

mm el -T, )02857
Vear = V¢ Zc (19)

where y.m is the critical molal volume, Z . is the compressibility calculated from the ideal gas law
c

using the critical volume, temperature, and pressure, and 7, is the reduced temperature (7T ).
Critical constants are given for selected compounds in Smith and Van Ness, Appendix B, and for
an extensive number of compounds in Appendix A of Reid, Prausnitz and Poling [7]. The latter
authors present (p.67) a modified form of the above equation which is accurate, but requires an
additional, empirically fitted constant unique to each compound. Smith and Van Ness also discuss
the Lydersen et al correlation, which is also based upon corresponding states with which the
reduced density is found graphically for given reduced temperatures and pressures. Reid,
Prausnitz and Poling present several other, more complex methods designed for accurate liquid
density estimation over wide ranges of temperature and pressure.

Thermodynamic Properties

The primary thermodynamic properties are pressure (P), volume (V), temperature (7), internal
energy (E*), and entropy (S). These quantities may be related through the first and second laws
of thermodynamics by means of differential equations for particular applications. For convenience,
three additional properties have been defined:

Enthalpy: H = E + PV

Helmholtz energy: A = E - TS (20)
Gibbs energy: G = H - TS

X Smith and Van Ness use the symbol U.
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These quantities, and/or differential quantities derived from them, are used to develop sets of
equations to represent particular applications (e.g., a VLE calculation).

In release applications, heat capacities are often involved. The heat capacity at constant pressure
is defined as

C = ( i[i] Q2D
P or ),
and the heat capacity at constant volume is defined as
ok
c. =|%Zt
v ( aT]V (22)

These important parameters are required for the calculation heat content and temperatures of
mixtures from individual component values, adiabatically expanded gas properties, and flashing
choked flow rates, for examples.

Experimentally obtained values of specific or molal volumes, enthalpies, and entropies as functions
of temperature and pressure are available in the literature and computerized databases for many
substances. For some of these substances, heat capacities at constant pressure can be found. Heat
capacities at constant volume are seldom found in the literature, but may be derived from the other
available quantities. If, for example, the enthalpy for a substance is available as a function of
temperature at a given pressure, then the data may be fitted to an empirical equation, and Equation
21 used to calculate the temperature slope (C, p) at a particular temperature, or, more simply, finite
differences can be used to calculate the approximate value from a table.

As will be seen, the ratio k = CP/C , isused in certain equations to calculate choked flow. For
ideal gases only,

C =C. -R (23)

If the gas departs significantly from ideality, spurious values can be obtained by using the
preceding equation. (e.g., C,, <0). If kis not available from reliable sources, a value of 1.4 is
recommended for screening purposes in release scenario modeling.

Other Properties

Yiscosity. For calculations involving the flow of fluids through pipes and other devices where
frictional energy losses need be considered, the viscosity (v) fluid property is required; examples
are pipe flow and pool evaporation. Viscosity is defined as the ratio of shearing stress divided by
a velocity gradient, so its dimensions® are Ft/L%; the poise is 0.1 Pass. The kinematic viscosity
is the ratio of viscosity to density with units L2<.

Perry’s Sixth, Chapter 3, has nomographs for obtaining the viscosities of a number of pure
compound gases and liquids. A number of estimation methods for gas viscosities, based on
molecular theory of gases coupled with empirical correlations, are available; their number and

X See Nomenclature for dimension symbols.
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complexity are beyond the scope of this chapter [Reid, Prausnitz and Poling, Chapter 9].
Estimation methods for liquids are generally empirical and are based on correlations which relate
the logarithm of viscosity to temperature or reciprocal absolute temperature. Reid, Prausnitz and
Poling combined experimental correlation parameters from three sources which may be used to
interpolate viscosities of pure compounds with experimental temperature ranges; these are
presented in their Table 9-8.

Those authors also discuss the Grunberg and Nissan method which uses binary functional
molecular group parameters for estimating the viscosity of mixtures. Also, the Teja and Rice
method based on a Corresponding States treatment for mixture compressibility factors is des-
cribed. The latter authors showed that their method gave about the same accuracies as the
Grunberg and Nissan method for nonpolar-nonpolar and nonpolar-polar systems. The Teja and
Rice method gave good accuracies for polar-polar mixtures, but the Grunberg and Nissan form
should not be used for these mixture types.

Molecular Diffusivity. This parameter (€) characterizes the rate of molecular diffusion of
chemical species in a phase. In the applications discussed here, it is used in the calculation of
evaporation rates of substances from liquid pools. Its dimensions are M%/t. Reid, Prausnitz and
Poling discuss a number empirical and theoretically-based methods for estimating diffusion
coefficients (diffusivities) which are too extensive to be mentioned here. However, for modeling
evaporation release scenarios, diffusivities of single pure compounds in air are all that may be
required. Perry’s Sixth (Table 3-256) lists values for a number of organic compounds; for the
accuracy required, it may suffice to use the value of an analogous compound from this or other
sources.

Surface Tension. This parameter (o) characterizes the tangential forces acting in the liquid -
surface and is defined as the force exerted per unit length of surface; commonly-used dimensions
are dynes/centimeter. This parameter is used in models involving aerosol formation and spreading
of liquids on plane surfaces. Aerosol formation is discussed further under Evaporation.

For estimating the surface tensions of pure compounds, Reid, Prausnitz and Poling recommend
the Corresponding States method described in their Chapter 12 for non-hydrogen bonded liquids.
For hydrogen-bonded liquids, they recommend the Macleod-Sugden form. The data collection
of Jasper [5b] has experimental surface tensions of many liquids. They also recommend the
Macleod-Sugden equation form for nonaqueous mixtures; this method was originally developed
for pure nonpolar compounds. If the solubility of the organic compound in water is low, the
Szyszkowski equation, as developed by Meissner and Michaels, is recommended by Reid, et al.

For estimating the surface tensions of binary organic-aqueous mixtures, they recommend the
method of Tamura, Kurata, and Odani.

Mixture Bulk Properties, Pseudo-Pure Components and Average Values

Fluid modeling equations for flow rates, mass, energy and momentum balances are based on
single-value bulk properties for the released substance, e.g., liquid and vapor density, enthalpy,
entropy, specific heat, and viscosity. In an actual release, bulk intensive properties may be
changing with time and distance (travel time) along the stream/vapor cloud path. These changes
can be caused by composition changes in mixtures (evaporating and/or reactive liquids) as well
as by pressure and temperature changes of the fluid stream. Computer modeling programs
designed to treat multicomponent vapor and liquids contain thermodynamic - fluid properties
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subprograms which calculate fluid properties based upon temperature, pressure and composition
for each instant or step during the solution of algebraic and/or differential equations. These
property calculations use accurate, non-ideal condition estimation methods. However, many
stand-alone dispersion programs handle the released fluid (vapor or liquid) as a pure compound
(component), with user-supplied, constant property values and parameters, e.g., molecular weight
(M) and heat capacity (C,). Such constant values are also required for simplified modeling
estimates with desk calculators and computerized spreadsheets. These constant values are often
called “pseudo-pure component” properties.

To calculate a pseudo-pure component property, /P, for a multicomponent vapor or liquid at
constant temperature and pressure, the following equation can often be used:

P = Ef,j? i =1 2.N_ (24)
i

where /7 is the corresponding property for the i" component, f; is the mole (or mass) fraction
concentration of the i component; the summation is made over all N, components in the
mixture. It is exact for molecular weights. Nonlinear mixing effects for hydrocarbons are small,
but as the polarity of compounds increase, mixing effects become larger; aqueous-polar mixtures
have very large mixing effects. For release and dispersion modeling purposes, the preceding equa-
tion is applicable for specific volumes (= reciprocal densities), and thermodynamic properties such
as enthalpy, entropy, internal energy, and Gibbs energy. This equation is generally nof applicable
for surface tension and transport properties such as viscosity and diffusivity.

Example Calculation of Pseudo-Pure Component Properties
Column = 2 3 4 5 6 7
M= Weight % =
Mole Molecular Col.2* Col. 4/ Cp Col.5*
Compound Percent Weight Col.3 Sum Col.4 KJ/[kg*K] Col.6

Methane 146 16.04 2342 6.1 2.30 14.13
Ethane 106 30.07 318.7 8.4 1.86 15.58
Propane 716 4409 3156.8 82.8 0.99 81.73
H2S 3.2 32.02 102.5 2.7 1.08 2.91
Totals 100.0 38122 1000 114.36
Pseudo pure component values
Bulk M=SumCol.4/100 = 38.12
Bulk C, = Sum Col. 7/100 = 1.14 KJ/[kg-k]

The box above shows how several psuedo-pure component properties were calculated for Scen-
ario 1 in Chapter 6. If a dispersion modeling program is used with pseudo-pure component prop-
erties, the dispersed concentration at downwind locations will be reported on the basis of the
released mixture. If the dispersed concentration of a particular (“key”) component is required,
calculate it by:
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Crey = ey Sbulk (25)%

where fj,, is the mole fraction of the key in the released material, ¢, , is the model reported
downwmd concentration (mole fraction = volume fraction) of the released material, and ¢, is
the downwind concentration of the key component. This equation assumes constant relative
concentrations among the mixture’s components. This calculation is also shown in the box.

Modeling often requires averaging of certain properties over temperature and/or pressure, and
concentrations at given downwind locations over time intervals. Given a quantity /P (x) which
is a known function of the independent variable x, the average value of the quantity over the linear
interval x; to x, is

[ Peds
= (26)

]!

for the continuous case, and,

-‘5) = i y i:1,2,...n (27)

for the finite difference case of » intervals. If the x-interval is constant, the preceding equation
reduces to

= 1
P:;Z?a (28)

i

To select average values for a particular substance’s property, particularly over a large range of
temperature or pressure, and the property varies significantly (i.e., over 20 percent), a plot can
help decide the best method of averaging. Heat capacities are often available as polynomial
functions of temperature; thus the integral form above can be used directly.

General References

Desktop References. Perry’s Chemical Engineering Handbook [6] contains tables in Chapter
3 of physical, thermodynamic, and transport properties for many commonly-encountered chemical
compounds. The same chapter also presents a number of property estimation methods and
correlations, in both nomograph and equation form. This is a good book to start looking for
(constant) property values required by simple release rate calculations (e.g., choked flow of ideal
gases; discussed later) and required by public domain dense gas dispersion programs (e.g., heats
of vaporization and boiling points).

Reid, Prausnitz and Poling’s The Properties of Gases and Liquids [7}, presents a critical review
of various estimation procedures for essentially all of the properties of interest in release modeling,
and recommends the best methods. Equations are given for each procedure, usually with example
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calculations along with comparisons of estimated vs. experimental values. Appendix A of that
book contains parameters such as molecular weights, normal boiling points, critical temperatures,
pressures and volumes, constants for nonideal equations of state, heat capacities temperature
coefficients, and standard enthalpies and Gibbs energies of formation for 618 pure compounds.
Many of the method descriptions and recommendations presented in the following overviews were
taken from this reference.

Smith and Van Ness also describe many property estimation methods.

The Technical Data Book—Petroleum Refining from the American Petroleum Institute [2] is
available in three loose leaf binders as well as in computerized form for both the English and
Metric measurement systems. To quote the API Publications catalog [2]:

“The Technical Data Book is a comprehensive manual of physical and thermodynamic data and
correlations on behavior of hydrocarbons and hydrocarbon mixtures for use in process design. It
contains over 1000 pages and includes 15 chapters on general data, characterization of fractions,
ASTM-TBP-EFV relationships, critical properties, vapor pressure, density, thermal properties,
vapor-liquid equilibria, water solubility, surface tension, viscosity, thermal conductivity,
diffusivity, and combustion.”

The catalog also lists a number of other publications on physical properties of pure compounds
and petroleum fractions.

AIChE’s Design Institute of Physical Property Data (DIPPR®) has developed a large database
containing evaluated and screened data for pure chemical compounds as well as for binary
mixtures [4]. (This information is also available on-line; see later.) Gess, Danner and Nagvekar’s
Thermodynamic Analysis of Vapor-Liquid Equilibria: Recommended Models and a Standard
Data Base, [5] which provides practical methods for using a limited number of experimental data
points to interpolate and extrapolate VLE-required properties to other conditions. This book
also contains definitive summary descriptions of the equations used in generalized VLE algorithms,
equations of state, data fitting methods, consistency tests, guidelines for selections of models, and
an extensive set of references on these subject. In addition, generic Fortran programs and
subroutines for evaluation of VLE data and methods are provided on floppy disc with the book.
Also, see Danner and Daubert’s Manual for Predicting Chemical Process Design Data [3].

On-Line Computer Services. The Chemical Abstract Service’s STN International network pro-
vides direct online access to over 160 scientific and technical databases [9]). 7able I lists those
databases of most interest. Personal computer software is available from STN which greatly
simplifies data searches and information retrieval to user files. STN also has a literature search
service which will obtain information, such as chemical property data, most expeditiously if only
a few such requirements are anticipated.

Technical Database Services, Inc., provides online interactive service for a number of databases
containing physical, thermodynamic, safety, environmental and regulatory data for chemicals [10].
Examples of interest are DIPPR, DETHERM®, DDB®, and PPDS2; all contain thermophysical
and phase equilibria properties for pure components and mixtures, as well as interpolation and
estimation methods. Customer assistance is available for literature searching, physical property
estimation and VLE calculations by means of their PC and on-line software.

Process Flowchart Simulators. Process flowchart simulation programs, available commercially
or within petroleum, chemical, and process engineering companies, have comprehensive capabili-
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ties for thermodynamic and fluid mechanics computations for pure compounds and multicompon-
ent mixtures which include VLE, flow rates through pipes, orifices and other devices. These
programs contain large databases for process stream property retrieval and estimation; detailed
stream and component properties can be output to a file or printer. Such properties may be used
directly in release and dispersion simulation programs and/or to develop pseudo-pure component
properties. References and advertisements for commercially available programs may be found in
the current chemical engineering literature.

Table 1. STN Databases

Symbol Database Contents
DIPPR Design Institute for Physical Property Data Over 1,200 organic compounds
CHEMLIST Regulated Chemicals Listings U.S. and Canadian chemicals
HODOC - CRC Handbook of Data on Organic Compounds 25,500 compounds
JANAF Joint Army-Navy-Air Force Thermochemical data for > 1,100 plus organic
substances with 1 or 2 carbons
NISTFLUIDS NISTFLUIDS (Nationai Institute. of Standards and  Critically evaluated properties for 12 industrial
Technology) fluids.
NISTTHERMO Tables of Chemical Thermodynamic Properties Thermochemical property data for over 8,000
(National Institute. of Standards and Technology) inorganic and small organic molecules.
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Thermodynamics of Fluid Depressurization
Basic Premises and Equations

As discussed by Smith and Van Ness, two assumptions can be made to simplify the application of
thermodynamic principles to flow processes:

1. Fluid flow is unidirectional through any cross section (differential slice) of a
conduit (or vapor cloud along its axis of flow) where thermodynamic, kinetic, and
dynamic properties are assigned or evaluated.

2. Within a cross section, properties do not vary with the direction perpendicular to
flow.

The first premise rules out countercurrent and/or recirculating flows in the phenomena to be ad-
dressed. The second eliminates the need to model velocity, temperature, concentration, etc.
profiles through cross sections; this greatly simplifies the formulation of modeling equations. The
second assumption is often called “plug flow,” or “top hat flow profile.” Considering other
modeling uncertainties (e.g., scenario definition and atmospheric processes) associated with the
purposes of this manual, calculations made with these assumptions should be sufficiently accurate.

Overall equations for
conservation of mass, Surface of Control Volume
energy, and momentum
are applied to control
volumes or process en-
velopes which are equi- | R
valent to thermodynamic | =e—gp-=
closed systems. Such
equations are often
called  “macroscopic
shell balances” The
control volume can have
flow entrances and exits
corresponding to phy-
sical equipment, for
which the control vol-
ume surface is placed _

perpendicular to the flow to impose the above two assumptions. Net flows of heat energy (g) and
shaft work (.Qshaf) can enter or exit the control volume at any point. A control volume example
is shown in Figure 3. For example, a control volume may contain a process as simple as flow
through an orifice or it may be as complex as a chemical process unit composed of many pipes,
heat exchangers, compressors, etc, and with many entrances and exits.

Sl T
Heat transfer rate, q 3 7 VE.ELHz_';

Figure 3.

Conservation of Mass. For any process, the conservation of mass equation for flow processes
contained within a control volume is:

Accumulation rate of Net in mass Net out mass
mass within the = Vflow rate at{ ~ § flow rate at (29)
control volume entrances exits
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The term on the left side the equation reflects the change with time for a dynamic system, e.g., the
change in total contents (“holdup™) of a vessel for which the control volume coincides with the
vessel volume. Using W for mass, w for mass flow rates, the change of total mass holdup in the
control volume with time is

— TV oW (30)

for which the numerals 7 and 2 denote the entrances and exits of the control volume, respectively.
Also, the mass flow rates at entrances and exits are

w = pud (31)

where p is the average fluid density, u is the average velocity, and 4 is the cross-sectional area.
Substitution of the preceding into Equation 30 yields the general continuity equation:

aw
— =4 A
= (pud) (32)

where A denotes the difference between all exit and entrance streams.

Methods for calculating flow rates are limited in this Manual to the special steady state application
of the above equations, for which it is assumed that there is no net change in the mass holdup of
the control volume over time; e.g., dW/dt = 0. Time dependent evaporation from pools usually
requires consideration of holdup. Relationships concerning holdup cannot be deduced from
models which assume a steady state process on the basis of such mass balance equations alone;
additional information is needed which is not available from non-time dependent equations.

Conservation of Energy. An analogous procedure to the above for mass can be applied to the
conservation of energy around a control volume or an open system:

Accumulation rate| | Net (in -out) energy Net heat transport Net power out,
of energy within ( ~ \ transport rate for { * \ rate, q, in across { ~ \ W', across the (33)
control volume control volume the control surface control surface

The lefi-most term is the rate of change of energy with time of the total internal energy within the
control volume. Associated with each flowing stream are three forms of energy: internal, kinetic
(stream velocity), and potential (elevation above a datum level). The heat term can contain
contributions from radiative, conductive (through solids) and convective heat transfer (flowing
streams).

Again, the above time dependent, general equation can be simplified with the steady state
assumption for which there is no accumulation of energy in the control volume with time.

General Steady State Energy Balance. Referring to Equation 33, with zero accumulation rate
and the rightmost term transposed to the left side of the equality, the macroscopic energy balance
around a closed system of fluid of unit mass may be written as (Smith & Van Ness)
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0-0Q - 4E,, + AE,, + 4E,, 64

where

A4E,, = change ininternal energy,

A4E,,, = changein kinetié energy = A(wu®/2g),

AEPO, = change in potential energy = A(wzg/g),

0 = heat transferred across the system boundary,

Q = net work for system = £, + expansion or pressure work, and,

Qpqp = shaft work*.

3

Note that heat, Q, must be transferred across the system boundaries, and that both heat Q and
work (2 are path dependent. Unlike the other terms in the above equation, AE;, , AE;  an
AE » which only depend upon the change in initial and final states of the fluid, heat transferred

mto a system, and work performed on or by a system, depend upon the thermodynamic history
of the fluid.

Next, take this same unit mass, and assume it is flowing, but draw a process envelope around it,
as in Figure 3. There are pressure forces on the fluid, and these forces do work. The upstream
forces do work on the fluid system. The downstream pressure forces do work on the surround-
ings. The kinetic energy change of a unit mass of fluid between the inlet and the outlet is

AE,

kin

= %ui -%hui = hAu? (3%)

In this equation u is the average fluid velocity, defined as the volumetric flow rate (U) divided by
the cross-sectional area (4). The potential energy change of a unit mass of fluid between the inlet
and outlet is

AEpot =z,g-z,8 =84z (36)

where z, and z; are the elevations of the outlet and inlet, respectively. Equation 34 now becomes

Q-2 =AE_ + %Au’ +gdz (7)

The force exerted on the upstream face of the inlet stream is P;4 ;, and the work done by this
force in pushing the cylinder into the apparatus is /

v

AE, :PJAJA_] = Pv, (3%
]

* Smith and Van Ness use U for internal energy and ¥ for work, different symbols are used here to avoid
conflicts.
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This is the work done on the system by the surroundings. Correspondingly, the work done by the
system on the surroundings as the fluid leaves the exit is

v
AE, = ‘PzAz;l“Z = P,v, (39
2

Because AE,,, represents all the work done by the unit mass of ﬂUld it is equal to the sum of the
shaft work and the entrance and exit work quantities:

—.Qhaﬁ+P v, -P,v, (40)

Combining the above equation with Equation 37 and rearranging yields

AE,, +A(Pv) +%Au’ +gdz = Q0 -Q, . (41)

For a unit mass, enthalpy is defined by
AH = AE, +A4(Pv) (42)

Also
A(Pv) = vAP +PAv (43)

Solving the Equation 3-42 for 4E,,, and substituting into Equation 3-41 yields:
AH +%Au’ +gAz = Q -Q, . (44)%

-~

(Smith & Van Ness, p. 216). Equation 44 is the first law of thermodynamics for a steady state
flow process; all terms are expressions of energy per unit mass in the SI system of units (Joules
or multiples thereof). All of the terms may be significant depending upon the circumstances of the
application. However, many hazardous substance releases involve a large flow rate of a compress-
ible fluid. This usually involves a large depressurization. For a compressible fluid, this large
depressurization results in a decrease in density, which for piping of constant or moderately
changing diameter results in a corresponding change in velocity. Also typically, unless the pipe
system is very long, contact with the pipe is brief enough that heat transfer through the pipe wall
is small or negligible. Many problems involve flows under choked conditions, in which the
substance is at the speed of sound in the fluid at the end (or restricted part) of the pipe. This
results in typical velocities for two phase fluids on the order of 50 meters/second, and for gases
of several hundred meters/second. For moderate length pipe systems, the contact period is on the
order of a few seconds or less, insufficient to transfer a large amount of heat through the pipe
wall. Finally, for the sake of simplicity, assume there is no shaft work, and potential energy
changes are negligible compared to kinetic energy changes. The final, simplified energy balance
is;

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4L28 9b BN 0732290 0560010 901 W

Source Modeling 3-23

AH+AE, =10 (45)

To have an isenthalpic situation, (AH=0), there can be no significant change in kinetic energy.
This is an assumption in developing Joule-Thompson expansion coefficients; adiabatic
depressurization without an appreciable change in kinetic energy. Thus, an isenthalpic, or Joule-
Thompson type path is inappropriate for a situation in which a substantial change in kinetic
energy occurs to a releasing fluid, typical of a gas or flashing liquid release from high pressures.

To better model flow systems with significant kinetic energy changes, reversible and irreversible
processes are defined: “A process is reversible when its direction can be reversed at any point
by an infinitesimal change in external energy” (Smith and Van Ness, page 39). That is, energy
losses, such as from friction and mixing, are not incurred which cannot be recovered should the
flow process be reversed. An irreversible process is one for which the restoring energy is finite,
e.g., constant. An example of an irreversible process is the steady state depressurization of a
flowing stream into the atmosphere for which it is assumed that no mixing with—, or heat transfer
to—, the atmosphere occurs. The restoring force is the constant atmospheric pressure.

Entropy is defined as
T, dQ
AS = [ _Zrevgr (46)
b
where
T =

system temperature, (subscripts 1 and 2 denote initial and final states), and,
0Q,,, = heat amount change occurring during the differential temperature change, dT,
if the thermodynamic path is reversible.

Smith and Van Ness (pp 155-156) show that the total work for an adiabatic irreversible process
which goes from State 1 to State 2, coupled with the reversible restoration process is

Q=0 +9,-0,</d0,,. @)

rev < rev = rev

(Note that the integral in the above equation is negative for the reversible restoration process.)
Since the original irreversible process is adiabatic, the total entropy change for this process is
AS, .. = 5,8, > 0. Thus, AS,, is always positive for any process, and it approaches zero in

the limit when the process becomes reversible. This is a statement of the second law of thermo-
dynamics which can be written as

48 > 0 . (48)

Hence, by definition, an isentropic process (AS = 0) is reversible and adiabatic. It is also an
idealization which can never be attained in practice. But it is a useful concept for modeling real
processes on an a priori basis. Often, a flow process can be sufficiently well-modeled by ignoring
energy losses such as friction and other work. Also, the efficiency of a process (e.g., a turbine
expander) can be evaluated by using the isentropic process (100% efficiency) as the basis.
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It follows that use of the first law of thermodynamics (Equation 44) coupled with the
assumption of constant entropy will give more accurate results for rapidly expanding
depressurizing releases than by assuming constant enthalpy: the former should be used
if the appropriate thermodynamic data can be obtained.

Superheated Gases

A gas is superheated if its temperature is above its dew point at the given pressure. If the gasis
released to atmospheric pressure, and its temperature is sufficiently high, then it will not condense
during the expansion process. In many release applications, non-condensing gas discharges may
be approximated by assuming that the gas is ideal. Because the energy of an ideal gas, by
definition, is independent of volume (and therefore pressure), Equation 21 reduces to

dH
C =—.
» T (49)
Thus for a change from State 1 to State 2,
_ 2
AH - /T" C,(T)dT . (50)

where Cp (7) is the heat capacity function over the temperature range of interest. Often, C, may
be assumed constant over a particular temperature range of interest, or as a simple mean. For
applications involving entropy, the mean value is best calculated by

[1 " [c(T)/T]aT

C (51)
Foms n(T,/T,)

in which the subscript ms denotes the mean value specific to entropy calculations. Usually, these
can be obtained as polynomial functions of T from property databases such as DIPPR, and the
order can be as high as six. If Cp can be taken as constant over the temperature range of interest,
then that value can be used directly as Cp,,; in Equations 50 and 52.

The general equation for entropy change for an ideal gas is (Smith and Van Ness, p. 153):

4§ =C

P ms

T
In—2-Rin=2 . (52)
T, P,

(For simplicity, subscript ms will be dropped in the following; it is to be understood.) Assuming
isentropic expansion, Equation 52 equals zero, and can be rearranged to
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L (53)
T

Because R = Cp - Cy; (Equation 23), it may be shown that

R k-1
C, k& G9

where £ = Cp/Cy, as before. Thus Equation 53 can be written as

k- 1)/k

r, (p)*”

2 =12 (35)%
T, P

These equations are useful in the calculation of quantities associated with expanding or contracting
gases such as orifice throat temperatures for choked gaseous flow, the temperatures of a jet

expanded to atmospheric pressure, and for calculating the densities of homogeneous multiphase
mixtures (see following).

Two Phase Fluid Densities

The density of a two phase homogeneous fluid is calculated by combining the specific (or
molal) phase volumes according to mass (or mole) fractions. Thus, v = 1/p, where v is specific
or molal volume (e.g., m3/kg) and p is the corresponding density (e.g., kg/m ). That is,

=fv I (56)%

Then the homogeneous mixture, or aerosol, density is

1

P = ?v (57)%

Instantaneous Flashing Releases

When a substance is contained as a liquid at temperatures
above its normal boiling point, the pressure will be equalto " ..
or greater than its vapor pressure at that temperature The .
relative amount of “liquefied gas” vs “saturated 11qu1d”
contained in the pipe or vessel can be estimated by
VLE calculations. Consider the case in which a
vessel contains vapor and liquid in thermodynamic
equilibrium, and only the liquid phase is suddenly
exposed to atmospheric pressure. This could be caused by a:
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“catastrophic” rupture® of the vessel, or by the liquid flowing from an orifice or other outlet
below the liquid surface. Ifit is assumed that the initial expansion is adiabatic, that air does not
mix with the expanding stream, and that the process is reversible, then the relative amount of
vapor existing in the fully expanded substance may be calculated by an isentropic energy balance.

Let State 1 be for the vessel (“reservoir”) contents at temperature and pressure 7; and P; these
are often called “stagnation” conditions. Let Stare 3 be for the liquid and vapor in thermodynamic
equilibrium at its atmospheric boiling point (T, P3)**. The entropy balance is

45 =5, -85, =0 (58)

With v and / subscripts representing liquid and vapor, and ftheir mole fractions at State 3, and
because

fi+f, =1 (59)%

then, the entropy of the liquid plus vapor at state 3 is.
Sps = (17,)S5 1,8, (60)

Flashing Liquid. For liquid-only expansion, the entropy for State 1 is §; ;, thus Equation 58
becomes

Sy =S5 = L5+ £S5, (61)

Solving the preceding equation for £, the fraction of vapor in the fluid at atmospheric pressure is

Su "st
e <
fv Sv3 'st ©)

The denominator in the preceding equation is the entropy of vaporization, ASValp at atmospheric
temperature and pressure and the numerator is the difference of entropies between the two states.
(Example calculations are shown later.) This equation should be used in cases where a saturated
liquid is released.

Vapor Condensation. If only the (saturated) vapor phase (in the infinite reservoir) is exposed
to atmospheric pressure, using the same assumptions as for the liquid above, then it may be
similarly shown that

- * The vessel bursts or fails all at once.

*k State 2 will be used later for choked flow throat conditions.
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Sv] _Sl.?

1, = S 3 (63)%
v3 13

This equation is important; it should be used to estimate the fraction of condensed liquid in a
released saturated vapor siream; e.g., a pressure relief valve on the vapor side of a fractionator
reflux drum, with or without the valve outlet connected to the flare header system.

Approximate Isenthalpic Methods. If the kinetic energy involved in an expansion is neglected,
as discussed in a previous section, then an isenthalpic balance can be used to calculate the vapor
fractions for the two types of expansions specified above. That is,

AH =H, -H; =0 (64)

and, for the flashing liquid,

g = =R - (65)

i3 vap

and for the condensing vapor,

H, 6 -H H, 6 -H
fv _ vl 3 _ “vl i3 (66)
Hv3 a Hl3 4 Hvap

If it is assumed that the molal heat capacity of the liquid (C,) is constant, and defining
AT =T,-T;, then Equation 66 becomes

_ G, AT
AH

vap

7,

(67)

For most applications, C, varies with temperature; the integral forms, Equations 65 and 66, are
more correct. Equation 67 is often used in dispersion modeling programs which treat two-phase
releases, as well as being cited in a number of “how to” manuals in the present literature.

The next page presents a detailed example of these calculations for chlorine. Although the
enthalpy vs entropy results are not very different in this particular example, it is recommended that
entropy always be used if possible.
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Flow Rate Estimation
Introduction

Many accidental releases occur from three types of discharges:
1. Through a relatively thin-walled hole or small rupture in a vessel or pipe wall.

2. From valves, which have very short piping lengths, if any, from their closure
mechanisms to their surroundings, e.g., a pressure relief valve discharging to
a larger vent pipe than its inlet, or with a very short outlet pipe.

3. Pipes (tubing), in which flow through significant lengths involve energy losses
from friction, elbows, bends, valves, flow measuring venturis or orifices, etc.

Various flow regimes may be encountered, such as laminar (“Bernoulli”’) flow of vapors and liquids,
critical (“choked”) flow of vapors and liquids, and two phase flow. For the purposes of this manual,
the first two types of discharges listed above can often be treated with the same equations, differing
only in selection of discharge coefficients and/or effective orifice area. Thus, calculations for flow

~ through a frictionless, thin-edged orifice will be presented with appropriate distinctions made for
valves. Subsequently, a qualitative overview of pipe flow rate estimation is presented.

For any one fluid discharge from a vessel or pipe, it can usually be assumed that the position of the
outlet on a vessel or pipe, and its orientation with respect to the direction the discharge is known.
That is, from external knowledge, the initial state of the substance to be discharged is either liquid,
vapor or both. Given this, then the rates and other quantities needed or derived from the source can
be estimated. For example, suppose an insulated pressurized vessel is 90 %v liquid full, there 1s no
current inflow or outflow, then a hole develops or a valve opens at the vessel height corresponding
to 40 %v liquid full. Initially, iquid will flow from the hole, and as it does, vaporization will occur
in the vessel as the liquid level decreases; this will cool the vessel contents. When the level gets to
the hole, liquid and vapor will flow, but at a decreased rate compared with the liquid-only situation.
Liquid and vapor will continue to flow (because of boiling, frothing and sloshing of the dense phase)
until the fluid mixture cools to its boiling point or the vessel becomes essentially empty. Appropriate
modeling of this process is very complex and requires extensive computation. On the other hand,
it may be adequate to assume that the hole is at the top or bottom of the vessel (or on associated
piping) and that either vapor or liquid flows at the initial conditions; this assumption generally gives
worst case results from the atmospheric dispersion standpoint. Estimation of flow rates from pipes
and piping systems is beyond the scope of this Manual. However, the Flow from Pipes section which
follows the Flashing Choked Flow section in this Manual provides starting references for this subject.

Quantitative flow rate estimation is limited to situations which can be treated by frictionless orifice
theory.

Maximum flow through valves depends upon the internal geometry of the body/moving part (plug,
butterfly, gate) assembly which controls the fluid flow. However, in the limit, the absolute maximum
flow rate is that calculated for a sharp-edged, circular orifice for cases where the inlet flow is not
limited and the resistance to flow at the outlet is very low. The same is true for short pipes (pipes less
than about 100 mm in length) [Leung, 30]. For example, consider a pressure relief valve connected
to the top of a pressure vessel by means of a sufficiently large diameter short pipe, and the valve
outlet is connected to a large diameter flare header. Another example would be a drain valve near

the bottom of a hydrocarbon storage tank. Each requires different treatment to best estimate the fluid
flow rate through them.
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For many accidental release scenarios, in which worst-case estimates of maximum flow rates are
required, it is usually sufficient to use the upper-bound assumption of a sharp-edged orifice to
estimate the discharge rate. Conversely, the hole area or diameter may be similarly calculated if the
flow rate is postulated.

All the equations given in detail below are generally based on isentropic flow, as discussed in
preceding sections. A basic reference for flow through venturi tubes, orifices, and nozzles is Perry's
Sixth, pages 5-12 to 5-17. For valves, catalogs containing sizing equations (e.g., equivalent orifice
areas) and parameters are available from valve manufacturers. Also, API Recommended Practice 520
[13], Coker's article [16], and Leung's article [18], all on the sizing and selection of pressure relief
devices, can be used in a reverse manner to estimate flow through existing equipment.

Critical Pressure Ratio

The critical pressure ratio is used to characterize the choked vs. non-choked flow regimes:

P,
Fo = — (68)¢
c
P,
Figure 4 shows nomenclature conventions.
The “reservoir” is assumed to contain a large
fluid volume compared with the rate of flow Reservoir Aimosphere
through the hole, and, if a single phase, is P, P,
homogeneous in temperature and composi- T, T,
tion. If the downstream, or external, pres- P, P

sure (P;) is less than the pressure calculated
for the throat (P,) by means of the critical
pressure ratio (r,), then the flow regime is Throat

Exponding Jet

called “critical,” or “choked,” and the flow ,11)_2
rate is independent of the external pressure 0 2
P;. If the downstream pressure is greater D2 — Vessel Wol
than the throat pressure as determined by the 2

critical pressure ratio, but less than the up-
stream pressure, then the flow is called “non-
critical” or “non-choked” because the flow rate is dependent on the external pressure, P;. *

Figure 4. Definitions

For an ideal gas flowing through a frictionless orifice and for which no downstream mechanical
hindrance to the expanding jet exists, the critical pressure ratio is

Vo = i :( 2 )k/(k_v (69)%
P, k+1

for which

In this Manual, the terms “non-choked” and “choked” will be used instead of “sub-critical” and “critical,”
respectively, to avoid confusion with the use of “critical” for certain thermodynamic quantities; e.g., critical
temperature.
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C
k=-2 70y
C. (70)

and C, and C,, are the heat capacities at constant pressure and constant volume, respectively. For
many gases at relatively low pressures (not near the critical point), £ will range between about 1.1 and
1.8. For these values, 7, equals 0.585 and 0.469, respectively. Therefore, as a “rule of thumb,” if
the downstream (atmospheric) pressure is less than roughly half the upstream pressure, the flow will
be choked. If the ratio is near 0.5, then it might be a good idea to calculate r,. However, for actual

pressures very near the critical pressure ratio, the equations for choked vs. non-choked flow give
similar values.

A General Model for Choked Flow

Referring to Equation 44, assume that flow through an orifice is adiabatic (Q and £, aft 1€ zero) and
that there are no gravity effects (g4z = 0), then

J/2Au22 = AH, o7,

, 71
Yolu; ~uj) =H,-H, 7

for which subscript 1 is for the reservoir and 2 is for the throat. If the reservoir is stagnant, i.e.,

uJ = 0, then
Yhui = AH (72)

This equation states that the kinetic energy of the flowing gas in the orifice throat must equal the
change in enthalpy per unit mass of flowing gas. The equation provides an upper bound for the flux
(G = mass flow rate per unit cross-sectional area) which is related to the velocity in the throat by

G =up, (73)

where p, = density of the fluid in the throat. Equations 72 and 73 may be combined to yield:

G = pg\/2(H] -H,) (74)<

The choked flow rate is that for which the mass flux, G, is maximum with respect to throat pressure:

oG
6P,

=0 (75)%
N
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for which the subscript S denotes constant entropy. The maximum, choked mass flow rate (W, ) is
calculated from the throat area (4,) by means of

Weze = O A (76)%

Equations 72 through 75 comprise a generalized choked flow algorithm, or model, wherein Equation
74 is to be solved subject to Equation 75 using an accurate (non-ideal) thermophysical properties
: method. This model will give the best results, subject to the
applicable scope and accuracy of the thermophysical proper-
- ties method as well as the stated assumptions, and is equally
applicable to homogeneous, multiphase and supercntical
systems. If the iterative solution process “passes near”
the thermodynamic critical point, the extreme sensitiv-
ity of some physical property parameters to small
pressure changes may inhibit convergence of the algo-
rithm. It was found by the author that the Fibonacci
search method was particularly effective for solving the above maximization problem for a number
of single- and multi-component systems.

The above model serves as a basis for models designed for specific applications, such as for ideal
gases and flashing choked flow. Actual computed flows will be less than the ideal, for the entropy
changes will be positive and nonzero, and to various extents. Thus a discharge coefficient is often
used to empirically correct for the non-ideality. However, nozzles can be tapered to achieve near-
isentropic flow, and thus high efficiency.

Note that #, defines the speed of sound for the fluid at the throat conditions. Also, if a maximum
for G with respect to throat pressure does not exist, the flow is non-choked.

Choked Flow of an Ideal Gas

In many applications, and particularly for screening studies, simplified equations can be obtained from
the above general starting point by assuming that the gas is ideal. For this case, the choked mass flow
rate through an orifice is

7%

PI
w = CDAZ k -v— [y

max
1

2 ) (k+1)/(k-1)

Here,
Cp = discharge coefficient, and
v; = specific volume of fluid in reservoir (volume per unit mass).

Substitution of the ideal gas equation (18) into Equation 77 yields
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(k+1)/(k-1)
w = CLAP, k[ M]( 2 ) (78)

RT, |\ k+1

where M = molecular weight of the gas. (Also, if SI units-of-measure are not used, the quantities in
the square root symbol of the mass flow rate equations presented above and below should by
multiplied by the gravitational constant, g = 9.807 m/s®.)

However, Equation 77 (which uses specific volume molal directly) should be used for estimating
choked flow rates for any gas below the critical point, unless a more rigorous method can be
implemented, or the gas can be treated as ideal, for the factor involving £ is not sensitive. For best
results, values for the specific volume (v;) and the specific heat ratio (k) should be obtained from the

literature (e.g., Perry's Sixth) from experimental values, from thermophysical properties algorithms
for real systems, etc. As a last resort use:

C,=C -R (79)

v p

to calculate k; this applies strictly to an ideal gas. If a gas departs significantly from ideality, very

spurious results can be obtained by using this equation (e.g., C, < 0). For screening purposes, use
k = 1.4 for default.

The coefficient of discharge (Cp) is used to empirically “calibrate” a particular shape and/or type of
orifice, nozzle or valve, etc. Depending upon the device and its service, discharge coefficients can
range from about 0.2 to 1.0. Graphs giving C, values for specific applications may be found in
standard engineering handbooks and references cited therein, e.g., Perry's Sixth, pp 5-13 to 5-16. For
valves, the manufacturer’s literature provides effective areas (4,) as well as discharge coefficients.
For default screening purposes, use Cp, = 0.6 and assume a circular hole.

Non-Choked Gas Flow

The practical working equation for weight rate of gas discharge, adopted by the ASME Research
Committee on Fluid Meters is [6, p. 5-12]:

w = C,T4,\2(P, - P,)p, (80)¢

This “Bernoulli” type equation is applicable to discharge from the orifice or valve to the open
atmosphere for which the critical pressure ratio (Equation 69) is not exceeded. The factor 7

accounts for the change in gas density as it expands adiabatically from the reservoir pressure P, to
atmospheric pressure P;:
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7 - r%(k" ) 1‘]”"”/" 81)
-1 -F
in which
r =P,/P, (82)

These equations assume the entire exit stream is not mechanically restricted. If the flow is so
restricted (e.g., a pipe casing), then the 8 factor must be incorporated according to the reference.
Some modeling programs may assume that the expansion factor, 7, is close to 1.0, but this
assumption may introduce additional estimation error. For example, if #=0.6 and k= 1.4, then 7’
=0.75.

Non-Flashing Liquid Flow

_—""~~ The flow of a liquid, stored below its boiling point temperature, through a hole in
a vessel can be calculated by the same equation (80) as for non-choked gas flow,

except the expansion factor 1'is unity; i.e.,

w = CpA,2(P, - P,)p, (83)

For this, the total internal vessel pressure at the discharge point (P;) is the sum of the liquid head
(Py,) and any imposed pressure on the surface of the liquid, such as atmospheric air or an inert gas
pad for which this “vapor” pressure is therefore known and controlled:

P, =P, +P (34)

vapor

The liquid head pressureis -
P, = A4z,pg (85)

in which 4z, is the vertical height of the liquid above the release point. Equation 83 is often called
a “Bernoulli” equation.
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Example Gas Flow Rate Calculations
Constants Chlorine
Temperature T kelvin 300
Molecular weight M - 70.91
Ideal gas constant R Si 8314.4  Both the choked and non-choked equations are
Atmo. pressure P, Pa 101325  used for actual choked and non-choked flow
Discharge coefficient CD - 06 conditions to show the differences in results. The
Throat diameter D2 m 0.010  yomes for the incorrect combinations have been
Cp/Cv k 1.4 stricken out.
Throat area (Calc'd.) A, m? 7.854E-05
Parameters Case= 1 2 3 4
Reservoir Pressure Pl Pa 506,625 151,088 506,625 151,988
Reservoir pressure P 1 atm 5.0 1.5 5.0 1.5
Critical pressure ratio r, 0.528 0.528 0.528 0528
ratio = P,/P, 0.200 0.667 0.200 0.667
Type of flow per critical pressure ratio Choked Non-choked Choked Non-choked
Type of flow equation Choked Choked Mon-choked Non-choked
Flow equation No. 69 69 71-73 71-73
r = P4/P, for Upsilon (Eq, 72) 0.200 0.667
Adiabatic expansion factor (Bernoulii) 0.4023 0.8022
Reservoir gas density P kg/m® 14.40 432 14.40 432
Mass flow rate Woax kg/s 0.0872 6-:02615 60648 0.0705

Flashing Liquid Flow

~ ‘When a liquid, stored under pressure above its boiling point, is exposed through a hole to a region
of lower pressure, such as the atmosphere, it will flash as it flows. The two phase mixture will have
a much higher specific volume than the liquid, so the flow will be choked. The extent of flow
limitation (compared with non-boiling liquid flow, Equation 83) depends upon the degree of “-

subcooling” below the VLE equilibrium temperature of the

substance in the vessel. * If the liquid temperature is rela-

tively close to its atmospheric boiling point (Jow subcooling),

W vapor will be formed before the liquid reaches the final exit
. - a _position. If the liquid temperature is low enough

.. below its normal boiling point so that essen-

tially no vapor is formed before the fluid
s reaches the final exit position, it is said to be in
the high subcooling region. For accidental re-
lease modeling purposes, it is important to estimate the release rate of these “liquefied” substances
as accurately as possible; if the non-boiling liquid "Bernoulli" equation (83) is used for a flashing
liquid, the flow rate will be significantly overestimated. Below, the three most useful algorithms for

- X For these discussions, as in all preceding, it is assumed each phase in the reservoir, or container from which the
substance is being released, is homogeneous in temperature and composition, and the phases are in
temperature and composition equlibrium. This is the basis of the Homogeneous Equilibrium Model (“HEM”).
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flashing liquid choked flow rates are summarized, followed by recommendations for accidental release
modeling. Note that all algorithms presented are simplified procedures for pure components only.

A number of methods for estimating flow rates of flashing liquids through orifices and valves have
evolved; the latest of interest have been developed by the AIChE Design Institute for Emergency
Relief Systems (DIERS) [17,18,19]. Methods given in API Recommended Practice 521 [13] and by
Fauske's 1965 method adopted by Cude (1975) [32] are not considered because they lack sound
theoretical bases and/or are not validated by comparison with experimental data. The DIERS models,
based upon extensive experimental data, can account for two phase slip (different velocities for vapor
and liquid) for different flow regimes from the vessel, such as vapor-only, frothing, etc. The
Homogeneous Equilibrium Model (“HEM”), in which it is assumed that the phases are in thermody-
namic equilibrium (no phase velocity slippage), is the basis for several of the simpler DIERS modeling
programs. Coker [16] and Simpson [16b] present simplified methods based upon the HEM for sizing
pressure relief valves; these equations may be used in a reverse manner to estimated two phase flow
rates from valves and orifices.

The following simplified calculational methods are based on the HEM concept, which has been
recommended by AIChE-DIERS for emergency relief sizing design. According to Leung and others
he referenced [30], these methods should be valid for flow passages of at least 50-100 mm in length,
which are closely approached in most industrial type relief devices. The methods are presented below
in historical order. HEM-based flows are lower than those based on the more refined models which
consider phase slip.

Fauske and Epstein [20,24] state that if the stagnation pressure (P;) is substantially larger than the
vapor pressure corresponding to the stagnation temperature (7)), the all-liquid Bernoulli spe flow
equation can be assumed to calculate the flow rate. Thus, restating Equation 83 in terms of mass flux
(Equation 76), replacing P; with the saturation vapor pressure, P and dropping the subscript max
denoting maximum flux:

G = Cpy2(P, - P,)P,, (86)<

(This will be called the “Vapor Pressure Limited Flux.””) However, as subcooling approaches zero,
i.e., P, approaches P, those authors use the following approximate equation for low quality flashing

liquia's"r (fow subcooling):

AH Z |

G = v 1 (87)
4v, | TC »

in which 7'is the normal boiling point if discharge is to the atmosphere. The preceding equation is a
reasonable approximation as long as the vapor mass fraction obeys

* The symbol P, will be used for saturated vapor pressure of the pure component at stagnation temperature 7, to
avoid conclusion with other usages; also this is consistent with the references.

%ok Quality of a vapor/liquid mixture refers to the relative amount of vapor vs. liquid and is the mass fraction of vapor
(f,). The symbol x is often used for this parameter.
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P3 Vlv
f, < — " Coil\ep (88)
AH,

On the basis of five example pure compounds, Fauske and Epstein found that Equation 87 gives
good mass flux estimates if the void fractions (volumetric fractions vapor, Equation 99) correspond-
ing to the mass fraction vapor in the right-hand-side of Inequality 88 are less than roughly 0.90. For
propylene, this limit corresponds to a quality less than about 0.28.

To calculate flows for the transition region from subcooled to saturated stagnation conditions, where

the above inequality is violated, Fauske and Epstein suggested using the sum of the squares of
Equations 86 and 87, viz,

2
AH, ]
G =C. |2(P,-P + by (89)
b.|2(P, )P Av. Tsz

This will be called the “Fauske/Epstein Combined Equation.” Example calculations are presented
later.

Leung and Grolmes [32] developed a method for calculating choked flow of flashing liquids based
upon an approximate two-phase, pure component equation of state and basic isentropic thermody-
namics as discussed earlier. The single independent parameter of the equation of state is defined as

2
Cpl TI Ps 4 Vlv

! A Hlv

w =

(90)<
1%

in which Av;, is the difference in vapor and liquid specific volumes, AH}, is heat of vaporization, and
all properties are for the stagnation temperature T;. Defining the ratio

PS
¥ s = 7] (91)
and the critical pressure ratio
PZ
r, = — (92)<
PJ

these authors found an exact transcendental equation™ relating 7, to @ and 7, (shown later in Leung's
1992 method) along with the critical (choked) mass flux equation

* A transcendental equation has no analytic solution; it must be solved numerically.
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%

P,p
wr

5

G =vr (93)

[4

The equation for the critical pressure ratio, required by the above flux equation, must be solved
numerically to obtain solutions over all variable ranges. Leung and Grolmes also pursued a short cut
solution for 7, which used a second-order Taylor series expansion. The resulting quadratic expression
in 7, yielded the following explicit solution

F o= _2o ] - 1_i2w—1 (94)
¢ N 2w -1 r 2w

s

(Choked flux calculated by the preceding two equations will be called “Leung/Grolmes low sub- |
cooling” flux.) As in the Fauske/Epstein method, the properties for the above two equations are |
evaluated at the stagnation conditions. For Equation 94 to have a real solution, the following |
inequality must be satisfied:
2w - 1
>

< 95)

s 2w

This criterion distinguishes between the low subcooling region where the inequality is satisfied and
the high subcooling region where it is not. In the former, the fluid attains flashing prior to reaching
the choked location, while for the latter, no vapor is formed until the choked location is reached. For
the high subcooling region, Leung and Grolmes show that the Vapor Pressure Limited Flux, Equation
86 applies, and that the critical pressure ratio is #,. Example results for these calculations are
presented later.

Leung and Grolmes tested this algorithm against the very extensive tabulation for homogeneous
critical flow of water calculated from the generalized model by Hall and Czapary [22] in the entire
subcooled inlet regime. They found that the entire subcooled liquid inlet regime, the transitional
critical pressure ratio (Equation 94) was in excellent agreement with their computational results.
Using the transcendental equation for the critical pressure ratio in the low subcooling region, the
fluxes calculated by this model agreed well with the tabulated results in both high and low subcooling
regions. Standard errors for differences between the two methods agreed within roughly 2%. As the
stagnation temperature approaches the thermodynamic critical temperature, agreement becomes
poorer.

Leung 1992 [30] published a newer generalized HEM-based correlation (based on the preceding
work and other [28,29]) designed to estimate flashing choked flow of initially two phase mixtures,
as well as subcooled liquids. This capability is desirable for pressure relief device sizing applications
which can encounter frothing and foaming flows from reactors and other process equipment. Because
it is difficult, on an a priori basis, to specify such detail of two phase flow in accidental release
scenarios, the following discussion of this algorithm (and the equations therein) is primarily limited

- to initially liquid-only fluid states. If flows for initially two phase flashing fluids must be calculated,
please see Leung's paper; the expansion of the algorithm is fairly simple.
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With the above restriction, the so-called w correlating parameter for saturated conditions is
calculated by Equation 90 which is reproduced here:

2
Cpl TI Ps 4 Vi

Vl AHlv

W = (90)¢

The normalized mass flux is defined as

G’ =

G
— (96)<
VE1P

The generalized solutions are divided into the low and high subcooling regions as before by the
inequality:
r oy 29 o5
s ] + 20) ( )

where r, = P, /P; as before, in the low subcooling region where this inequality is satisfied, the
normalized mass flux is given by

%
{Z(I—rs) +2 a)rsln[-’:i —(w—])(rs—r)l}
G = 4 ©7)
r
w(—f——l +1
r

where r = P}/P; and the critical pressure ratio, 7 is found by iterative solution of the transcendental
equation

o5

w+— -2 - 3
@ rf—2(a)—])rc+wrsln =l +Zwr,-1 =0 (%8)
2r, r.) 2

As before, in the high subcooling region where inequality 95 is not satisfied, the vapor pressure
limited flux equation applies:

G =C, \/2 (P, -P,)p, (86)

and the critical pressure ratio is again equal to 7:

P
r.o= = y)
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The results for this algorithm were tested by Leung against the same Hall and Czapary data as before
with excellent agreement.

Comparison of Methods

To illustrate the relative “behavior” of the three methods for estimating flashing choked flow rates,
mass flux calculations were made over a range of liquid heads and for two storage (stagnation)
temperatures. The non-flashing liquid Bernoulli type equation results are shown for comparison.
Using chlorine for this example, the physical properties shown in the preceding Example for
Instantaneous Flashing Release (page 28) were fitted to smooth interpolating functions of tempera-
ture; the multiple correlation coefficients for all properties were all greater than 0.997. The liquid
heads from the surface of the liquid down to the release level in the closed, static vessel to which an
exit device would be attached were varied from zero to ten meters. Considering the normal boiling
point of chlorine, 238.55 kelvin (-34.6 C), curves of mass flux vs. liquid head were obtained for 250
and 290 kelvin stagnation temperatures. Table 2 shows the r_ values and corresponding minimum
liquid heads required for high subcooling. Figures 5a and 5b present the curves. Note that curves
are shown only for their liquid head ranges of valid existence (e.g., the Leung/ Grolmes low sub-
cooled flux for 250 kelvin does not exist). |

At 250 kelvin (Figure 5a), the
curves for the three flashing
choked flow methods are close to

Table 2.

Minimum r, Ratios and Liquid Chlorine Heads vs.

eaf:h other because subcooling Stagnation Temperatures {Leung 1992 Method)
exists essentially over the whole st ’ Min Min

.. - agnation inimum inimum
hq.md head range. At 290 kelv%n Temperature rg for high Liquid Head
(Figure 5b), the Fauske/Epstein T, subcooling re
Combined Equation curve is kelvin m
higher than the others for flashing 238.56 0.9869 0
flow, the Vapor Limited Flow 240 0.9863 0.10
Equation for high subcooling ap- 250 0.9824 0.19

plies for both the Leung/Grolmes

and Leung 1992 methods for lig- 260 09777 0.35
uid heads greater than about 2 m. 270 0.9725 0.57
The Leung/Grolmes low sub- 280 0.9666 112
cooling curve makes a smooth 290 0.9600 1.84

transition to the high subcooling
curve from zero to 2 meters.
The Leung 1992 low subcooling flux is significantly lower; this anomalous behavior is unexplained.

Leung states that for reduced temperatures (7, = 7/T,) above 0.9, or reduced pressures (P/P,) above
0.5, the correlation tends to underestimate mass flux. In Figure 3 of his 1986 paper [29], Leung
shows normalized mass flux and critical pressure ratio curve families in which separate curves are
drawn for reduced temperatures from 0.90 to 0.99. The higher the reduced temperature and w, the
larger the divergence.
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Figure Sa. Chlorine example flashing choked flow rates for 250 kelvin.
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Figure Sb. Chlorine example flashing choked flow rates for 290 kelvin.
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In release modeling work, worst case scenarios are used, such as flow from the lowest possible
release point in an almost liquid-full storage tank. Thus high subcooling should apply for most cases,
in which the Vapor Pressure Limiting Equation should be used, according to the Leung 1992 and
Leung/ Grolmes criteria. For this, the user should check the limiting criterion and select a large
enough liquid head accordingly. If the total pressure for the release indicates low subcooling, but the
physical dimensions involved in a particular application do not allow large enough liquid heads, an
artificially high total pressure (P;) should be used; this will give “worst case” estimations. For the
chlorine example, Table 3 shows the minimum liquid heads required by the Leung 1992 criterion
(Inequality 95) vs stagnation temperatures so required.

Conclusions. The Fauske/Epstein Combined equation appears to be an ad hoc suggestion and no

comparison with data was cited by those authors. The Leung/Grolmes and Leung 1992 correlations

appear to differ little, except at high liquid heads and high stagnation temperatures (high subcooling).

Leung and Grolmes, and Leung (1992) state that by using the critical pressure ratio from the
transcendental Equation 98, calculated fluxes all agreed well with the Hall and Czapary data. |
Because the Leung 1992 correlation is an “upgrade” of the earlier work with Grolmes, it can be |
recommended.

Figures 6 and 7 are the Figures 3 and 5 dimensionless design charts provided by Dr. Leung from his
1992 CEP paper* Figure 6 can be used to quickly estimate flashing choked flows of subcooled
liquids after calculation of the independent variables w and r, from stagnation conditions. Note that
the “bounding” mass flux curve, from which the “w tails” depend, are for high subcooling calculated
by the Vapor Limited Flux equation. Flow rate estimates made by use of this graph should be
sufficiently accurate for the purposes of the manual. Figure 7 relates non-flashing two phase flow
to flashing liquid flow for cases wherein the fluid being released may be subcooled or a two phase
mixture according to the HEM. For this, the parameter ¢ is the volumetric fraction of vapor or void
fraction, of the fluid at the release point. Given the mass fraction vapor (4), then

v
v v

o =
(I =1)vi*1,v,

(99

where subscript / would denote stagnation conditions. Also in the design chart figures, we have used
w’ = ¢y + . This chart can be used for frothing or foaming type releases. Note that if @; = 0 and
w = 1, the correlation mass flux equation reduces to that for gas-only choked flow (Equation 77).
Leung points out that the correlation is only applicable to a pure component fluid, strictly speaking.
However, he found that if multicomponent mixtures contain compounds of boiling range within
about 100 degrees kelvin, the pseudo-pure component approach appears to give good results. For
wider boiling range mixtures, he stated that the pseudo-pure component approach tends to
underestimate the mass flux.

In summary, the above correlations can be used as simplified methods for accidental release
modeling as first approximations, considering the constraints on parameter ranges (e.g., screening
studies). If higher accuracy estimates are required, i.e., the released fluid is near or above its critical
point, or for wide boiling range mixtures, generalized models (e.g., Equations 74 and 75) should be
used with appropriate thermophysical properties capabilities.

*  For consistency, certain of Leung's symbols have been changed in this text, namely, he used ) for ratios,
subscript o for stagnation, and subscript Je for vaporization, whereas », /, and /v are used here, respectively.
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Figure 6. Design chart for flashing liquid flow (Leung 1992).
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The following example is for the flashing choked flow of liquid chlorine from an orifice; the critical
pressure ratio an mass flux were found graphically from Figure 6 preceding. Note that the derived
values are listed in the order found. Entropies and densities were taken from the fitted equations as
in previous examples.

Example: Liquid Chlorine Flashing Choked Flow Rate

Constants Svmbol Units Value Reference
Molecular weight M NA 70.91
Gravitational constant 2 Sl 9.807

Stagnation (Reservoir) Parameters

Temperature T, kelvin 290.0 Given

Vapor entropy Sy Jkg-K] 2909.8 Fitted data
Liquid Entropy si JkgK] 2016.8 Fitted data
Liquid head (1.0 meter) Az Pa 13,811 Given

Vapor pressure P, Pa 608,652 Fitted data
Pressure at orifice P, Pa 622642 Ps+ Az

Heat of vaporization Ap, Jikg 250,629 Fitted data
Liquid specific volume vy m3/kg 7.104E-04 Fitted data
Vapor specific volume v, m3/kg 0.05168  Fitted data
Specific heat of liquid, const. P Cl Jkg-K] 1166.0 Fitted data
Leung’s correlating parameter w 12.0 By Equation 90
Pressure ratio I, 0.978 By Equation 91

The following two quantities were then read from Figure 6 using r_and w.

Normalized mass flux G’ 0.26 Equation 96 defines
Critical pressure ratio r, . 0.89 Equation 92 defines
Mass fiux G “kg/m?:s] 7,698 Equation 96

Orifice diameter D, m 0.010 Given

Orifice area A, m? 7.854E-05  Circle

Discharge coefficient Cp 0.6 Given

Choked mass flow rate Woax kgls 0.3628 =CpA,6

Flow from Pipes

Accidental release modeling often requires estimation of — T~
vapor and liquid flow rates from broken pipes, open valves
connected to pipes, etc. Often an application is concerned with
discharge to a flare header piping system, which may contain
long pipe runs, several liquid knockout vessels or devices, etc.

Flow of fluid through a pipe, or piping network, is initially
determined by the inlet pressures from pumps and/or vessels;
fluid temperatures affect density and viscosity. As the fluid flows through the pipes, energy loss
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influences the flow rate due to pipe wall roughness, bends and elbows, pipe elevation changes,
constrictions, liquid flashing, etc. The technology for calculating such flows has been developed over
many years and is beyond the scope of this Manual. However, a few comments and references
follow. Beyond that, it is recommended that knowledgeable engineering advice be sought.

Smith and Van Ness (page 220) give an equation for the maximum fluid velocity in a pipe of constant
cross section; we note that this equation is equivalent to those given above for choked flow through
orifices. In both situations, the maximum flow rate is the speed of sound in the fluid, as noted before.
The following is quoted from those authors: “However, the speed of sound is the maximum value that
can be reached in a conduit of constant cross section, provided the entrance velocity is subsonic. The
sonic velocity must be reached at the exit of the pipe. If the pipe length is increased, the mass flow
rate decreases so the sonic velocity is still obtained at the outlet of the lengthened pipe.” When the
pipe becomes very long, as in a catastrophic failure of a high pressure pipeline, the phenomena
become very complex, and sophisticated computer programs are required to model well the
“blowdowns” to obtain discharge mass flow rates and fluid states. For example, depressurization
shock waves have been observed to travel backwards along the pipe from the open end. Some
programs are commercially available for dynamic simulation of pipeline operation and blowdowns;
see Norris [32b, 32c¢].

In most release modeling applications, it suffices to make worst case estimates of release rates by
applying the principles discussed above for holes. However, if detailed estimates for discharge from
a (long) pipe are required, the methodology described in API Recommended Practice 521, Guide for
Pressure-Relieving and Depressurizing Systems [13] can be a starting guide. (This reference is
currently being revised. [1995]) Also, the pipe flow calculation methods contained in Perry's Sixth,
Chapter 5 can be employed. Sometimes it is only necessary to find the operating discharge rate of
a pump which feeds the pipe(s) of interest.

Two phase fluid flow, especially with liquid flashing involved, is even more complex than that for
single phase flow mentioned above. Much work has been done over the years to develop un-
derstanding and design methods for systems involving flashing and two-phase flow of fluids through
pipes.

Several methods for estimating flow rates of two-phase and/or flashing fluids through pipes are:

Leung and Ciolek extended the former's 1992 correlation for flashing liquid flow through
orifices to pipes [31]. The general model, which covers any extent of subcooling, requires the
simultaneous solution of three transcendental equations. However, if the liquid is highly
subcooled, the mass flux for a pipe segment is calculated by a simple, explicit function of
stagnation pressure and temperature, vapor pressure at stagnation temperature, pipe length, pipe
diameter, and the Fanning friction factor.

Perry's Sixth, pages 5-44 to 5-45, summarizes a general computational scheme for this
phenomena which assumes the liquid and vapor flow at equal velocities.

The SAFIRE computer program [19] was developed under the auspices of the American Institute
of Chemical Engineers, Design Institute for Emergency Relief Systems (DIERS) research
program. SAFIRE contains several models, including one for homogenous equilibrium flow (no
vapor/liquid velocity slip) and one with velocity slip. The development work was done
primarily to improve methods for sizing pressure relief systems on pressure vessels such as
reactors. References 17 and 18 also provide manual calculation methods.
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HE.A. van den Akker [35,36] presents mathematical models for flashing, choked flow in pipes,
based upon experimental data especially obtained for model development. The results from the
model agree fairly well with the experiments, but that author notes that more experimental work
and understanding of the phenomena is required.

* Additional references, including some for experimental and development work, are given in the
Chapter 3 section of the References.

Computer programs are commercially available for the design of safety relief systems; these can be
used in a reverse manner to estimate flows through and from particular equipment configurations.
Those of which the author is aware treat steady state operation only, and some can treat complex

networks with bypasses, etc. These programs are often available from companies which market
process flowchart simulation software.

Initial Jet Expansion

General Considerations

If a gas or two-phase fluid in Bernoulli (non-choked) flow exits a hole or

valve to the atmosphere, the initial expansion will be small, if any, so the ™
diameter of the jet stream will not differ significantly from the effective <
diameter of the hole. This diameter can be used directly for input to turbulent
jet models for near field dispersion. On the other hand, as the vapor or ¢
vapor/liquid mixture in choked flow exits a hole or valve, it expands by doing
work against the atmosphere which also causes it to cool. The initial expansion is extremely rapid.

During this expansion, air is violently and rapidly entrained into the jet stream; they are usually called
turbulent jets.

The initial expansion is extremely rapid and occurs in a short distance as observed with high speed
photography of high pressure jets. Then, the rate of growth by air entrainment is seen to be not as
rapid as initially. No experimental data has been found, or experimental methods devised, to
investigate temperatures and concentrations within the initial expansion region, to the author’s
knowledge. Two models for initial expansion are presented below. Mathematical models for the
following “entrainment region” usually are formulated with the rate of air entrainment to be
proportional to the circumferential area of a differential slice through the jet perpendicular to its travel
path. Thus for near field applications, where the concentration of released substance in the jet
strongly depends upon the jet diameter, the initial jet diameter should be estimated as accurately as
possible, for expanded diameters can be several times the throat diameter. The higher the reservoir
pressure, the more will the area of the initially expanded stream differ from that of the outlet. For
applications in which dispersed concentrations are of interest only in the far field, it may not be
necessary to calculate the expanded jet diameter and other properties; this is because the amount of
air entrained into the plume in the near field becomes negligible with respect to the total amount of
air entrained over the whole path of the plume.

Initial Jet Expansion Models

This expansion process is actually irreversible, for the restoring force is the constant atmospheric
pressure. However, the general practice has been use models that are, in some part, based upon the

concept of reversibility. Two simple models are described below, then their advantages and
drawbacks are discussed comparatively.
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Model 1. The expansion process uses a control volume drawn around the stagnant reservoir, the
orifice, and the initially expanded jet. Assume that no heat is transferred to or from the released
stream with the air, and that there is no mixing with the air. The steady state process is assumed to
be reversible and adiabatic, hence isentropic. Because it is assumed that liquid head (4z), heat
transfer (Q), and shaft work (&2, af) effects are negligible, the first law Equation 44 reduces to

H,-H, = AH = -Zu; (100)

for u; = 0 at the stagnant reservoir inlet to the orifice. Solving Equation 31 for the (expanded) jet
area, 4, substitution of the result into Equation 100, and rearranging gives

4y = (101)4
3 .
psV —24H
Therefore, the expanded jet diameter is
44,
D, = |—. (102)%>
Y/

Equatlons 100 and 101 constitute the initially expanded jet model. The atmospheric pressure is
known*. For a vapor phase only system, the problem is to find the temperature (73) so the density
and enthalpy can be found. For a two phase system, this temperature is the atmospheric boiling point,
but then the fractions of vapor and liquid must be found so the enthalpies and specific volumes for
each phase can be combined to find their bulk values, AH and v, respectively. A solution may be
obtained by assuming that the process is isentropic. Then for gases, either ideal or real, the concepts
used to develop Equation 52 can be used to obtain the temperature. For aerosols, the vapor fraction
can be found by Equation 62.

Model 2. The cross-sectional area of the expanded jet is found by balancing the stream momentum
change against the net pressure force on the expanding region of the jet’s cross-sectional area.

w__(u,~u,) = A,(P,~P,) . (103)

The left side of the preceding equation represents the momentum change of the stream on expansion
to atmospheric pressure and the nght side represents the force required for expansion; SI units-of-
measure are newtons = [kg ¢ m]/[s ]. The geometrical concepts are shown in Figure 8. This equation
may be rearranged to

* Atmospheric pressure (P3) usually can be that for mean sea level (MSL), 101325 Pa. For high elevations, this
pressure can be taken from the definition of the Standard Atmosphere (Weast and Astle, [4-19]).
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2
U; = u, + ( p, 'P3> : (104)<
wmax
Thus, by Equation 31,
Total Expanded
Area =A3
A, = L
3 = . (105) | _mwwoat 7T
Uz Ps

Constant mass

3 e A
\ flow rate = w
e

Area = Ay-A,
Pressure Py

Pressure £, Velocity u,
Velocity u, =

Now, although the expanded velocity has Figure 8. Expanding Jet Force Balance.
been found without resorting to thermody-

namic functions, the density, p; must still be found. For this, the first law for a control volume
around the orifice throat and the expanded jet plane can be used:

I
4H,, = H;-H, = “‘2‘[1‘3:2_7"22]- (106)

The total enthalpy for the expanded jet, H;, is found from thermodynamic tables, charts, or
appropriate computer routines at atmospheric pressure, with the throat velocity, #, being available
from the throat calculations. Therefore, using u; from Equation 104, H; can be found from the
preceding equation. Equation 65 gives the fraction vapor (substituting subscript 2 for subscript 1),
which may then be used with the corresponding liquid and vapor specific volumes to calculate the
bulk density for Equation 105. If the expanding jet is a non-condensing gas, H; from Equation 106
can be used to find the corresponding temperature at atmospheric pressure from thermodynamic
tables, etc., which also provide the specific volume.

Comparison_of Methods . Both methods conserve mass (e.g., Equation 105), and energy
(Equations 100, 106). The first method is based directly on the First Law, as are the models for
calculation of the choked mass flow rates. The calculations are simpler than for Method 2 because
the throat parameters (e.g., velocity, temperature, etc.) need not be obtained. Because a third
relationship is needed to define the process, isentropicity is assumed, which is consistent with the
assumptions used to calculate the choked mass flow rate. However, this assumption is an idealization,
for entropy change is always greater than zero. The second method balances pressure force against
momentum, so the isentropicity assumption is not required to solve the problem.

We note that the AEROPLUME turbulent jet model of HGSYSTEM (version 3.0) uses Method 2 for the
diameter of the expanded jet. However, for the vapor only example below, for which the physical
orifice diameter is 1.00 cm, Method 1 gives an expanded jet diameter of 1.72 cm, while Method 2
gives a diameter of 0.80 cm.
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Example Calculations

Vapor-only jet. The expanded jet diameter was calculated for Case 1 of the choked mass flow rate

example for chlorine vapor presented on page 34. The input and derived quantities, along with

references to equations used, etc., are presented in a stepwise manner in the following box. Chlorine
- was assumed to be an ideal gas.

Example: Expanded Jet Diameter
for Chlorine Vapor Choked Flow

Parameter Symbol Units Value Reference

For the reservoir

Temperature Tl kelvin 300 Page 35
Pressure P, Pa Page 35
Vapor heat capacity, const. pressure va JkgK] 60.9 Page 35
Heat capacity ratio k 1.4 Page 35
Exit mass flow rate Whax ka/s 0.0872 Page 35 |
For atmospheric conditions
Pressure P3 Pa 101,325 Mean sea level
Temperature T, kelvin 189.4 By Equation 55
Gas density P3 kg/m? 4.562 Gas law: = MP/IRT]
Enthalpy change AH Jikg -6734.8 Eq. 50: = CP[T3-T1]
Expanded jet area A3 m? 2.329E-04 Equation 100
Expanded jet diameter D, cm 1.72 Method 1
Expanded jet diameter D3 cm 0.80 Method 2

Note that the expanded “gas” temperature, 7’3, was calculated to be 189.4 kelvin, whereas the normal
boiling point of chlorine is 238.6 kelvin. Thus the implied assumption that the gas is non-condensible
is wrong. A more correct way would be to calculate the expanded diameter by using the isentropic
VLE Equation 63 to find the fraction vaporized at the normal boiling point, then continue as in the
following example for flashing liquid flow. (This exercise has been omitted.)

Flashing Liquid Jet The example flow rate calculation for flashing liquid chlorine presented on page
45 is extended below to find the expanded jet diameter in the box on the following page.
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Example: Expanded Jet Diameter
for Flashing Ligquid Chlorine Choked Flow

Parameter Symbol Units Value Reference
For the reservoir
Temperature T, kelvin 290 Given
Entropy of liquid Sy JkgK] 2016.8 Fitted data
Enthalpy of liquid H,=H, Jikg 523,633 Fitted data
For the expanded jet
Temperature (normal boiling point) T; = Tygp kelvin 2386 Tables
Entropy of liquid Si3 Jkg-K] 1834.8 Fitted data
Entropy of vapor Sus JMkgK] 3021.9 Fitted data
Fraction vapor f, 0.153 Equation 62
Fraction liquid f] 0.847 =1-1,
Specific volume of liquid Vi3 m3/kg 6.434E-04 Fitted data
Specific volume of vapor V3 m/kg 0.2742 Fitted data
Specific volume of aerosol vy m3/kg 0.2322 Equation 56
Density of aerosol Ps kg/m3 4307 15 (Equation 57)
Enthalpy of vapor H,s kg/m?3 523,633 Fitted data
Enthalpy of liquid Hy, kg/m3 234,833 Fitted data
Enthalpy of aerosol H, kg/m3 279,110 Eq'n 24; 1 =liq, vap
Enthalpy change AH Jikg -14,779 Hj - Hy
Mass flow rate Wynax ka/s 0.3628 Page 45
Area of expanded cross-section A, m 4.899E-04 Equation 100
Physical orifice diameter D, m 0.010 Given
Expanded jet diameter D, m 0.025 Method 1
Expanded jet diameter D, m 0.017 Method 2 (AEROPLUME)

Note that the expanded diameters for the two methods are relatively greater than in the case of the
gas only release example. This is expected because of the vaporization. Because of the enthalpy (per
unit mass) of liquids are much greater than for vapors, at a given temperature, a particular increase
in reservoir temperature should give higher expanded diameters compared with gas-only releases.
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Evaporation
Introduction

Mass flow rates from the evaporation of “spilled” substances which form liquid pools on ground
surfaces, and for floating contiguous liquid areas on water surfaces, depend upon a number of
variables. These variables include the mass flow rate and chemical composition (properties) of the
substance flowing onto the surface, energy sources and sinks involved in providing the net heat
of evaporation, the shapes (e.g., area and depth) of the pools, and boundary layer variables
affecting mass transfer into the atmosphere (e.g., wind speed). The estimated mass flow rates into
the air are then used with appropriate dispersion models, as discussed elsewhere in this manual.
In general, the process is time dependent. However, it may be possible to use initial, maximum
evaporation rates for dispersion estimates in particular applications, or for screening purposes.

The evaporating liquid may be a pure- or multi-component mixture. Bulk properties can be found
by methods referenced in preceding sections of this chapter, or as cited in the accompanying
references; in certain cases, a direct reference is provided. Note that if the liquid is multicompon-
ent; its composition and therefore bulk properties, will usually be dependent upon time.

The relevant mass and
energy flows are depicted
in Figure 8. The evapora-
. Mass Flow

tion flux (mass flow rate in  Evaporative
per unit area) from the
upper surface of a pool is
determined by the net en-
ergy available for the
phase change process. Dike
This process is usually
treated as isenthalpic and | —
reversible which assumes /
that the kinetic energy is
negligible with respect to
the heat energy required.
Thus, the mass rate of Figure9.

evaporation is ultimately determined by the heat available divided the heat of evaporation. The
net energy at any instant is affected by long and short wave radiation and by heat conduction from
the air and ground (or water) surfaces. If the size of the pool is unknown or growing, it is
common practice to assume that the spill spreads onto a perfectly level smooth surface of infinite
area; the liquid area changes with time, perhaps to some upper limit. This areal limit may be
defined by dikes around storage tanks or other barriers, by equating the total mass evaporation
rate (flux » area) to the constant input liquid flow rate, or by other forces such as surface tension.

Evaporating Pool Mass and Energy Flows

Atmospheric Radiation

Solar (UV) Infrared Vaporization

Energy Convective heat from the air

Surface Tension
& Viscous Drag

Gravity Spreading
o PE ==> KE

Thermal Conduction

from the ground Mass Seepage

Two evaporation regimes can occur: The boiling pool regime takes place if the boiling point of
the liquid being spilled exceeds the temperature of the ground or water surface. In the case of a
spill onto the ground, if the amount or rate of the spill is large enough, the temperature of the
ground at the liquid interface will eventually approach the boiling point of the liquid, which
reduces the heat transfer rate to very small values compared to other energetic processes. Thus
in situations where conductive and radiative energy processes are small relative to the heat of
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evaporation, the convection limited evaporation regime is dominant. The principal factors
controlling convective evaporation are the liquid vapor pressure and wind flow variables.

All the models discussed later assume that the evaporating pool is formed on a perfectly level, flat
surface. The surface may have varying textures, and thus heat transfer coefficients. The area of
the pools may or may not be limited by dikes (berms). The heat transfer rate from the ground is
found by the “standard” semi-infinite slab model, wherein the ground is initially assumed to be
uniform in temperature and homogeneous in thermal conductivity. At zero time, the initial pool
surface contacts the smooth, flat surface of the slab; some models allow the initial cylinder to
expand successively in surface areal increments as the pool grows circularly, possibly until a
specified limiting radius is reached.

Following is a summary review of the more recent literature. These references were drawn upon
to present the most applicable algorithms for modeling the various phenomena. Finally, a
numerical example is given for the boiling pool regime. Scenario 8 in Chapter 6 is an example for
the convection rate limited regime.

Evaporation Model Survey

The features of the more recent mathematical models for pool evaporation are summarized in
Table 3. All of these models draw upon the work of others, and often the same algorithm or
correlation for a “building block” is used by several authors. Unless otherwise noted, the models
are based on the simultaneous solution of heat and mass transfer equations; numerical solution
methods are usually required. The common heat conduction algorithm is the semi-infinite slab
model which is described later. For the most part, the models all assume a homogeneous liquid
pool with no leakage from its bottom. All models produce the evaporation rate, or flux as a
function of time, with the exception of Fleischer's, which produces dispersed concentrations from
a coupled Gaussian puff dispersion model as functions of time or for the steady state. Also,
Kawamura and Mackay estimate point value evaporation fluxes only. The models, or modeling
systems, are described in approximate chronological order. Distinctive features of these models
are briefly described.

Wu and Schroy, 1979 [52]. This modeling program calculates the emission rate as a function
of time from a continuously replenished, quiescent pool containing a pure component or a binary
solution (e.g., water, volatile solute). Spill rate from a hole is calculated for flashing and non-
flashing flow. The convective heat transfer coefficient is found by a relationship derived for
cooling water ponds.

The documentation for this program is very limited. The user must supply all physical properties
and conditions, including those associated with radiation and wind speed. This program was
developed before suitable experimental evaporation flux data became available for validation. The
computer program (Fortran) and documentation is available from the Monsanto Company at no
charge, provided the user agrees to supply Monsanto with computer-readable copies of any
modified program developed.
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Fleischer (1980) [41] developed the Shell Spills model before dense gas dispersion models became
available, so the Gaussian puff model was used for time dependent dispersion. Dispersed concentra-
tions as functions of space and time are output from the Fortran program. The algorithm is unique
in that it treats the freezing of wet ground which affects conduction heat transfer rate. The program
uses a liquid-to-air convective mass transfer correlation developed for distillation columns. This
program was developed before suitable experimental evaporation flux data became available for
validation.

Shaw and Briscoe (1978, 1980) [37, 48] presented general models for evaporation from land and
water substrates for instantaneous (total amount) vs. continuous (finite liquid flow rate) situations.
Approximate, integral solutions to the general models are also given and are several are presented
below. For spreading on water, the evaporative mass flux must be externally supplied, while the
spreading-on-land model equates the evaporative flux to the net excessive heat derived from
conduction.

Kawamura and Mackay (1987) [44] focused on estimation of the evaporation flux on the basis of
comprehensive heat balances. Some of the sub-model terms are based upon correlations based on
their experimental work. The basic model uses the temperature of the upper surface of the pool for
radiative heat transfer. A variant of the model eliminates the surface temperature to use the bulk pool
properties. Comparison of the two models with experimental data indicates that the surface
temperature form is better, but requires iterative numerical solution.

Webber and Brighton (1987) [51] were concerned with the fluid mechanics of determining the area
of a pool spreading freely on a liquid or solid surface. Thus they assume the evaporative mass flux,
or regression rate, is a known function. (This is complementary to Kawamura and Mackay's interest.)
They note that surface tension effects can have significant consequences for an evaporating pool. As
the liquid evaporates, the level cannot (in their model) drop below a minimum, surface (interfacial)
tension controlled thickness. Therefore, once the pool as a whole reaches this minimum depth, then
further evaporation implies that either the leading edge must retreat (shrinkage) or “holes” must
appear in the middle.

Hesse (1992) [43] assumes the liquid spill occurs on a level, unobstructed substrate and that the free
surface takes on a parabolic shape with the leading edge limited to a minimum depth determined by
surface roughness.

Cavanaugh, Siegell and Steinberg (1992, 1994) [38, 39] of Exxon describe a fairly extensive spill
modeling program (LSM90) which incorporates many of the algorithms heretofore described. The
program treats boiling and non-boiling pools, multicomponent substances, water and land substrates,
and dikes on land. Originally, the physical property calculations were coupled to the DIPPR database.
However, the model has been placed into the public domain by incorporation into HGSYSTEM (version
3.0) where it has been interfaced with the common DATAPROP module physical and thermodynamic
properties for multicomponent VLE calculations. The HGSYSTEM supervisory program prepares an
intermediate input data file in the LSM90 format for execution. Bernoulli, flashing choked, and user-
supplied flow rate calculations from holes to the pool are retained.

Reynolds (1992) [47]. The PUDDLE submodel contained within the fairly comprehensive ALOHA
accidental release modeling program system assumes that either the pool area or pool depth are
known, from which the unchanging pool area is derived. The model uses Kawamura and Mackay's

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4bc8 S EE 0732290 05L0043 3586 WA

Source Modeling 3-57

methods for estimation of evaporation flux. Brighton's methods are used for calculating convective
mass transfer based upon atmospheric boundary layer parameters. The puddle is approximated by

a rectangle with five equally spaced point sources aligned along a center axis normal to the wind
direction.

Spill Rates

If a vessel catastrophically fails by a major rupture or very large hole, the release can be treated as
instantaneous. On the other hand, if the release is from a relatively small hole (such as a pipe, valve,
or puncture), the total release flow rate will depend upon the parameters discussed in a previous
section (Flow Rate Estimation). In all situations, it is necessary to specify the fraction of liquid which
goes into the evaporating pool. If the atmospheric boiling point of released material is above ambient
temperatures (which includes the ground or water surface), then the total amount or rate of liquid
flow may be calculated from the vessel's liquid content or by the Bernoulli equation respectively.
However, if the release involves a flashing liquid, then some or all of the liquid may remain
suspended as an aerosol in the dispersing vapor cloud; only a fraction (if any) of the initially formed
liquid phase falls to the surface to form a pool. Another situation could be the release of a saturated
vapor, e.g., from a pressure relief valve on the the top of a distillation column. The initial liquid
fraction can be estimated by Equations 62 or 63, but if the discharge is directly to the atmosphere,
the liquid may be totally suspended as an aerosol. On the other hand, if the relief valve discharges
to a flare relief gathering system, some of the effluent liquid phase could be removed by devices such
as demisters and in knock-out drums.

Aerosol Formation

Methods for estimating the fraction of liquid remaining suspended as aerosol (f,ey,s0)* are very
scarce. Fauske and Epstein [20] who refer to Bushnell and Gooderum [37b], state: “It is now well
established that if a liquid is heated to above its boiling point at atmospheric pressure and released
into the atmosphere, it disintegrates into fine droplets in the 10-100 um size range9 . Such small
droplets will become airborne as a result of the momentum of the release and the wind.” This
statement is somewhat too all-inclusive, for many parameters govern how much of the theoretical
liquid fraction formed in the initially expanded jet or cloud will fall to the ground, thus forming an
evaporating pool. The following is an overview of the phenomena involved in causing (or preventing)
liquid rainout, as well as of research in this area.

Governing Phenomena. When a superheated, flashing liquid is exposed to the atmosphere, the total
substance (in the case of an instantaneous release) or the jet stream (in the case of a release from a
hole) will attempt to establish thermodynamic equilibrium within itself and with its surroundings. In
the initial expansion, before a significant amount of air can mix in, energy contained within the stream
in excess of that required for vaporization can be used to form liquid droplets as well as kinetic
energy; the gas formation-expansion process is disruptive. The energy required to form droplets,
relative to a single volume of the liquid (low surface area) of the same total, equals the product of the
surface tension times the surface area. For spherical droplets, the total surface area of N droplets of
uniform diameter D can be calculated from the liquid density and the surface areas and volumes of
spheres for a unit mass of liquid. Such calculations show that the energies required to form very small

* Defined as the fraction of liquid remaining suspended basis the total liquid remaining affer flashing.
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droplets (e.g., 1 - 10 pm average diameter) are small fractions of the total enthalpy changes for
flashing choked flow releases.

The settling velocities of particles (droplets) in s#ll air are primarily a function of density, size and
shape as well the density of air (Perry’s Sixth, pp 5-63 to 5-68). Table 20-102 (Perry, p. 20-78) also
shows the size ranges of common atmospheric dispersoids, such as clouds, fog, rain, mist, dust, etc.
A particle dropped from a given height will travel given distance horizontally before it impacts; this
distance depends upon the horizontal wind or jet velocity, and the turbulent flow regime of the air.
In a general, particles of sizes less than 100 um will tend to stay suspended for wind speeds greater
than about 2 m/s if released at heights greater than 1 or 2 meters. Think of fogs and mists. Because
of the forces described below, most jet releases will cause droplets larger than 100 pm to remain
airborne.

Many other forces operate in the turbulent, flashing jet or in the instantaneously forming vapor cloud.
Mechanical breakup forms aerosols through surface stresses as the stream flows through the
atmosphere. The high turbulence generated within the expanding jet entrains air at a high rate.
Depending upon the air temperature and other factors, heat will be exchanged with the vapor and
liquid released substance. If the air is warmer than the initially expanded jet (the usual case), then
droplet evaporation rates will be enhanced because of temperature and vapor phase dilution by air.
Thus as the jet or cloud travels, the liquid droplet fraction will decrease. Also, because of surface
tension, large drops tend to grow at the expense of small drops through collision. On the other hand,
if a water miscible substance is released with high superheat, and the atmosphere is cool and humid,
stable fogs can be formed in which the liquid droplets are aqueous solutions of the released
substance(s). Of course, the ground surface temperature is important; cryogenic substances may
instantly vaporize on impact (for relative small release rates/amounts). Melhem describes a model
which comprehensively treats most of these, and other rainout phenomena (Fthenakis [45b]).

In field experiments of flashing liquids released through orifices, such as the Desert Tortoise test for
ammonia and the Goldfish tests for hydrogen fluoride, all the liquid remained suspended (f,,,,,s0; =
1). The AIChE Center for Chemical Process Safety (CCPS) has been sponsoring an aerosol research
program since 1987. The first version of the 1989 CCPS RELEASE model is used in the Exxon
LSM modeling program [38] for pure components. That program uses heuristic rules to estimate the
amount of flashing liquid rainout. This preliminary model over predicts the liquid “rainout” and is
applicable only to pure components. Research in this area is ongoing.

Rainout Algorithm. Considering the purposes of this manual, before-the-fact estimation of
consequences from given release scenarios, the following stopgap algorithm is suggested for use on
a worst case basis (7 is the storage or stagnation temperature, Typ is the normal or atmospheric
boiling point temperature, and f; is the fraction liquid from flashing):

A, Liquid is released:
1. IfT;<Tygp,thenf; =landf,, .,=0.
2. IfT;> Tygp, then calculate f; and,

a. If f;is small (e.g., less than 0.2) or the degree of superheat
exceeds 10 degrees kelvin, then use f,,,...; = 1 (no pool
formed),

b. else, use f; as calculated with f,,,.,;=0.

B. Saturated vapor is released:
— Calculate f; and use f, =] (no pool formed).

erosol
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Alternatively, the worst case downwind concentrations can be bracketed by assuming that all /; of the

substance goes into the pool on one hand, and that all the substance remains airborne with f; liquid
droplet fraction on the other hand.

Size and Shape of Pools

Concepts. Ifthe input liquid flow to an evaporating pool is great enough compared with evaporative
losses, the pool will grow until this flow stops (assuming no other losses). Otherwise, the pool can
reach a steady state size governed by input flow rate matching total evaporation rate. If the release
time is small compared with this spreading time, say less than a minute or two, and the maximum pool
area can be specified, it may be adequate to assume the spreading as well as the release are essentially
instantaneous. In that case, only the initial, total amount of liquid spilled over the given area is
required to estimate the evaporation losses over time. On the other hand, and assuming that the pool
is formed on a perfectly level, flat, impermeable surface, with or without a containment dike or berm,
this growth will first consist of spreading in a radial direction, then, when the dike is encountered, the
depth increases. In practice, some spill scenarios involve a circular storage tank placed in the center
of a square area contained by a dike. For these purposes, the horizontal area of the tank can be
subtracted from the total diked area, to give the available area for pool formation. Then, evaporation
from the net equivalent circular area can be estimated by the methods discussed below.

The simplest models for liquid spreading are based on a kinetic vs. potential energy balance to obtain
the volume as a function of time. If the substrate area is infinite in extent, then this simple model
theoretically allows the pool to spread to an infinite radius with an infinitely small thickness, or depth.
A better model, as shown by Webber and Brighton [51], considers surface roughness effects on
viscous drag, and surface tension which controls the minimum thickness. For any model, if the spill
is not contained by dikes, a minimum thickness should be invoked for the spreading calculations.

A General Model. A minimum set of equations for an evaporation model which treats spreading is
as follows. The overall mass balance is

aw
ol —w -G A (107)

dt T Vin evap “ " pool

where W, ‘pool is the total mass of liquid in the pool at time 7, w;,, is the mass flow rate of liquid into
the pool, G vap 1S the evaporation mass flux, and 4, is the total top surface area of the pool. The
overall change in total enthalpy for the pool is

dH__,
_dl;— = H Gevap vapor pool * oolzc (108)<>

where H denotes enthalpies per unit mass (or mole) for the terms on the right hand side, and C are
radiant and conductive energy fluxes. For a level, cylindrical pool, the radius changes accordmg to
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dar

ool _
;t = ,/2ghpoo, : (109)

The above three equations are to be simultaneously integrated over time, using appropriate initial
values, and with additional relationships such as

v

_ 2
pool—‘n:rh

ol (110)

and liquid density. Input variables can be arbitrary functions of time.

Approximate Models. By ignoring the evaporative loss term in the differential mass balance
equation, Shaw and Briscoe treated mass and radius as independent variables to obtain the following
integral solutions:

For a spill at finite rate, w;, ,
I/
4

- LG lsngln| a1
pool 15 evap pl

where B is the buoyancy ratio, equal to 1 for ground substrate and equal to (0,0, - £1) /Praser fOT
water substrate. The corresponding pool radius is

1/4

w.
oot = V2/3 8gB—pﬂ 13 (112)
/

For an instantaneous spill, the total mass at any time is

2gBA
T

W . =nG

pool evap o

12 ,
t2+r°t (113)

where 4 is the pool area and r,, is the initial pool radius, and,

172

I
t+r)| . (114)

8gBA
T

pool

Shaw and Briscoe concluded that there was little difference between predictions of their full SPILL
numerical code and the above approximate solutions for spills on water. However, they used a
constant, experimentally derived value for the mass evaporation rate. On the other hand, those
authors stated that the above approximate models are not sufficiently accurate for land applications,
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and therefore their full SPILL numerical model [similar to the set of equations, 111 to 114 above]
must be applied in all cases.

The LSM90 program uses approximate models based on those of Shaw and Briscoe.

Model Components

The principal mass and energy flow “terms” or “components” currently used in evaporative source
modeling, as mentioned in the General Model above (Equations 107 to 110), are summarized below
and are intended to be representative, but not all-inclusive.

Evaporative Mass Transfer. If the pool temperature, or specific enthalpy, is externally specified,
then the evaporative mass flux can be found by dividing the excess from the enthalpy balance equation
by the heat of vaporization of the released material (assuming a liquid pool with homogeneous
properties). However, if temperature or enthalpy is determined in the model, then the mass flux must
be determined by another independent relationship.

Kawamura and Mackay use the convective mass transfer coefficient correlation developed by Mackay
and Matsugu [45]:

k, = 8.06E-06uy 5D /' No>%, mis. (115)%

pool ?
For which the dimensionless Schmidt number is

N, =-H =2
Se Pswf@ G (116)

where u is the absolute and v is the kinematic viscosity, p the density of the evaporating surface
vapor film, and € the molecular diffusivity for the vapor. The density is found by the ideal gas law
is

MP

p - surf
swf R Tsu’:/.

(117)

in which M is the molecular weight, P, - is the vapor pressure and T, is the temperature at the
surface. The evaporative mass flux is then

Gevap - kc pswf ) (1 18)¢

Kawamura and Mackay's Surface Temperature Model determines the pool's surface temperature, T,
by numerically solving the overall energy flux balance equation for this variable. Their Direct
Evaporation Model does not contain the surface temperature, the pool surface temperature is
assumed equal to the air temperature. Solution of the latter model is direct and requires no iteration.
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The 1.SM90 modeling program uses the above method for estimating evaporative mass transfer flux.

The Shell Spills Model by Fleischer [4] uses a dimensionless number correlation from Sherwood,
Pigford and Wilke [49] (developed for distillation column design) to calculate the evaporative mass
transfer coefficient. Using the Sherwood dimensionless number, the mass transfer coefficient is

: Doo
k. = N, &‘ . (119)

If the Schmidt number (Equation 116) is less than 0.5, the Sherwood number for air is calculated by

Ng, = 0.664 Ny Np” (120)
otherwise,
Ng, = 0.037 Ng” [N, -15,200] . (121)
The Reynolds number for air is
u..,D
e - wind pool ] (122)
Vv

This method is used for Scenario 8 in Chapter 6.

Evaporative Heat Flux. The heat flux (J/[m? *s] leaving the pool by evaporation is the product of
mass flux (Equation 118) and the heat of evaporation:

- GevapAHlv : (123)

Cevap

Air to Pool Heat Transfer. If the evaporation rate is large, e.g. the pool is boiling, then the enthalpy
flow is essentially one way, i.e., into the atmosphere. On the other hand, if the evaporation rate is
relatively low, the pool can be warmed or cooled by the wind contacting the surface of the pool. For
this, the air-pool convective heat transfer flux is

Cair = ‘bair (Ta - Ts ) : (124)<>

By heat/mass transfer analogy, Kawamura and Mackay obtained the heat transfer coefficient (J/[s*)K])

0.67
— Se
ﬁair - kc pa Cp,a Np,, : (125)

The Prandtl number for air in the preceding equation is
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Ny, = — . (126)

(See Perry's Sixth, page 3-254 for a table of Prandtl numbers for air vs. temperature and pressure.)
The LSM90 program uses this algorithm.

. Solar Heating. The flux of solar shortwave radiation, perpendicular to the earth's surface, at the top

- of the atmosphere averages 1,353 W/m? (the solar constant [50, p. F-161]). On a clear day, about

- 75 % reaches the earth's surface after scattering and absorption by the atmosphere; this corresponds

"to about 1,000 W/m2. The actual flux reaching a particular location (the evaporating pool) depends
upon the declination angle the sun makes with the point on the surface (90 degrees = perpendicular).
Raphael [46] gives the following equation for solar flux incident to a flat surface:

(..., = 1111(1- 0.0071C;)(sind, - 0.1), Wim?2, (127)

where the cloudiness index, C,, is fraction of sky covered in tenths, i.e., 0 < C; < 10 (as reported on
National Weather Service observational data reports) and ¢ is the ray incident angle which is a
function of observer latitude, longitude, the time of the day, and the day of the year®. If sin Ps<0.1,
the solar flux is zero. For most accidental release applications, the greatest daylight heat flux is when

the incident angle is near 90 degrees, so for several hours, the worst case form of Equation 127
reduces to

{0 = 1000(1 - 0.0071C;) . (128)¢

For screening purposes, the sky can be assumed clear (C; = 0), thus {'= 1000 W/m?. Raphael gives
the detailed equations for calculating ¢ for a particular location and hour of the year; these are
summarized and used by Reynolds in the ALOHA model.

The LSM90 modeling program uses a somewhat different form to calculate the solar flux. The sine
of the incident angle is calculated as the time fraction of a 180 degree hemicircle for the sun's position
since sunrise, the flux is directly proportional to the fraction of clear sky, and a fluid reflectance
coefficient is used. For a clear sky with the sun directly overhead, the same results are obtained as
above. The amount of light reflected from a pool (reflectance) for different liquid materials, different
substrates, different colors, etc., will be less that 9-11%; this is incorporated into Equation 128. If
the reflectance is zero and the sun is overhead, the LSM90 flux is the same as Raphael's. Otherwise,
it appears that the LSM90 form has redundantly accounted for reflectance.

* This can be exactly calculated by a DOS computer program, M/CA, available from the U.S. Naval Observatory

[53].
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Radiative Cooling. The temperature difference between the pool and the atmosphere results in a
net loss of energy from the pool by long wave infrared radiation. The net radiative flux loss from the
pool can be approximated by

4 4 '
Crad = OSB[GTTswf ~ elTair] (129)%

in which the first term represents loss from the pool and the second term the gain from the air. The
Stefan-Boltzman constant, dgp, for black body radiators equals 5.67E-08 W/[m? « K*]. The pool
surface temperature, 7, may be approximated by the bulk pool temperature in some models. The
emissivity of the liquid (€ is usually not available for many chemicals; Raphael reports the average
effective value for water is 0.97, and shows that the atmospheric emissivity (€ ) varies between about

0.7 to 0.9 for zero cloud cover for a range of humidities.

In the LSM90 model, the above equation is approximated by

4 4
i = €105 [Tswf— Ta,.,] : (130)

where €;; is the “average” emissivity. If the net long wave radiation exchange is small with respect
to the other energies involved, a constant €, value in the above range, say 0.8, could be used.

Heat Transfer from the Ground*. The commonly used model for conduction of heat from the
ground into the evaporating pool assumes that before the pool contacts the flat, level ground, the
ground everywhere below (one dimension, z) is at ambient air temperature 7. After time 7 = 0, the
ground surface is constantly maintained forever at the constant pool temperature, T,,,. After
Carslaw and Jaeger [40], the general solution to the problem is

Nz) = T,~(T,-T,,)erfc (131)

2, ot

in which erfc is the complementary error function and &y is the thermal diffusivity. The corres-
ponding rate of the ideal heat flux into the pool at the ground-liquid interface is

C — A'T ( Ta - Tpool )
ideal slab ~ ( 13 2)¢
ot

where a7y is the thermal conductivity of the ground. Figure /0 shows ground temperature (7) vs.
depth (z) for several times #. This model does not allow the pool temperature to change (as for a boil-
ing pool of a pure component), nor for heat transfer into the ground column below the pool from the
adjacent ground at different temperatures. If these factors need be considered (e.g., the area of the
pool is changing at constant boiling point, or the liquid in the pool is changing composition which
changes the boiling temperature), then the original partial differential equation with associated

* Heat transfer from water substrates is sparsely treated in this manual. See Shaw and Briscoe's reports [37,48)

and that of Webber and Brighton [51}.
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boundary conditions upon which Equa-

tion 131 is based should be solved dif- Heat Conduction Model

Thermal Conductivity = 4.167E-07 sqm/s
ferently, probably by numerical meth- s10 »
ods. Equation 131 can be called the 200 —
“instantaneous spread model;” it is .y
P N s/ L

used by the Shell Spills and ALOHA
models.

w/ S]]
280
Initial ground temperature = 300 K 10 .min/ / ; / /
270 [ Boiling pool temperature = 238.6 K b
: / : 1hr / / /
260 /. /e
/ / / 1
12 hr /

Shaw and Briscoe stated that it was
necessary to use thermal fluxes approx-
imately three times greater than the
theoretical values from Equation 131

Pooi ground temperature, K

250

to obtain agreement with experiments %0 w

of the Japan Gas Association. Thus 20 ; ;

they used a “surface roughness cor- 0.0t o1 cround d‘epth - 1 100
rection factor,” X (= 3), “...which al- .

lows the [preceding] equation to be ex- Figure 10.

tended to other soils by changing the relevant thermal properties.” Applying this factor to Equation
127 gives

_ XA (T, T oot

Ccond (13 3)
Jrot

as the effective conduction heat flux. They also state that Equation 133 will over-predict the
evaporation rate of a boiling liquid if the area over which the pool spreads is relatively large compared
with the rate of the spill, i.e., the spreading time is significant. Hence, they presented the following
model in which concentric annuli (adjacent cylinders) of radius »* and width dr “are exposed to the
boiling, spreading liquid on their ground surface end. Let t" be the time at which the liquid first

reaches the annulus at r’, then, from Equation 128, the average heat flow rate from this annulus at
time 7 is

2nr'dr’

-6
q(r’) T

(134)

where

st(Ta—Too )
0 = poc! (135)
‘/TECXT

and (-1 is the time that the boiling liquid has been present at this annulus. Therefore , the total heat
flow rate for the whole pool area up to a radius r(t) is
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3-66 Chapter 3

- oo g
qpml(r) = AT j;) m r . (136)

This is the heat flow rate from the ground annulus into the boiling pool at time #, (W =J/s). Then
Shaw and Briscoe use the preceding heat flow to calculate the evaporative mass flow, which assumes
all other heat flows and exchanges for the pool are negligible; then the evaporative mass flux at time
t equals

G = Pool(r)/AHvap . (137)

evap

The mode! represented by Equation 136 is still only approximate, for heat conduction in the radial
direction in the ground, with its associated boundary layer condition, is ignored. Arguably, it might
be better to use a model based upon the full partial differential equations in depth, radius and time.
However, in most before-the-fact modeling applications, the structure, homogeneity and properties
of the underground will not be well known, if at all. Thus the much greater complexity of parameter
and spatial distribution is generally not justified, considering the inherent scenario definition
uncertainties. '

Equation 136 can be approximated by a summation of finite differences using Euler's method:

N
rn_lAr
Gty = 27O Y 1 (138)%
poor n=1 0"

in which » denotes the time step index and 4 is the finite difference operator for the time and
corresponding radius steps.

The preceding equation is essentially the same approach used in the LSM90 modeling program,
except the geometrical shape of the spreading pool area is treated somewhat differently. In that
program, if the spreading pool encounters a dike, conductive heat transfer from the dike walls is
similarly treated. Also, the LSM90 model does not use the X surface roughness correction factor.

Because soil properties required for these computations are difficult to find, 7able 4 presents these
parameters for a number of substrates. The data was taken from Table 4 of Shaw and Briscoe, and
Table 2.2 of Reynolds (ALOHA).
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Table 4.
Thermal Properties of Natural Materials
Thermal con- Thermal dif-
Material Remarks  Densily Specific heat ductivity fusivity Reference
P C A oy
kg/m3 Jkg+K] W/meK] m/s
Concrete 2300 961 0.92 416x 1077 Shaw & Briscoe
Soil Average 2500 836 0.96 4.59x 107 Shaw & Briscoe
Soil Sandy, dry 1650 794 0.26 1.91x107 Shaw & Briscoe
Sandy soil Dry 1600 800 0.30 2.4x107 Reynolds
Soil Moaist, 8% 1750 1003 0.59 3.36x 107 Shaw & Briscoe
water, sandy
(40% pore Saturated 2000 1480 2.20 7.4 x107 Reynolds
space)
Clay soil Dry 1600 820 0.25 1.8x10°7 Reynolds
(40% pore Saturated 2000 1550 1.58 5.1x107 Reynolds
space)
Peat soil Dry 300 1920 0.06 1.0x107 Reynolds
(80% pore Saturated 1100 3650 0.50 1.2x107 Reynolds
space)
Snow Fresh 100 2090 0.08 1.0x107 Reynolds
Old 480 2090 0.42 4.0x107 Reynolds
ice 0°C, pure 920 2100 2.24 11.6x10°7 Reynolds
Water 4° C, still 1000 4180 0.57 1.4x107 Reynolds
Air 10° C, still 001.2 1010 0.025 2.05x10%° Reynolds
_Air Turbulent 001.2 1010 =125 =10 Reynolds

Numerical Example

The following example, for an instantaneous spill (instantaneous pool formation) shows heat and mass
flux for the convective and conductive terms discussed above. Chlorine and air properties were
obtained from Perry's Sixth, and those for ground from the above table. The heat fluxes at the bottom
of the table are the relative contributions for the 10 s elapsed time. Changing the time to 2 seconds
changes the ground flux fraction from 0.457 to 0.65, and for 40 s this fraction becomes 0.30. Thus,
as expected, the initial radiation contributions to the evaporation rate are negligible, but as the ground
cools down, these terms become more and more important.
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N
Example Rate Calculations for Evaporation
Physical and Thermodynamic Properties
Description Symbol Units Value
Eor chlorine
Molecuiar weight M 7091
Normal boiling point Typp K 23855
Liquid density at NBP Pl kg/m® 0.3108
Absolute viscosity in air u Pass 0.1104
Kinematic viscosity in air v mis 0.0305
Molecular diffusivity of vapor in air s m?/s 8E-06
Heat capacity of vapor in film C JiTkg-K] 405,710
Enthalpy of vaporization A ap Jikg 2.867E+08
For the atmosphere (no water vapor}
Wind speed Uind m/s 5.00
Air temperature T, K 298.15
Absolute viscosity ", Pa-s 1.84E-05
Kinematic viscosity v, m?fs 5.08E-06
Density (by ideal gas law at 1 atmosphere) Pa kg/m® 3.62
Heat capacity at constant pressure a JkgeK] 1000
Solar angle s . degrees 45
Cloud cover 0
For the ground {concrete), see Table 4
Thermal conductivity A Wims} 0.92
Thermal diffusivity ar ms 4.16E-07
Initial uniform temperature (same as air) T, K 298.15
Specified for the evaporating pool
Surface temperature (assumed Typp + 5) Towr K 243.55
Pool Diameter D ool m 7.00
Pool area (from diameter) Avool m/s 153.94
Average net emissivity for solar radiation € 08
Time after instantaneous spill t s 10
Calculated Quantities
Intermediate parameters Symbol Units Eguation Value
Vapor film density Peurt kg/m® 113 355
Schmidt number for vapor film N, 112 0.63
Reynolds number for air Nie 118 6.89E+06
Prandt] number for air Np, 122 0.71
Convective mass transfer coefficient k, m/s 11 1.68399E-05
Evaporative mass flux Gevap kg/m?s] 114 5.976E-05
Air-to-pool heat transfer coefficient h, JKL 120 5.660E-02 Fraction
of Absolute
Heat fluxes Total
Evaporative heat flux Cevap JimZ.s] 119 17,134 0.516
Solar heat flux Csolar Jme.s] 124 674 0.020
3 JNmZ.s} 125 198 -006
Cideal slab Jm?s] 128 =—15.167 0457  J
Sum of absolute values of heat fluxes: 33,174 1.000

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4b2d Sb EE 0732290 05L0055 07T MW

CHAPTER 4

Copyright American Petroleum Institute
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4YLE28 9L WM 0732290 0O5L0056 TOL N

CHAPTER FOUR

Meteorology

eteorology is a very large and complex field of
knowledge. However, the meteorological pheno- Quick Reference

. . . . . : Boundary Layer
mena which primarily affect the dispersion of accidental Roughness Length Estimation

releases of concern here are generally limited to a rela- J Atmospheric Stabiity
. . . Wind Direction
tlvely srr'lall geographical area (say less than 20 kilome- Wind Speed
ters in diameter), and from the surface of the earth to the Ambient Temperature, Pressure

upper limit of the atmospheric boundary layer (which Avera;fr’,‘;?;f:"e Humidity
altitude varies up to about 3,000 meters, depending [ Release Duration

upon the conditions). The science and art which deals | 7 Buoyancy Criera
with this limited scope is called micrometeorology; the
following discussion presents the aspects of it which primarily govern accidental release dispersion
modeling.

The nature of the local terrain, as well as man-made structures, can have significant effects upon
the micrometeorological behavior of the atmosphere. The heating and cooling effects differ over
water bodies compared with the land. Terrain features such as hills, mountains, lakes and valleys
will cause different airflow than over a flat plain. Man-made structures, especially the larger
groupings of them, such

as urban centers and .
industrial plants, will SEPARATED 20NES
cause the local general ON ROOF AND SIDES
airflow to be altered in INCIDENT WIND REATTACHMENT LINES
direction and to enhance PROFILE ON ROOF AND SIDES
. . LATERAL EDGE AND
mixing processes. Fig- ELEVATED VORTEX PAIR
ure 1 [Hosker, 4a] N\ /[ / CAVITY ZONE
shows how complex the T S AL o,
i K A
wind flows can be < Kk 5‘
around even a simple (['/' g “‘=—- as ‘_—':-555555-;-'
. . | -l W =
cubic structure. In this = o [FIER TS
. — - 1 2] A Pt
figure, the wind flows ;“s’.’s‘. A g: - e
A == LA K P MEAN CAVITY
from l‘eﬂ to right, apd \ ;:\ ________ IS~ REATTACHMENT LINE -
the wind speed varies T

I
—
=x

exponentially with ele-
vation, as shown by the
INCIDENT WIND PROFILE
diagram. Meteorolo-
gists refer to terrain
which is not relatively
flat as complex. Special techniques such as computational fluid dynamics and physical modeling
(e.g., wind tunnel) are needed to model dispersion in complex terrain and around significant man
made structures. This Manual treats only flat, or non-complex, terrain where the simpler
similarity-type models are applicable.

SEPARATION LINES

Figure 1.
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4-2 Chapter 4

Usually, about nine meteorological/atmospheric boundary layer parameters need to be specified
for modeling vapor cloud dispersion. Following is a very brief overview of how these parameters
relate to the phenomena involved.

Consider a vapor cloud from a release for which the observer is far enough downwind so only
atmospheric dispersion processes predominate.. As the vapor cloud travels with the wind, ambient
air will continuously be mixed into it, and it may rise, sink, or be of neutral buoyancy with constant
average elevation. The following phenomena will affect the mixing of air info the vapor cloud:

1.  Turbulence is mechanically induced in the horizontally flowing airstream by the presence of
terrain features (grass, trees, hills, etc.) and structures. The rougher the terrain and the larger
the structures (and their number), the greater the turbulence. This effect is characterized by
the surface roughness length parameter,* z,.

2.  Convective turbulence in the air stream can be enhanced or reduced by variables that
influence the heat input and output to/from the earth's surface. Thermal radiation from the
sun (insolation) during the day cause vertical air flows which causes mixing of air parcels
(turbulence); these effects are reduced by cloud cover. Meteorologists have developed a
simplified turbulence classification scheme to make a priori dispersion modeling more
tractable; this is the stability class concept.

3. The higher the horizontal wind speed, u, the more diluted the vapor cloud will become as
a function of time. Since cloud dimensions increase with distance downwind because of the
air being entrained into them by this mixing, the pollutant concentration will decrease.

4.  The density of the dispersing cloud is determined by its initial values, the rate at which
ambient air is mixed into it, and the properties of the air (ambient temperature, baromet-
ric pressure, relative humidity). Also, the ground or sea temperature may need to be
considered. These variables are also affected by the heat input and output to/from the earth's
surface, the surface roughness, and the wind speed.

5. The rate at which a cloud grows in vertical and horizontal directions is affected by the
relative importance of the initial cloud buoyancy versus the ambient mechanical
turbulence. The relative importance of the two variables affects the release Richardson
number, Ri.. When the release Richardson number is large, dense gas dispersion effects
dominate and when the number is small, the cloud is positively buoyant. A different
dispersion model may be required, depending upon whether the cloud is positively or
negatively buoyant.

The modeling parameters of interest that influence jet releases and evaporating pools are identical
to those discussed above, but with some different effects. For a jet release, the wind speed will
affect the trajectory of a vertically directed vapor cloud. The greater the wind speed the less the
initial rise. For an evaporating pool, the wind speed and properties of the pool will affect the
emission rate. The following will provide additional discussion on each of the above highlighted
parameters, as well as wind direction.

* The symbol z, is more commonly used; z, is used here to avoid conflicts with other usage.
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Modeling Parameters
Boundary Layer

In fluid mechanical theory of the atmospheric boundary layer, the variation of wind speed (%) is
related to the velocity measurement height above the surface (z) by an equation of the following

form:
U
u, k z, A
Where:
u, =wind speed
u» = friction velocity constant (empirically derived),
k =von Karman's constant (0.41),
z = measurement height,
z, = surface roughness length parameter,

@ = afunction, e.g., 4.7+(z/A), and
A = the Monin-Obukov length parameter (MOL).

The surface roughness parameter is related to the turbulence induced by surface structures and
features; more on this later. The absolute value of Monin-Obukov length may be thought of as
the depth of the mechanically mixed layer near the surface. For a given state of the atmosphere,
Pand A are obtained by fitting the equation to the vertical wind speed profile. The value of 4 is
negative for unstable atmospheric conditions, positive for stable conditions, and approaches
infinity for neutral conditions [2]. The values for ux, 4, and z, are determined by fitting the
appropriate form of Equation 1 to experimentally observed wind speeds at various elevations, z,
above the surface.

Dispersion models, such as are used for examples in this manual, internally use Monin-Obukov
length, but this may not be stated explicitly in the users’ manuals. To simplify modeling
parameter specification for a priori purposes, many models use Golder’s correlation [15] to obtain
the MOL, given the stability class and roughness length. Golder’s correlation is based upon a
number of field experiments in which the maximum roughness length corresponded to desert
covered with sagebrush (about 0.05 m). Golder’s correlation is extrapolated for higher
roughnesses.

For Equation 1, if the rightmost term containing the MOL is zero, as is generally true for neutral
stability, then the equation reduces to

u*
", = Infz/z,) @)

This is the well-known logarithmic wind speed profile law. It is the basis of a working approxima-
tion used in many U.S. Environmental Protection Agency (EPA) modeling programs [e.g., 14] and
is discussed further under Wind Speed below.
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4-4 Chapter 4

Roughness Length Estimation

Usually, the dispersion models of main interest here require that the user supply the roughness
length for a dispersion simulation. There are several methods available for obtaining estimates of
z, ranging from field measurements to a simple lookup table [16]. In general, z is roughly
proportional to the average height of the buildings or obstructions in an area. The proportionality
constant typically ranges from 0.03 to 0.1. Unfortunately, an easily applied method for obtaining
the proportionality constant is not available. Various researchers have put together tables of z,
versus site description; these are the basis of Figure 2. Use of these approximate values with an
inspection of the site and sur-

roundmgfs li‘thet.mOSt practical Roughness Parameter and Turbulence
feans of estmatng Zr. 10 Centers of Large Cities
Figure 2 includes a range of (Large Qil Refineries) ~Industrial
surface roughness lengths that | ¢ ' Forests w#" lrban
were me'flsured during wind S o (Sl Towns)  m~ Suburben
tunne] testing of an actual refin- £ ~—[FG Cosficients | Rural (Long Gross Plcins)
ery model [17]. The observed Y

range for z, was 0.5 to 3 m, | - Short grass ploins

based ?n}? limited set Ofexgeri' E 0.001 Snow Surface . Natura Prairie
mental observations. Based on g Smooth Desert

these results, however, it is % 0.0001 Sooth Smow on Short Grass

recommended that the surface

roughness length for large refin- 16-05 e tud Fats

eries be set at 1 m and for small Increasing Turbulence (Air Mixing) —=—————®"
reﬁneries at 0-5 m. Oerived from Pleke, R.A., "Mesoscols Meteorslogicol Modeling, Academic Presz (1984)

Some models have the capabil- Figure 2. Roughness length versus site classification.

ity to specify the surface roughness as a function of downwind distance. In this case, the area
around the site should be separated into zones of different surface roughness using Figure 2. The
highest concentrations will then occur for wind directions that have the lowest surface roughness.

If the dispersion modeling program to be used does not have the capability of varying the surface
roughness parameter with downwind distance, the potential effects of this variation should be
estimated by means of bounding simulations. For example, suppose a potential release could
occur in an industrial plant area with z. = 1.0 m and the surrounding offsite area is suburban with
z, = 0.1 m. Then modeling runs with the 1.0 m value can be used to estimate the dispersed -
concentrations at the plant fence line, and the concentrations from the 0.1 m runs will conserva-
tively predict the values downwind of the fence line.

Because this scheme was proposed in 1978 before surface roughness came into use with accidental
release models, the U.S. Environmental Protection Agency may recommend Auer’s method [20]
to determine whether a particular geographical area can be classified as Urban or Rural for regula-
tory purposes. This type of classification may also influence the selection of a, dispersion
coefficients; see below.
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Atmospheric Stability

For the purposes of simpli- ¢ 110 1.
fying model input, atmos-

pheric stability is usually Definition of Pasquill-Gifford Stability Classes
classified according to the 10 m wind Daytime Insolation Nighttime Conditions
. ) speed
Pasquill-Gifford (PG) sta- mis Thin
il1 i overcast or >4/8 <3/8
t])}h;)l] 313818388 (,ire}?ned, (lin Strong Moderate Slight cloudiness cloudiness
able 1 [ .]. e winds - A B B
speeds in this table are for 2.3 AB B c £ F
a 10 m measurement 35 B B-C c D E
height. The standard set 52 g C['JD g g g
. >
of Gaussian plume model —
. . . Stability Classes:
dispersion coefficients ( 9, A Extremely unstable D Neutral conditions
1 1 B Moderately unstable E Slightly stable
(?) blai;oc]l ated with d eaclh C Slightly unstable F Moderately stable
stability class were devel-

oped on the basis of a

number of different field experiments in which the averaging times varied from about 2 to 20
minutes with 3 minutes predominating.

Also, the roughness parameter varied; a —
: On Gaussian Plume Models

va]ut? of.0.03*r(n 15 generally used for rural Dispersion models which treat neutral buoyancy or

applications. trace gas releases by means of normal probability

. . distributions with dispersion coefficient parameters o, o,

The stability categories range from A to  R(and o, for time dependent forms) are generally called

F with A being unstable and F being sta- §‘Gaussian models.” They may apply to point, line, area

" and volume sources. In advanced model codes, the
ble. For unstable conditions a puﬁ] or dispersion coefficients may be related to the roughness

parcel, of air that is displaced vertically Rparameter and Monin-Obukov length via correlations. All
will tend to continue to move in the verti- Juse the logarithmic wind speed profile.

. . . . To simplify applications, and to speed program
cal direction, while for stable stratifica- execution, many of the EPA’s core Gaussian models do

tion that parcel will tend to settle back to ot use roughness or Monin-Obukov parameters; they are
its original position. Under neutral strati- built into the dispersion coefficients. The Pasquill-Gifford

. . ; dispersion coefficients for rural terrain are based upon
fication, that parcel will tend to remain at experiments for which z, was estimated to be 0.03m. The

the level to which it is displaced. These RMcEiroy-Pooler coefficients are based upon extensive field
phenomena cause the most horizontal and  [Jfests over urban and suburban areas.

rtical mixing i tabl h The term “Gaussian plume” model is used throughout
vertical mixing In unstable atmospheres, this Manual to mean the basic EPA-type model for which

moderate mixing for neutral conditions, Qthe atmospheric boundary layer parameters (e.g.,
and the lowest mixing (dispersion) for roughness length) are bundled-up into the dispersion

.. . coefficients and thus cannot be externally specified,
stable conditions. Similarly, plume except through rural vs urban coefficient set selection.
widths and heights are largest under A

stability and smallest under F stability.

An example of the most unstable class, A, would be a hot summer afternoon where cumulus
clouds are building up; these are indicative of large vertical velocities and turbulence. The most
stable class, F, occurs at night with low winds and no cloud cover. As can be seen in the table,
neutral stability can occur under many conditions, and it will occur if the wind speed becomes high

*

Sometimes, the parameters associated with the Pasquill-Gifford stability classes are confused with the Prairie
Grass field experiments in which the release durations and averaging times were both 10 minutes and the
surface roughness parameter was 0.06 m.
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enough under most atmospheric condi-
tions. .The.most frgquent stability class at Stability Class and Plume Height
most sites is D, which occurs mostly dur- Maximum Ground Level Concentration
ing the daytime. The “worst case,” F,
occurs a significant fraction of the winter
nighttime hours at most sites unless the
local wind speeds are high.

For ground level releases of constant rate,
the highest ground-level concentrations
will generally occur under F stability. For
vertically-pointing jet releases, the maxi- : ’ o o
mum ground level concentration can oc- S0'm i
cur under any stability condition depend- Stability Closs

ing upon the initial properties of the jet,
and of the height of the release above Figure 3.

ground level. This is illustrated in Figure

3, which shows the maximum downwind distance concentration for a neutrally buoyant cloud, 20
m and 50 m plume heights, 1 m/s wind speed and 1 g/s release rate. This figure was prepared
using the Gaussian dispersion model for the far-field [4]. The figure shows that for a 50 m plume
height the critical stability (i.e., stability that will give the maximum ground level concentration)
is A stability and for a 20 m plume height the critical stability is C stability. The critical stability
will trend toward F, the lower the plume height. This simple example indicates that parametric
sensitivity tests are required to determine the critical stability for jet releases directed in the vertical
or nearly vertical direction. Table 1 must be used to define a wind speed range for each stability
category or else the wind speed-stability class combination can be meaningless.

Moximum Ground Leve! Concentraotion

Wi
A

The PG classification scheme, with the associated sets of dispersion coefficients based upon rural
data, is used by the dense gas dispersion models (as for the three systems used for example
modeling here). For industrial, urban and suburban areas, dispersion is greater, as exemplified
by the McElroy-Pooler (MP) dispersion coefficients [14]. Gaussian plume model calculations
made with MP F stability coefficients give dispersion results comparable to calculations made with
PG E stability coefficients. Also, because of significant atmospheric heating over refinery com-
plexes, E should be the only stable class used for refineries which have urban areas adjoining.

These stability classification schemes do not treat calms. By definition, the atmosphere is called
calm if the wind speed is less than 2 meters per second. Winds, if any, are so light and variable
in speed and direction that these parameters are difficult to define on an average basis. A number
of accidental releases with unfortunate consequences have occurred under calm, stable conditions.

Inversion layers above the ground act to trap vapor clouds released below them. Thus, if the
release (e.g., at ground level) is large enough and/or the height of the “lid” is low enough, then
downwind dispersed concentrations will be significantly larger than for no inversion layer trapping.
Most ground level, dense gas dispersion models such as HEGADAS, DEGADIS, and SLAB do not
handle inversion layer effects. If the inversion layer effect is important, other models should be
used. For example, to estimate concentrations at far-field downwind distances where a dense gas
7 cloud would become diluted to essentially neutral buoyancy, the Gaussian plume model can be
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used. For this, the user should ensure that the modeling calculations include the power series
terms for both ground and inversion layer reflection.

Wind Direction

For worst case analyses, it is always assumed that the average wind direction always blows
directly toward the most sensitive, or critical, area with respect to the released material’s toxic
and/or flammable properties. Therefore, average wind direction, per se, usually need not be
considered as an explicit, atmospheric variable. Consider concentration effects in all directions
to downwind locations of interest, i.e., radii. If the terrain is complex (which can include man-
made structures) effects such as channeling in canyons or city streets, as well gravity flow of dense
vapor clouds should be considered.

Wind Speed

Wind speed affects downwind concentrations by diluting the plume, by changing the plume rise
for an elevated release, and by changing the rate of evaporation from a pool. For a ground-level
horizontal jet release that is less dense than air or is the same density as air, concentrations
generally tend to decrease in inverse proportion to the wind speed. For dense cloud releases and
low wind speeds, ground level concentration may not so decrease proportionately to wind speed
because spreading phenomena may predominate near the source. For calm wind conditions, the
cloud spreads in a circular pattern about the release if on a level plane. The models used for
example modeling herein do not treat the calm case; Post [II-6b] and Moser [II-20] describe
modeling program based on accepted principles .

For vertically directed jet releases, the wind speed not only affects the dilution but also changes
the plume trajectory. For low wind speeds, the initial plume rise due to jet momentum effects can
be large. At higher wind speeds, the horizontal velocity of the air will act to reduce the momen-
tum rise of the jet and cause the cloud to bend over. For a jet release forming a dense cloud, the
jet may bend over. Depending upon the initial release height, wind speed and density of the
material, the plume may sink to ground level. For neutrally buoyant or buoyant releases, the jet
centerline will remain above ground level, but as the jet’s vertical dimension grows, the expanding
(in diameter) cloud may contact the ground. In general, a critical wind speed (i.e., the speed at
which the overall maximum ground-level concentration occurs) for a jet release directed vertically
cannot be specified on an a priori basis. To find the critical wind speed, one should perform all
initial calculations for the lowest speed that will occur for a given stability category in Table 1 (say
F stability and 2 m/s or D stability and 4 m/s). Next, increase the wind speed until the maximum
ground-level concentration starts decreasing with increasing wind speed. For evaporating pools,
the higher the wind speed the higher the rate of evaporation, if the necessary heat is available to
the liquid. This effect alone would act to increase concentrations, but the high wind speeds also
act to dilute the cloud and thereby decrease concentrations. The critical wind speed for this type
of release would also have to be determined on a trial and error basis as described for the vertical
jet release. This effect is demonstrated in Scenario 8, presented later.

As noted above, wind speed increases logarithmically with height above the surface. The EPA
models often use the wind speed power law as
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4-8 Chapter 4

ua = umeas (3)

Table 2.

TYPICAL VALUES FOR
p IN EQUATION 3

where subscript meas denotes the measurement value and exponent p is
empirically derived. Meteorological data from the National Weather

Service is based on z,__. = 10 m unless otherwise noted. Typical values [|Si2dilty Terain Type
meas Class Urban Rural

of the exponent are shown in Table 2. A 015 007
_. o _ _ B 015 007

The stability category classification scheme in Table 1 is based on 10 m g 3-2(5) 3'12
measurements heights. Wind speeds at lower heights can be significantly (| ¢ 040 035
F 060 055

less than at 10 m. For example, a 10 m wind of 3 m/s gives 1.2 m/s for
1 m height by Equation 4-3 using the urban class E exponent of 0.40.

Ambient Temperature, Pressure, and Relative Humidity

These parameters affect the plume/cloud by their influence on ambient air density and are generally
of lesser importance than the other parameters described in this chapter.

The relative density of a plume (or cloud) relative to air (p”) is defined as

pr=— (4)

where subscripts p and a refer to the densities of the plume and the atmosphere, respectively.
Therefore, if the plume or cloud’s relative density is near or less than zero, the effect of these three
parameters on the dispersion results will be much larger than if the relative density is large (e.g.,
>0.2). This factor must be considered during the following discussions.

The ideal gas law can be used to

Pressure and Temperature vs Height calculate relative densities for
Standard Atmosphere atmospheric temperatures and pres-
0.11 290 sures to compare the relative im-

k

portance of these parameters on
plume/cloud buoyancies; this would
be for constant relative humidity.
For the Standard Atmosphere [7,
19], the variation of pressure and
temperature with altitude are shown
in Figure 4.
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vapor pressure vs temperature functions [3-7] with the ideal gas law. Because this effect is relatively
small, if the released fluid is inert, and if water condensation vaporization heat effects are low (no
ice/liquid water/ water vapor phase changes), then using 50% relative humidity is recommended.
Otherwise, the modeling scenarios should consider this effect.

Temperature and relative humidity

values will vary from site to site Humidity Effect on Air Density

in accordance with a region’s Borometric Pressure = 1.000 Atm.
climatology. Local climatological 0.0

summaries provided by the Na- 273K

tional Weather Service may be 233K

consulted to estimate appropriate
values for modeling. Alternative-

Percent

-1.0

>
ly, reasonable temperature and § Temperature = é:
relative humidity values can be | ¢ 2.0
selected on the basis of local ex- | &
perience. For ambient pressures, | * [ Density is relotive fo dry air. |
the local elevation should be used | _; B

in conjunction with Figure 3 to o 10 20 30 40 50 60 70 80 90 100
. Relative Humidity, Percent

estimate the local pressure af the

temperature of the standard at-

mosphere at that elevation [7,18].

Then use the ideal gas law to correct the pressure for the temperature used for modeling. These

corrections are usually of minor importance unless extremes of temperature and/or ground altitude

above sea level are involved. Note that some models do not allow the user to specify ambient
pressure (i.e., 1.0 atm is fixed internally.)

Figure 5.

Averaging Time

Averaging time (the time over which continuously-recorded concentrations are averaged) and release

duration significantly affect concentrations of dispersed materials. Release duration will be discussed
in the following section, but both

parameters generally must be con-

sidered simultaneously by the Concentration Time Series
modeler. Finite Duration Release

40
Figure 6, for a cloud passing a 35 4
receptor (recorded with a very .
fast response time sensor), shows c 470 min
the effect of 10- and 60- minute | 3257 \W e
averaging times on a typical, | 20- [
continuously-recorded concentra- §15- ] ww‘\% o
tion curve. The 60-minute aver- © 104 “'MV\M rereme
aged values are much lower than 5 |
the peak instantaneous value, and y —— T

o

the maximum of the 10-minute 10 20 30 40 50 60 70 80
concentration values is also less Time,  minutes
than the peak value. Note that

Figure 6.
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only if this finite duration cloud passed the point and all other concentrations were zero, then an
8-hour averaged concentration would be about V& that of the 60-minute value depicted.

If a material is emitted at a constant rate with an infinite duration (steady state), then the averaged
concentrations would center about a mean value; the longer the averaging time, the closer will be
the sampled mean concentration to the mean, based upon an infinite sampling time.

The averaging time basis for model concentration estimates depends upon the averaging time used
for processing the original field data upon which the o, dispersion coefficients are based. The
crosswind dispersion (the shorter the averaging time the less wind meander) is usually adjusted
by means of the 0.2 power law (Hanna et al. [2], Turner [13]) by:

;o2
= i 5
C(O) = Cligg)| = )
where C(tavg ) is the concentration for some averaging time lyg FOT the standard Pasquill-Gifford

dispersion coefficients, #,,, may be taken as 10 minutes. This equation is not appropriate for
averaging times greater than about two hours (Turner [4]).

For model input purposes, a 10 s averaging time (or the shortest time allowed in a model) should
be assumed for flammable vapor clouds. For toxic clouds, averaging times should be chosen
according to criteria developed by health specialists. For examples in this manual, 1, 10 and 15
minute averaging time are often used for illustrative purposes only.

Release Duration

For a steady-state release (infinite travel time for constant conditions), only air entrainment around
the circumference of the vapor cloud, normal to the downwind centerline path or axis, contributes
to dilution of the released substance. However, if the release occurs for a finite time which is less
than the travel time to given downwind receptors, then air will be entrained in the leading cloud
surface, and into the trailing cloud surface after the release stops.

Therefore, if a release is short with respect to the travel time of interest, air entrainment into the
front and back of the cloud will constitute a major portion of the dilution. On the other hand, as
the release duration increases, this contribution will decrease so that, in the limit, the puff and steady
state dispersed concentrations will be asymptotically matched.

Downwind concentrations from dispersion models, such as HEGADAS, SLAB, DEGADIS, and the
Gaussian Plume, which assume steady state similarity relationships, can be adjusted for constant
release rates of finite duration by multiplication with a Finite Duration Factor (“FDF”). This factor
is a function of travel time and atmospheric parameters. Dispersion along the downwind axis is
accounted for by g,, which is a function of downwind distance. This is used in a Gaussian form
to obtain the FDF. McFarlane, et al. [4, Chapter 7, §7.4; Appendix 3, §6.3] discuss the algorithms
used in HGSYSTEM, as well as their source and development. These authors state: “Literature data
on ¢, as a function of the downwind distance are scarce and not very well established...” It is often
desirable to use the FDF technique because the time and effort for a steady state dispersion simulation
is always much less than for a time dependent simulation.
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If a finite duration, constant rate release occurs for which the travel time is about twice the release
duration, the concentrations at the downwind points must be corrected for downwind travel time
averaging or a time dependent model should be used. Also, if the release is varying rapidly with
time, and/or the release rate (and state of the stream) is an arbitrary function of time, a time
dependent model must be used.

Plume Buoyancy Criteria

To choose the appropriate dispersion modeling method for a particular application, it may be
necessary to decide if the source is generating a dense gas (negatively buoyant), neutrally buoyant,
or lighter-than-air (positively buoyant) cloud. For continuous low momentum™® releases, the release
Richardson number, Ri., can be used to characterize the potential cloud behavior [18]. This

dimensionless number estimates the relative importance of plume buoyancy to the ambient mechanical
turbulence,

Ri = plume buoyancy 6
* ambient mechanical turbulence ’ (6)

which, for neutral buoyancy and dense gas clouds, can be calculated by

_ g@hu,D,[(p, - p,)/p,] |

utu
* “q

*

Y

All the parameters are based on the just-released cloud conditions. For neutral atmospheric stability,
the Equation 1 friction velocity, us, can be roughly approximated with

u, =Bu,; P=0065 (8)

Panofsky and Dutton [5]. For estimation purposes, J for unstable and stable atmospheres can be
roughly taken as 0.2 and 0.02, respectively.

Note that if the released fluid density (p,) is greater than the atmospheric density (o,), Ri« will be
positive; if it is greater than about 10, tﬁen the cloud will tend to sink towards the ground. If Rix

is negative, the cloud may rise. If neither relation applies, the cloud may be treated as neutrally
buoyant.

If it is thus estimated for a ground level source that the cloud or plume is dense, then a dense gas,
ground level model should be used for dispersion calculations (e.g., HEGADAS, SLAB, DEGADIS).
If neutrally buoyant and the source area is small compared with the downwind dispersion distances
of interest, then the Gaussian plume model can be used. If the source area is important, then the
dense gas models can also be used. Also, if the mass flux from an area source is very low so that
the rapid mixing with the atmosphere negates molecular weight effects (e.g., a pool evaporating
by convection), then either a ground level, dense gas model or the Gaussian model can be used

* Momentum is the product of velocity times mass flow rate.
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as needed. However, remember that the Gaussian model does not allow explicit external
specification of the terrain roughness length parameter (but one can choose rural/urban).

The three modeling systems mentioned above cannot be used for lighter-than-air, area releases.
However, the rigorous turbulent jet models correctly treat positively buoyant gases.

For releases with significant momentum, i.e., turbulent jets, it is not possible to calculate a single
Richardson number for dispersion model selection because of the intense air entrainment near the
source and along the jet’s path. The turbulent jet models use several criteria for determining when
transition from jet regime to atmospheric advection should be made. For example, the HFFLUME
and PLUME turbulent jet models in HGSYSTEM use three parameters to determine the transition point:
excess velocity ratio, entrainment ratio, and relative buoyancy. For further information, see the
HGSYSTEM User’s Manual [I1-6] and Hanna, Briggs, and Hosker [2].
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CHAPTER FIVE

Mitigation Countermeasure Modeling

Introduction

his chapter is concerned with modeling the

effectiveness of countermeasures for reduc- Quick Reference
i ispersed con ions of toxi r Introduction
ng d Spers . 0 Cemra.t ons of toxic and/o Review of Plume Mitigation Methods
flammable fluids from accidental releases. Coun- Passive Barriers
termeasures may be implemented by means of Active Barriers

. . . Release Duration Control

the plant design process, later addition of mitiga- Estimation of Plume Modification Parameters
3 1 3 Air Entrainment Dilution Devices
tion equipment and practices, and emergency oot of Released Material
response procedures. Scrubbing Efficiency of Spray Curtains and Firewater

Monitors

First, published studies addressed to the design
and operation of methods for affer-the-fact mitigation of vapor cloud concentrations are reviewed.
Plume mitigation methods are for passive barriers, spray barriers, steam curtains and foams which
involve dilution and/or removal of the released materials from the air. Secondly, methods are
presented by which these mitigation techniques may be quantitatively incorporated into the
dispersion modeling process by calculation of modified plume (vapor cloud) characterization
parameters for the barrier location. The very important mitigation method of release duration
minimization, as mentioned in the preceding chapter, is discussed further. Scenario 7 of Chapter
6 complements this discussion as an example of the methodology for modeling water spray barrier
and release duration control mitigation of a ground level plume from a reactive hydrogen chloride
release.

Many release mitigation methods, for both before- and after-the-fact are summarized by Prugh
and Johnson [1]. The Industry Cooperative HF Mitigation/Assessment Program (“ICHMAP”),
supported by 20 hydrofluoric acid producing and consuming companies, sponsored extensive
research and development on HF vapor cloud dispersion and mitigation, as well as modeling. The
work consisted of HF field releases, HF release - water spray tunnel studies, environmental wind
tunnel studies (nonreactive flows), and source/dispersion mathematical model development; a
great deal of the information developed can be extended to non-HF release situations. About
twelve research reports were prepared [2] which are referenced below; these reports contain
excellent literature reviews and full descriptions of all field and laboratory experimental work.

Scenario 7 in Chapter 6 exemplifies the use of the release duration control and water spray barrier
plume modification mitigation methodology discussed below.

Review of Plume Mitigation Methods
Passive Barriers

Physical obstructions to the flow of vapor clouds, such as process plant structures, specially
designed vapor fences, and vapor boxes (rectangular, open-top boxes placed around a process
unit), can alter the path and concentration of released material downwind of an obstacle. The
ICHMAP work using environmental wind tunnels is summarized in one report [2]. Meroney et
: al. [3,4] developed some correlations for the near field dilution caused by various physical barrier
types on the basis wind tunnel experiments. Petersen and Ratcliff, for ICHMAP [5,6], investigated
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several vapor fence and box barriers in grassland, moderately obstructed process unit, and heavily
obstructed process unit environments. Barrier effectiveness results are presented graphically with
the concentration reduction factor (@) as a function of downwind distances for a large experimen-
tal program in which the following parameters were varied: site configuration, barrier design,
simulated-HF volumetric release rate, release duration, source gas specific gravity, wind speed,
Richardson number, wind direction for asymmetric obstacles and environments, and barrier height.
These references can be used to estimate values for 2, required later for modeling passive barrier
effects in the near field. The only apparently available correlation is that of Meroney [3] for vapor
fences (presented later).

Active Barriers

Active barriers are defined for these purposes as plume mitigation devices or methods whose
operational parameters can be controlled during plant operation (e.g., on/off water mass flow
rate). The released material may or may not react with or be absorbed by the sprayed fluid to be
removed from the atmosphere. (Although the term “water spray curtain” is used below, the
discussion is generally applicable to other aqueous liquids, e.g., sodium bicarbonate solutions.)
Because of space limitations, it is not possible to discuss all aspects of water curtain spray barrier
design. Several aspects are mentioned, but a much more complete description of most design
variables and their consequences are presented in the ICHMAP Summary Report [7].

Water Spray Curtains — No Removal. Meroney et al. [4,7] also mathematically modeled the
dilution effects of nonreactive gas releases by water spray curtains; these were compared with
published field and laboratory experiments. Water and other fluid “sprays” are turbulent jets which
entrain relatively large amounts of air; they are essentially air “pumps.” (Water spray devices were
once used in coal mines as auxiliary ventilation.) Thus they can be useful for rapid dilution of inert
materials (e.g., LNG) to minimize cloud flammability near the release location. Atallah, Guzman
and Shah [9] reviewed design and effectiveness of water spray barriers especially for dispersion
of LNG vapor clouds. They concluded that spray barriers can be effective, but their effectiveness
will decrease with increasing wind velocity and gas release rate. They developed guidelines for
physical barrier design, recommending Moodie’s correlation [10] for upward-pointing sprays,
while McQuaid’s correlation was recommended for downward-pointing sprays [11]. (These two
correlations are given below.)
Atallah e al. also strongly rec- ,
ommended that a portion of a E
designed spray curtain barrier be ]
field-tested before proceeding 10 '3
with a large commercial installa- ]
tion.

1110

coasaaand

X woter (m) = 100

sproy

Figure 1 is an example of
dilution-only mitigation by a
spray barrier which shows top 10 -
hat concentration curves calcu- ] 3
lated by Meroney’s SPRAY62 box ] :
model, using the parameters of 10 . e ey
the Goldfish I hydrogen fluoride Distance (m)
(HF) full-scale desert field test.

Concentration

Figure 1. Spray Curtain Dilution by Entrainment (from Meroney [4])
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In that test, HF was released as a horizontal jet 1.2 m above the ground with release rate = 28 kg/s
for 125 s, wind speed = 5.6 m/s, and surface roughness = 0.0002 m. For this example, the HF
removal function was turned off in the computer program so only additional air entrainment from
the spray curtain was simulated. The spray curtains were located 30, 55, 100 and 400 m
downwind from the release source as noted in the figure. Note that both axes of the graph are
logarithmic. With passive barriers, the concentration curves return to the no-barrier values much
closer to the source because the amount of additional air entrained is much smaller than for the
sprays.

The reason for this remarkable effect is that as the downwind distance increases
beyond the barrier, the amount of additional air caused to be entrained into the
cloud by the barrier becomes insignificant with respect to the amount of air
entrained by means of the atmospheric boundary layer processes.

Blewitt, Petersen, Ratcliff and Heskestad [12] conducted extensive experimental studies in an
environmental wind tunnel for the design of water spray curtains to mitigate simulated-HF (inert
gas) releases from industrial facilities. Parameters varied for the spray curtain included: manifold
geometry, nozzle type, nozzle orientation and nozzle spacing; also, HF release rate, release height,
wind speed, wind direction with respect to the facility and release direction (along with the wind
and into the wind). Two sensor grids downwind measured released gas concentrations. Visual
effects of the sprays were recorded. Their principal conclusions were: 1) sprays from nozzles
pointing directly inward (horizontally) were most effective, and 2) nozzle spacing had little effect
on cloud behavior (within the ranges studied... Author).

Water Spray Curtains — With
Removal. Extensive experimen-
tal studies were sponsored by
ICHMAP to study the parameters
affecting removal of HF from
plumes by aqueous spray curtains
[12, 13, 14, 15, 16]. These were
conducted in a large, closed sys-
tem for safety and material bal-
ance reasons, among others.
When liquid HF (at ambient tem-
perature) is released to the at-
mosphere, it flashes to form an T e a0 o e w0
aerosol. Very complex thermo- Water/HF, vol /vol
dynamics are involved, as well as
rate limited processes such as Figure2.
evaporation and solution of the HF in the water drops, and the reverse. Considering these factors,
the study investigated many parameters which influence the completeness of HF removal.
Parameters studied included spray curtain configuration (see above) with upward and downward
pointing nozzles, types of nozzles, one or two spray curtains in the plume path, wind speed, HF
mass flow rate, liquid HF volumetric flow rate to spray water volumetric flow rate ratios, water
* spray droplet size distributions, and additives in the spray water. The principal result reported for
) each experiment was scrubbing efficiency (€), defined as the ratio: [mass released HF re-
moved]/[mass released]. Figure 2 presents example results of the type which may be used for

ICHMAP HF Water Spray Study
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design purposes; data in References 13 and 14 should be considered for actual spray curtain
design.

For removal only barriers
(which can exist only through 1
mathematical modeling, for any
plume interception device will
induce some additional dilu- .
tion), the dispersed concentra-
tion of released substance does
not asymptotically approach the
non-mitigated concentrations as
the downwind distance beyond
the barrier becomes large.*
Figure 3 exemplifies how the 10 7
concentration of a released ma-
terial (very soluble in water) is
permanently reduced when two 1o -
spray curtains which have 80% !
scrubbing efficiency (€), placed
100 and 300 m downwind, in- Figure 3. Spray Curtain Removal (from Meroney [4].)

tercept a plume. For this graph, Meroney’s modeling program had the barrier-enhanced air dilution
inoperative. These types of re-
sults have been observed
experimentally in wind tunnels
and field tests [3]. Again, see
Scenario 7 for further exam-
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tion effect of both spray bar- |35 4 ;
rier-enhanced air entrain- |, -2 -
ment and removal for the |g ]
same Goldfish 1 basis. Theup- | 2 ] )
per curve is for no mitigation, 8 : ggpasﬁlo:;/ S aon 1

the in-between curve is for an 10 4
entrainment velocity of 6 m/s
(no removal), and the lowest
curve is for the same entrain-
ment with removal. It follows R S— —— R
that dilution-only barriers can ! 0. 10° 10°
be effective for reducing flam- Distance (M)

mability of the vapor cloud in  Figure 4. Spray Curtain Removal with Entrainment (from Meroney
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7 * Of course, the HF-water solution running off from under the spray curtain or monitor must be appropriately
disposed of because it can be hazardous and/or corrosive. Also, if this solution is not neutralized nor removed
from the surface, the HF will re-evaporate into the air.
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the near field. They will not be very effective for reducing far-field concentrations of materials
having toxic or undesirable effects.

Thus if a particular modeling application is only concerned with far field effects,
only the removal of the released material (reduction in mass flow rate) by a
curtain need be modeled. Also, at sufficiently far distances from the source, the
mawner in which the dispersed substance is released (e.g., jet vs evaporating pool)
becomes immaterial, so the reduced mass flow rate calculated for a curtain can
be "transferred" to the source location. In this case, the extra modeling effort
required to restart the dispersion at a downwind curtain location is not required;
use the simplest source modeling with appropriate emission rates.

Fire Monitors. Blewitt, Petersen, Ratcliff and Heskestad [17] studied factors influencing the use
of fire monitors (manually directed, large water flow rate, adjustable spray pattern “cannons”) for
mitigation of HF releases. The wind tunnel experiments, sponsored by ICHMAP, investigated
essentially the same types of variables as for those authors investigated for spray curtains. Again,
an inert HF simulant was used, so dilution rates, but not actual removal rates, were obtained.
(However, the Hawk field tests which used actual HF, and showed that monitors could be effective
for removal, is referenced). It was concluded from the wind tunnel study that monitors can be
effective for release mitigation, if properly operated. Also, the ICHMAP water spray curtain tests
referenced above included experiments for fire monitor HF removal. These various reports
should be consulted to obtain design data.

Spray Removal of Non-Volatile Aerosols. No experimental data appears to exist for removal
of non-volatile liquids (inert or reactive) from unconfined plumes. Capture of non-volatile
particles by water or other liquids is collision dependent, and thus dependent on the gas-particle
relative velocities, plus parameters such as particle size distributions, spray nozzle operation,
direction of sprays vs gas flow, and overall spray liquid to gas volumetric flow rates. Industrial
scrubbing towers generally use downward pointing sprays with the gas stream flowing upward to
be cleaned. Perry’s Chemical Engineer’s Handbook [18] addresses many of the design consider-
ations for spray chambers or towers, for vertical flows as well as for horizontal cross flow spray
chambers. Design literature can often be obtained from vendors of closed system gas scrubbers.

Steam Curtains. Steam curtains operate similarly to water curtains, except that high jet velocity
is traded for high mass flow in water curtains to obtain the momentum rates required for dilution.
Steam curtains are usually designed to point upward so the hot vapor will heat dense clouds to
enhance their buoyancy which, coupled with the high upward momentum of the steam, cause rapid
dilution and the cloud to rise. As reported by Prugh and Johnson, steam supply requirements are
considerable, requiring about 0.2 kg steam per kg of contaminant to reduce concentrations below
the lower flammable limit. They also report that about 80 times the energy per unit length of
barrier is required for steam curtains than for equivalent water curtains. Steam jets can generate
static electricity ignition sources.

Hartwig [19,20] gives concentration reduction factors obtained in large-scale field releases
mitigated with steam curtains. Experiments were made in calm and in windy conditions. Those
authors caution that the results presented are applicable only to the particular operating conditions
used. A correlation for design purposes is not presented. One important point made was that with
wind present, steam plumes carrying contaminant can loop over to cause the lower part of the
plume to be re-entrained into the initial part of the steam curtain, which markedly reduces its
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effectiveness. Steam curtains may be of particular advantage for situations where the released
material reacts very quickly with steam to form less toxic materials, e.g. phosgene. No
correlations were found by this author for estimation of dilution and removal parameters; this
might be because of the application-specific nature of steam curtains.

Foams. Foams can be used to cover spills of evaporating liquids to reduce the evaporation, thus
mitigating downwind air concentrations of the spilled material. The spilled materials can be
cryogenic fluids which form boiling pools or non-boiling materials. For dispersion modeling, the
mass transfer rate of the spilled material which makes its way through the foam to the atmosphere
(“evaporation” rate) can be used directly for area source dispersion models. The effectiveness of
foam-producing chemicals (usually made with water as a basis) depends upon many factors,
among which are the chemical composition (mixtures, pure components), [water}/[foaming
material] ratio, temperatures, chemical composition, and method of application. In general, a
foaming material must be specifically selected (or designed) not to react with the spilled liquid to
prevent degradation or prevention of the foaming material’s performance.

Prugh and Johnson list a number of commodity and proprietary materials which can be used to
cover specific substrates. Hartwig and Boke [21] also list a number of covering materials available
in Europe. Hartwig also presents quantitative results for a number of small- and large-scale
experiments performed to measure the effectiveness of various foams covering a number of
evaporating liquids. Hiltz [22] also contains a number of references. Prime sources of application
and effectiveness information are the manufacturers of the particular foam-producing and covering
materials; Prugh and Johnson list a number of such suppliers.

Release Duration Control

Perhaps the best way to mitigate the effects of an accidental release is to stop it as soon as
possible; the shorter the “on” time, the better. However, some time usually elapses before a
release is detected, with more time being required to start shutdown and/or “quick dump”
procedures for downwind devices such as spray curtains. As discussed in Chapter 4, two
phenomena operate to decrease the time vs concentration effects of the released substance on
downwind receptors: if the release duration is shorter the cloud is shorter, and thus the immersion
time of receptors in the vapor cloud is

smaller, which means the average Steady State Concentration Correction Factors
concentration or 6?059) (1r;tegral ;’f for Constant Rate, Finite Duration Releases
concentration over time) 1S lower. In 0.9
addition, the peak concentration will 08k :
. . . \ F Stability
be lower due to increased air entrain- |t \ \ 600 s Averaging Time
ment with respect to the downwind |€ |
travel plume axis. "Z oe N Wind speed= 4 mis
. . . .g 051 S| Duration = 600 s |~
Again, as mentioned in Chapter 4, |E,, N
“first-cut” dispersion modeling results é o R T~
can be obtained fairly quickly for |% T
screening purposes by using the finite | ** 4mis e
duration factors to adjust steady state | ' ~——t—_—____ _j [puration = 80 s|———
dispersion modeling concentrations o R0 1% eo0 bt 10000
for finite duration, constant mass flow Downwind Distance, meters

rate releases. If the modeling pro- Figure 5.
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gram does not contain this algorithm internally (SLAB does [II-7]), the FDF correction can be
applied to the steady concentration vs downwind distance results from a post processor program.
Figure 5 shows the FDF curves for F stability, 600 s concentration averaging time for two release
durations and two wind speeds. Although the other variables have some effect on the magnitude
of the FDF values, release duration is most important—and effective—as a control.

For example, the release rate and state from a pressurized vessel can be taken at the values for the
initial flow to the atmosphere. Assume this rate release is constant for t;,, seconds. Say the
wind (= plume) velocity is # m/s; then the downwind distance to which steadj;lz state concentrations
can be used is approximately the product of these two values. Beyond that distance, concentra-
tions rapidly decrease below the steady state values because of longitudinal dispersion; these may
be calculated by multiplying the steady state concentration at a given downwind location by the
finite duration factors. The resultant concentration functions of downwind observer locations
(x, y, and z) form envelopes containing the maximum concentrations which existed. Families of
curves or surfaces can thus be developed to compare the relative effectiveness of various source
reduction times (durations) with each other and the steady state results. If the leading edge of the
vapor cloud arrives at the spray curtain position before the latter is turned on, then the source
reduction is a two step process which is best simulated in a general manner by a time dependent
dispersion model. Depending upon the relative timing of the two actions (source turn-off and
spray activation), it may be possible to apply the steady state with a finite duration adjustment
solution method to obtain rapid mitigation effectiveness estimates.

Estimation of Plume Modification Parameters
Scope

The following discussions assume that a vapor cloud is formed at ground level and flows with a
finite wind along a definable path. Although the cloud variables such as temperature, concen-
tration and average velocities will be distributed through the area of planar cross-sections normal
to the downwind flow axis, it is assumed that the variables’ values (e.g., concentrations, tempera-
ture, and mass fluxes) are homogeneous. That is, the top hat assumption is valid. With this,
parameters such as plume cross-sectional area, total and componential mass flow rates, tempera-
ture, etc. are scalars or can be converted to single values.

Figure 6 is a conceptual view looking

downward from over the traveling Overhead View of Intercepted Plume™ |
cloud. It is assumed that the barrier ' /7/_7/“7‘

(passive or active) is large enough to

completely intercept the plume in both | — o
the vertical and crosswind directions. o ~
Also, it is assumed that the thickness of _M Plume centerline -
the barrier is negligible with respect to \M\;/\J along wind direction >
downwind distances of interest. There- | Source | K/

fore, given a set of parameters which \/ \/
characterize the concentrations, mass

flows, and energies for the cloud cross | \-/
section entering the barrier, these quan- Barrier

tities can be redefined on the basis of

given barrier-caused air entrainment Figure 6.
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5-8 Chapter 5

rates plus the released substances’ removal rates. This redefinition of the plume can be manually
implemented as demonstrated in the Chapter 7, Scenario 6 example, or, better, automated within
a dispersion modeling program. Appendix I provides an overview of similarity-type dispersion
modeling programs. The design of mitigation barriers is beyond the scope of this manual.

Air Entrainment Dilution Devices

General Relationships. Water spray and steam curtains as well as passive barriers dilute the
vapor cloud by causing entrainment of air into the plume; this is in addition to that air caused to
be entrained by atmospheric processes. The barrier-enhanced air entrainment velocity (u,), is
often needed for the equation

U =u -4, (1)

e [ s

where U, is the volumetric flow rate of the additionally entrained air from the barrier device, u,
is the entrainment velocity, and 4 is the projected interaction area of the spray with the plume.
The concentration reduction factor (&) is usually available from the literature or from correlations,

u

& = — 'S
U @)

ns
where U is a plume volumetric flow rate, subscript »s is for the plume entering the barrier (no
spray), and s denotes the plume leaving the barrier (spray). The corresponding plume diameters
for symmetrical deformation are

DS
D

ns

= e ()

Within a dispersion program, the above entrainment velocity can be added to that for entrainment
caused by normal atmospheric processes at the downwind distance corresponding to a specified
downwind mitigation barrier location. Also, where the mass flow rate of released substance
remains constant through the barrier and no energy is exchanged, material balance on the released
component gives

Us = Uns +Ue ? (4)

or, by combining Equations 2 and 4,

Uu =0/ (e-1) . (5)¢
Meroney [3,4,7] defines the area for total air entrainment into the cloud passing through the spray
barrier as
2
mnD;
iy ©®
4

in which
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Mitigation Countermeasure Modeling 5-9
m = number of spray nozzles over the vapor cloud, and
D, = spray impact circle diameter.

This diameter should be obtained from the spray manufacturer’s design literature, for it will
generally not be the projection of the spray cone onto the ground. If the nozzles are sufficiently
high, the droplets will quickly attain terminal velocities. The interaction area implicitly defined in
Equation 6 can be used for sprays pointing in directions other than downward. However, the
basis upon which the concentration reduction factor has been measured or defined should be
considered. For passive barriers, the cross-sectional area of the plume “impinging” upon the
barrier can be used for 4;. Therefore, combining Equation 1 and 5 gives

U (a-1)
u, = = Q)

5

If the plume temperature is 7, on entering the curtain, then Equation 7 can be found by

T, U, (a-1)
u, = ’ ,
e Tns As (8)

where T, is the atmospheric temperature and the value of U, can be obtained from dispersion
model intermediate resuits. This equation assumes no phase changes (no aerosol) which affect
energy balances significantly, nor humidity effects; it assumes that the before-dilution amount of
air required is based on a given value of « for the new cloud mixture which attains ambient
temperature on mixing. This is probably a good first approximation, because sprays are most
likely to be close to ambient temperature and mixing is intense, and therefore fast heat exchange
occurs. To be more exact, simultaneous heat and mass balances equations would have to be set
up and solved to account for the initial vapor temperature, the entrained air, humidity changes,
aerosol vaporization, etc. Rearranging Equation 8 yields

U e A s 1 Ue 1
& = + = + . 9
Uns UHS ( )

If the temperature correction is used, multiply #, by 7, /T, in Equation 9.

Water Sprays — Downward Pointing Nozzles. McQuaid’s correlation {11] may be used for
estimating dilution effects of spray curtains with downward pointing nozzles. For several field
experiments, it was found that downward pointing sprays diluted dense gas concentrations to the
levels predicted theoretically by the correlation, whereas upward pointing sprays were less
effective in certain situations. A drawback of downward sprays is that the top spray header should

always be higher than any potential plume to be mitigated. McQuaid’s dimensionless group
correlation parameter is defined as

1/2
Py F
@ = —Z—)"'Z—N y (10)¢

Si
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5-10 Chapter 5
where

U, = Total volumetric flow rate of water to sprays, m*/s

p, = Water density, kg/m?

Fy = U,/PL?, the nozzle flow number, [m*/s]/[(Pa)*]

P, Water pressure to nozzles, Pa

D, Diameter of spray impact area on the ground, m.

McQuaid’s graphical correlation between the ratio U,/U,, and @ was fitted by the author, with an
accuracy equal to the width of the plotted curve over the whole range shown, to:

In ge =a+b-In(® +c-[In(D], (11)

w

for which @ = 1.118309, 5= -0.7620935, and ¢ =-0.0090127.

Water Sprays — Upward Pointing Nozzles. Upward flowing sprays must be able to project
droplets of diameter greater than 500 um higher than the height of any potential plume, but they
do have an advantage in that overhead pipe header structures are not needed. In field tests with
LNG, vertical upward sprays lifted the vapor plume sufficiently that downwind concentrations
were less than 2%, the approximate lower flammability limit. As mentioned above, Atallah ez al.
recommended the correlation of Moodie [10] who defined

M =KF,P, /L , (12)¢
for which
M = momentum flow rate per unit length of curtain, N/m
K = anozzle-specific, empirically derived constant, Ns/[m3Pal’?], (44.5 for an ideal
nozzle 37.9 is a median value based on experiments)
Fy = UW/P,:,/Z, the nozzle flow number, [m3/s)/[(Pa)*]
P, = water pressure to nozzles, Pa, and
L = curtain length, m.

The momentum flow was correlated by Moodie with the concentration reduction factor (Equa-
tion 2) with

M = ul,5[0.65¢%5% -0.23] (13)

in which #; ,5 is the wind speed at 1.25 m elevation. From figures in Moodie’s paper, it appears
that the concentration ratio @ (Moodie used the symbol cz ) predicts M*/u, 25 t0 an accuracy of

about a factor of 2 for upward-pointing sprays, but « is essentially uncorrelated for downward
pointing sprays. Equation 15 may be rearranged to
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M/2

Uj s

a = 2In| 1.539 +0.23| | . (14)

This correlation can give & values ranging from 1/4 to 1/10 times those calculated by McQuaid’s
upward-pointing spray correlation.

Water Sprays — Other Orientations. Correlations for estimating air entrainment for water
sprays which do not point directly up or down; i.e., horizontally, apparently have not been
published. Correlations for these orientations could be developed from the fairly large amount of
data available in the literature.

Removal of Released Material

General. Experimentally, the removal effectiveness of a barrier is usually found by assuming that
all the released material in the vapor cloud impacts the barrier, or the dispersed material concentra-
tions are measured just before the device. Just after the device, arrays of sensors measure the
concentration distributions. Numerical integration of the concentrations over the space grid gives
average concentrations and defines the plume shape. The total mass flow rate of emitted material
leaving the barrier can be calculated using the wind speed and other observed parameters. Thus,
the overall effectiveness of the barrier may be characterized by the ratio of the released material
mass flow rate entering the barrier (w,) to its mass flow rate leaving (w,). Let

(135)

The symbol Kis sometimes called the concentration reduction ratio, with its reciprocal, f;, being
the fraction remaining in the plume from a removal process. Sometimes the scrubbing efficiency
€ is reported; this is the ratio of dispersed material remaining with respect to the material entering
the barrier:

e=1-1/k. (16)

Scrubbing Efficiency of Spray Curtains and Firewater Monitors. Referring back, Figure 2
shows example HF scrubbing efficiencies from the ICHMAP-sponsored spray tunnel experiments
drawn from Reference 13, Table 3.7-1. The fitted curve corresponds to their “base case” for
which the experimental conditions and fitted equation parameters are from this reference. This
report should be consulted for a particular application, because many more experimental
conditions were used than for just the points shown in Figure 2. Note that the scrubbing
efficiencies were reported on an overall inlet-outlet material balance basis; they do not include
dilution effects caused by air entrainment induced by the water/solution sprays. For modeling use,
x can be found from the scrubbing efficiency and utilized with other information (see later) to
modify the plume being modeled.
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This scrubbing efficiency data for HF can be used for other released materials that are highly
soluble in, or react with, water or other sprayed liquid (such as sodium bicarbonate solutions), if
it can be assumed that the removal rate is mass transfer limited. Also, the partial pressure of the
diffusing material as it is being absorbed into the droplets of spray water solution should be
approximately no greater than that of HF.

Consider the mass transfer rate defined by: MTR = kA(ac), where &, is the mass transfer
coefficient (mass per unit area), 4 is the droplet area available for mass transfer, and Ac is the
difference in concentrations of the material being absorbed. The mass transfer rate, kA, is
governed by the relative spray droplet-gas phase velocities and the Sauter mean droplet size for
a particular spray curtain operation. This should be true for spray upflow, downflow, or other
configurations. The remaining “driving force” term in the above rate expression depends upon
the bulk gas and droplet concentrations less the interfacial partial pressure. Thus, as long as the
driving force is equivalent for two substances (HF vs other), the mass transfer rates will be the
same. For all cases involving fast chemical reactions which essentially go to completion, the
interfacial partial pressure will be negligible. If ionic solution equilibrium is involved, such as
acid-base neutralization or very high solubility, the reactions are generally very fast and the partial
pressure can be made negligible if the neutralizing chemical in the spray solution is properly
selected. Therefore, for all cases in which the partial pressure of the absorbed substance is, or can
be made to be, essentially zero, efficiencies as illustrated in Figure 2 will be limiting.

Spray Barrier Removal Modeling Programs. Fthenakis developed the HFSPRAY modeling
program [24, 25, 26] under ICHMAP auspices. The mathematical model simulates the mass,
momentum, and energy interactions between multiple water sprays and an unconfined plume of
HF in air; it predicts the flow fields of velocity, temperature, water vapor, and HF concentration
in two-dimensional large geometries, for sprays in any direction. Modeling results compare
favorably with HF spray tunnel experiments [23,26]. The program requires extensive computa-
tional resources, but has the best capability for detailed design of spray curtains and the estimation
of the removal and dilution parameters where experimental data is not available or needs to be
extrapolated. However, estimation of crosswind dependent effects depends upon external
information. Fthenakis and Blewitt [23] used the HFSPRAY modeling program, along with data
from ICHMAP-supported studies to investigate further the physical design of spray curtains. They
concluded that, for a field HF process unit, a two-tier arrangement of horizontally-pointing nozzles
is best, with effectivenesses (percent HF removed) ranging from 70% for high wind speeds (e.g.,
17 m/s) to 96% for average wind speeds (e.g., 5 m/s). If the horizontal plume speed is too high,
as caused by the wind or jet velocity, the plume can “punch through” the spray curtain to cause
very poor removal effectiveness.

Jones [25] developed two simplified models for HF removal from plumes corresponding to
upward and downward pointing water spray systems. The models are based on momentum
balances, rates of mass transfer between water droplets and the HF stream, and phase equilibria
of the mixture: HF, water, air. Water spray droplet size is a model parameter. The two dimen-
sions are: vertical for the axis of the spray cone, and horizontal for the radius of the cone.
Although the thermodynamic/ physical properties are specific to HF, the Fortran source code
could be modified to handle other substances. Water spray-induced air entrainment appears to be
ignored. The programs run fast enough for PC type computers. The models provide reasonable
results when compared to the experimental results from the ICHMAP wind tunnel tests.
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CHAPTER SIX

Analysis and Simulation of Release Scenarios

Introduction
S cenario presentations are generally organized as follows:

1)  The Statement section presents the scenario accompanying quantitative information needed
to carry out the desired simulations. The release attributes sidebar shows the main features
of the modeling problem.

2)  The Analysis section discusses physical property and fluid mechanic (flow) parameters for
characterization of the released fluid, selection of atmospheric and boundary layer parame-
ters as well as the applicability of the modeling programs to the solution of the problem.
Selection of specific modeling programs may be discussed if germane to parameter
selection. A RECAP box summarizes the model input parameters used.

3)  The Simulation section may discuss further specifics of the modeling program selection,
followed by discussions of results obtained.

4) A Discussion part may be included, if deemed appropriate, for more general conclusions.

Because of the extensive calculations and the number of computer files generated in the course
of any one “study” or scenario simulation, it is not possible to include them in this Manual.
However, the important modeling parameters and other data germane to the problem are
presented by means of appropriate tables and graphs. If not mentioned, the appropriate default
parameters discussed in Appendix I will have been used.

The scenario discussions follow the classifications shown in Figures 2-1, 2-2 and 2-3. Pages,
tables and figures are numbered according to Sn-I, where n is the scenario number and 7 is the
local sequence number. For example, page S8-3 denotes the third page for Scenario 8.

In some cases, isopleth shapes appear to be irregular. This is primarily due to the geometrically
increasing downwind distance step size which cause large steps at longer distances. The plotting
program used connects the points with straight lines, or by spline functions. Spline functions don't
always work because strange looking oscillatory envelopes are generated, in which case straight
line segments have been used. Considering the accuracies of the overall estimates, it was conclud-
ed that further smoothing was not justified.

Unless otherwise noted, 10 m measurement heights apply to the wind speeds quoted.

In the course of final editing in May 1996, the thermodynamically consistent assumptions and

equations for initial expanded jet diameters presented in Chapter 3 replaced a less accurate

formulation used for the simulations in Scenarios 3 and 6. Thus, the present method will give

somewhat different diameters than those presented in the tables. However, dispersion results, if

calculated by the new expanded jet diameter formulation, should not produce significantly dif-

ferent values than those listed for the old formulation. This only applies to SLAB and DEGADIS
‘ examples; HGSYSTEM’s PLUME internally calculated the expanded diameter.
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Scenario 1: Hydrogen Sulfide from Unlit Flare Stack

Statement

his scenario demonstrates the dispersion effects of two important variable classes on the
behavior of vertically-pointing turbulent jets (plumes):

Release Aftributes . The momentum, which 1s the pljoduct qf the
Material: .............. Sour Gas initial fluid mass flow rate and its density,
Method: ................. Stack

Fluid state: .............. Vapor = The atmospheric conditions, which govern
Chemical reactions? ......... No

Release time type: . . . Steady state

the wind speed and air density.

Turbulentjet. ....... ... Vertical}  For a hazard analysis, maximum ground level concentrations
"Cloud” height: . . . Initially elevated

Roughness type: ... .. wvixea'l  ©F ﬂZS are to be estimated for a range of potential pressure
Stability: . ................ ADFQR relief valve discharges of sour process gas from a 26.8 m-tall
Averaging time: ............ 60sQ  flare stack. Flared gas has greatly increased plume buoyancy
Hazard:.................. Toxic e gt ee .
as well as air dilution rates compared with the non-burned
gas. Of concern is the possibility that the released gas is not
ignited or that the flame goes out, thus causing potentially hazardous concentrations of H,S at
ground level.

The design maximum flow rate for the stack is 16 kg/s, the minimum flow rate is 1.6 kg/s, the flow
regime is non-choked, and the stack exit temperature is 300 K. The exit diameter of the stack is

0.20 m. The chemical composition of the stack gas, which contains methane, ethane propane and
hydrogen sulfide is given.

The process unit is in a small oil refinery surrounded by suburban and rural areas with trees.
Analysis
Stack Gas Physical Property Parameter Estimation

Modeling programs require single, or bulk, values for Table S1-1.
the stack gas specific heat at constant pressure (C p ) and

. . . i STACK GAS COMPOSITION
its molecular weight (M). Given the nominal effluent c,
gas composition as shown in 7able SI-1, the molecular Mole Weight Mol. KJ/

weight for the bulk gas is the sum of the individual || Someound %% flednt Jo:x
component mole fractions times the corresponding | Ethane 106 84 3007 186
molecular weight. The component specific heats were || roro 150 20 oo S0
found from information in Chapter 3 of Perry’s Sixth.

Those heats for methane and ethane are finite difference
approximations to the temperature derivatives of en-
thalpies at 300 and 350 K. This approach gave spurious values for propane, because 350 K is just
under the critical temperature of 369.8 K, as found by plotting the enthalpies from 280 to 360 K.
The more consistent C_ = 1.14 value shown in the box for propane is the finite difference
derivative from enthalpies 300 and 310 K. The heat capacity for H,S was calculated for 300 K
by means of the equation in Table 3-181 of Perry’s Sixth. With these componential values, the
heat capacity for the bulk gas is the sum of the products of the weight fractions times the C, values

of the individual components. See page 3-15 for more aspects of calculating pseudo-pure
componental properties.

Bulk values 381 114
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S1-2 Chapter 6

Because the modeling programs do not “know” that the released “pure” gas is really for a multi-
component system, modeled bulk gas concentration results (mole fraction = volume fraction) must
be multiplied by 0.032 to obtain the H,S concentrations.

Other Parameters

For ambient and gas temperatures of 300 K, the unlit stack gas-to-air density ratio is 1.38 (ideal
gas equation: gas density = 1.61 kg/m®), which indicates the emitted gas is denser-than-air.

Depending upon the jet’s momentum and the wind velocity, the plume can sink to the ground or
remain elevated. Thus a vertically-pointing turbulent jet model should be used for the near-field.
(Briggs’ Plume Rise “EPA” model is inappropriate because it does not allow sinking.) For
dispersion beyond the distances where the plume contacts the ground or remains elevated with
essentially neutral buoyancy, ground-level dense gas or Gaussian-type dispersion modeling should
follow the jet modeling, respectively.

The jet dispersion process is very nonlineqr .V\'/ith respect MODELING PARAMETER RECAP

to release rate. For large release rates, the initial momen- Staok &

tum is high but turbulent jet air dilution is also very large. S oleasiar weight 281
Low rates have low momentum but the jet dilution is also Spe(c:iﬁcKZezlt, 14
lower. Thus, the modeling should be done for the mini- Release ,afeg;‘ﬁg,s 161016
mum and maximum design release rates of 16 and 1.6 Temperature, K 300
kg/s, respectively, as a start. Since the flow is non- | guack diameter, m 0.20
choked, initial jet expansion may be neglected, so the | Stackheight, m 268
initial jet diameter is equal to physical stack diameter. Roughness length, z,, m 0.1
To exemplify atmospheric stability class effects on the | Atmospheric variables

plume behavior, clagses A, D, and F (see Chapter 4 as Statt’;"r;ypzram,e' K 310
well as the Appendix I recommended defaults) were wind speed, m/s 3
selected with appropriate combinations of wind speeds Stal:'e":nypgramre' K 300
and atmospheric temperature; see RECAP box. The wind speed, m/s 48
temperaturgs are appropriate to the Flass, but more S‘aﬁ’;'gp';am,e, K 273
representative values should be obtained from local wind speed, m/s 2
meteorological knowledge for a real application. The | geiative numidty, % 50

wind speeds for neutral stability of 4 and 8 m/s were
selected to demonstrate the effect of doubling this
parameter.

Close to the jet source, surface roughness does not affect dispersion. However, as the transition
is made into atmosphere-controlled dispersion, the roughness parameter, z,, becomes important.
For this example, assume the average roughness length is 0.1 m.

Simulation

The SLAB model was primarily used to demonstrate the effects of the variables of interest. Use
of the other two models is discussed later. Note that the near-field and far-field situations, and the
smooth transition between, are all automatically handled within the single SLAB program.

SLAB

Table S1-2 summarizes the main features for selected modeling results. Note that the H,S
concentrations shown were obtained by multiplying the released gas concentrations calculated by

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4bEd 9t MM 0732290 05L00A85 407 WA

Scenario 1: Hydrogen Sulfide from Unlit Flare Stack S1-3
Table S1-2.
SUMMARY OF SLAB RESULTS FOR SCENARIO 1
H2S in Gas from 26.8 m Flare Stack
1 2 3 4 5 6 7 8 9 10
Ground Level For Plume Centerline
Amb-
Stab. Wind ient Release Max. H2S DWD* for Maximum DWD for Touch down
Case Class Speed Temp. Rate Conc'n Max, H2S Height Max. Ht. atDWD =
mis K kals ppm m m m m
SLAB:
1 A 3 310 160 35 456 75 109 572
2 D 4 300 160 31 1730 70 150 2490
3 D 4 300 16 15 701 31 15 1190
4 D 8 300 160 15 1610 52 130 2680
s F 2 273 160 117 5140 99 818 5140
6 F 2 273 08 109 1000 31 17 1210
7 F 2 213 16 117 1060 34 34 1100
8 F 2 2713 3.2 1056 5220 42 67 464
9 F 2 273 64 175 2380 58 133 2300
DEGADIS:
8 F 2 273 32 44 1796 4 136 2743
HGSYSTEM (PLUME ==> PGPLUME):
g8 F 2 213 32 04 2200 32 48 500
* "DWD" = Downwind distance ** Wind speed measurement height = 1 m, all others: 10 m.
the model by 0.032, the
*
mole  (or  volume) Plume Centerline Paths
fraction of H,S in the
dispersed gas Figure For SLAB unless otherwise noted Cases 4,6,7 not shown
. E ’_——\I T T
S1-1 presentsthe calculated - 100} e T —— ]
. c / ~—.._ Case3(F.2m/s. 16kg/s)
plume centerline K / ~<_
trajectories (“paths”) and | © |/ T~ ]
J Cp ) . g ¢o [ _Coset (A.3m/s.16kg/s) ~—_
some corresponding o P ~-
: W ; T
plume centerhne,' ground Y |
level concentrations are L (F.2m/s, ~~~-e___ Cose2(D.4m/s.16.0kg/s)
K . - 3.2kg/s) \\ ‘\_‘_‘_
plotted in Figure SI-2. Y PN \ Se—— L ]
The concentrations s G N — i DEGADIS Jet (F. 2m/s. 3.2kg/s) \~\~\
. - -
become greater than Q . Moo T
. . ® 20 Feases KN v e T — T
zero at various distances £ (F2mss. N\ O T
downwind from the 3 32kg/8) N ".Cose 3(D.4m/s,1.6ka/s
. E O KR 1 T 1
source in accordance 0 500 1000 1500 2000
with the path of the Downwind Distance, meters
plume centerline and the

vertical dispersion about
it.

Figure S1-1.

The case for A stability (high vertical mixing) shows that the plume centerline “touches down” to
the ground (Column 10) at a downwind distance fairly close to the source, but the maximum H,S
ground level concentration is less than 10 ppm. This near ground impact can be explained by the
lower relative wind speed of Case 1 with respect to Case 2 (3 vs 4 m/s) and the higher relative
density of the plume (air temperature 310 vs 300 K).
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S1-4 Chapter 6
Cases 2, 3, and 4 show
results f°; two fe‘e‘flss SLAB H2S Concentrations |
rat;Sd ffm t:vol l:”{)nl Ground Level Centerline
speeds for neutral stabil-
ity. For a 4 m/s Wiﬂd, 102 3 ,!\ ' T Siobie Wind Release  CoseNo.
o N ity m/s Rote.ka/s

the lower 1.6 kg/s re- §_ A N — e,
lease touched down | & [ i o S S

c iCase 8 >~ ———F 2 160 s
much closer to the & 1ol S P2 32 bz
source than did the 16 | % [ | e e ]
kg/s case. Notethatthe | < f .o 77 frommmm
1.6kg/splume flowmo- | & 2f /i N 7 2 T ~fe -
mentum) rose to 31 m at S 100k ! ¥ \;*4\ / T
a downwind distance of g E ',' '? N /l 3
15 m from the stack, I / RS /

T L 15 / i
whereas the 16 kg/s A ] B 3

. I e S it S N
plume (high momentum) po-r Lidie L ' L —o= -
0 1000 2000 3000 4000 5000

rose to 70 m at 150 m D d DI
downwind. Yet the ownwind Distance, meters

maximum 'ground level Figure S1-2.

concentrations do not

differ by very much! This is because the low momentum plume began sinking much closer to the
stack and with less jet-induced turbulence than did the high momentum plume. Case 4 shows the
inverse effect of wind speed on dispersed concentrations when compared with Case 2; the
concentration was approximately halved.

Case 5 for F stability shows a significantly higher maximum ground level H,S concentration than
any of the cases listed above it. But the plume rise was higher than any of the preceding cases
because the wind speed is very low, 2 m/s. Also, the plume did not touch down until 5 km
downwind, whereas it touched down at about 2 km for Case 4 because the relative density of the
plume was closer to the air density. But the rate of dispersion is significantly lower for this high
stability, so the overall effect is to cause high ground level H,S concentrations.

Cases 6 through 9 were made to search for the “critical” release rate which could cause the highest
ground level concentration (for F stability and 2 m/s wind). The first sequence of release rates was
planned to start at 0.8 km/s (half the lowest ever expected) and doubling each time. As can be
seen in the table, 3.2 kg/s gave the highest H,S concentration of about 20 ppm. This estimate
could have been refined by making more runs within the 1.6 to 6.4 kg/s interval. However, this
resolution is probably sufficient to address H,S concentration concerns for the present purpose.
Further studies might consider changing the stack height and/or gas exit conditions, then to repeat
the modeling with the new parameters.

DEGADIS

SLAB’s “optimum” Case 8 was modeled with DEGADIS, which resulted in markedly different results
than the former model as shown at the bottom of Table S1-1. The maximum ground level
concentration is about an order of magnitude lower and the touchdown point is about 4 km,
whereas the comparable SLAB touchdown point is about 1 km. The concentrations reported were
all from DEGADIS’ JETPLUIN sub-program; the follow-on ground level dense gas model was
implemented by the program.
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Scenario 1: Hydrogen Sulfide from Unlit Flare Stack S1-5

HGSYSTEM

Case 8 of Table S1-2 was modeled with PLUME followed by PGPLUME. The former terminated
normally at a downwind distance of 48 m with a plume centroid height of 32 m because the plume
became essentially neutrally buoyant at the last position. Numerical solution difficulties first

~ prevented normal termination when the 10 m wind speed measurement height was used; the

. program completed normally with a 1 m height. This parameter value leads to higher wind speeds

- at plume centerline height than result with the 10 m measurement height (i.e., about 13 vs 3 mv/s),
which causes the plume to bend over earlier than for the original 10 parameter value. Because the
plume was elevated, then leveled off, and became neutrally buoyant, PLUME automatically
generated a file for input to PGPLUME, the Gaussian plume modeling program.

The plume path is shown in Figure S1-1 as the solid line. The arrowhead indicates that the plume
centerline height remains constant at 32 m, because the Gaussian model uses a virtual point source
at this elevation. PGPLUME results are shown in Table S1-2. Program PGPLUME provides its
results in a different form than most other programs being used here. For each specified
downwind distance, a two-way table of concentrations is produced, with columns for crosswind
distances from the plume centerline and rows for receptor elevations above the ground. From
these displays, it can be easily seen that concentration is very sensitive to receptor elevation until
the plume becomes well mixed vertically in the far field.

Also, because the wind speed at plume centroid height is high, the centerline lowering effect of
the wind is countered in the Gaussian model calculations in which concentration is inversely

proportional to the wind speed. This explains the very low maximum value of 0.4 ppm H,S shown
in the table.
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Scenario 2: Hydrogen Sulfide and Carbon Dioxide
from a Safety Relief Stack

Statement

For a certain oil field located in a rural area, secondary recovery operations use carbon dioxide
as the flooding agent. The separation plant produces a recycled stream containing about
1.3%v H,S with the balance being essentially all CO, which is representative for discharges to a
new safety relief stack being designed for the unit. The

Release Aftributes . . . .
Material: ............ H,8inco,]] design maximum flow rate of 12 kg/s of this stream is to be
Method: .................. Hole] used to estimate the required stack parameters of height
Fluid state: .............. VaporR  apove grade and exit diameter. For the diameter calcula-
Chemical reactions? . ) )
Release time type: . .. Steady statefj tions, assume an internal pressure of 70 kPa (10 psig) at
Turbulentjet: ........... Vertical 275 K.
"Cloud” height: . . . Initially elevated
Roughness type: .......... Rural]  For this example, assume that the ground level concentra-
izbr';'gng e 60 s tions for H,S and CO, concentrations should not exceed 10
Hazard: ... ... T roxie] ppm and 2.0 %v, respectively, on an averaging time basis of
60 s.
Source/Release Parameters STACK DIAMETER SIZING PARAMETERS
Because the released gas is 98.7% CO,, the Specific heat ratio, k 13
. . .. Atmospheric pressure (P,), Pa 101325
physical properties of pure carbon dioxide Inside stack pressure (P,), Pa 170325
were used for the stack gas. These, plus Pressure ratio, Py/P, = r 0.895
. o Critical pressure ratio, r, 0.546
stated and derived quantities, are summa- Molecular weight 44,
rized in Table S2-1. The flow regime is non- Inside stack temperature, K 275.
. . Inside gas density, p, kg/m* 3.30
choked because the pressure ratio, 7, is || Adiabatic expansion coefficient, Y 0.737
greater than the critical pressure ratio, 7, Required maximum flow rate, W, kg/s 120
. . Discharge coefficient, C, 1.00
(Equation 3-6). Therefore, sub-critical gas Calc'd. Bernoulli fiow stack exit diameter,m  0.175
flow Equation 3-71 was rearranged to find

Table S2-2.
SOURCE/RELEASE PARAMETERS
1 2 3 4 5 ) 7 8 9 10
Mass Internal Stack Vol. Flow Expanded Jet
Flow Pressure Density Orif. In Atmo Area Diam. Density Temp.
W Py Py _Up Us A D3 P3, T3
ka/s Pa__ atmo  kg/m3 m/s m/s _m M kg/m®> _ K

171243 1.690 3.297 3.640 5.450 0.03601 0.214 2.202 243.6
1644673 1.428 2.785 3.447 4.533 0.03163 0.201 2.118 253.3
128491 1.268 2.474 3.105 3.727 0.028387 0.192 2.061 260.3
118451 1.169 2.280 2.69: 3.038 0.02712 0.186 2.022 265.3
112224 1.108 2.160 2.275 2.461 0.02602 0.182 1.997 268.6
108239 1.068 2.084 1.887 1.985 0.02531 0.179 1.981 270.8
105751 1.044 2.036 1.545 1.597 0.02486 0.178 1.970 272.3
104151 1.028 2.005 1.255 1.282 0.02457 0.177 1.963 273.3
103120 1.018 1.985 1.014 1.028 0.02438 0.176 1.959 273.9
102475 1.011 1.973 0.816 0.824 0.02426 0.176 1.956 274.3
102063 1.007 1.965 0.656 0.659 0.02419 0.175 1.934 274.5
101795 1.005 1.960 0.526 0.528 0.02414 0.175 1.953 274.7

- A NNWW A NON
. s « e % sow
OMNOCOUV 0N 20ND

.
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Stack exit (orifice) = 0.175 m. Stack exit gas temperature 275 K.

Copyright American Petroleum Institute
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4bL28 9- EM 0732290 0560089 452 HE

S2-2 _ Chapter 6

the required exit area; then, for the given flow rate of 12 kg/s total gas, the corresponding exit
diameter was found to be 0.175 m.

Because the CO, flow rate varies from very low to 12.0 kg/s, Table S2-2 was generated to obtain
the expanded jet parameters required by the DEGADIS and SLAB dispersion models. For each
given w, the stack gas internal pressure, P;, must conform to the sub-critical gas flow Equation
3-71 using the 0.175 m stack exit diameter. Equations 3-71, 3-72, 3-73 and 3-18 were simulta-
neously solved for P; by a nonlinear solution algorithm feature of the spreadsheet program
software. With the parameters of columns 1, 2 and 4, the expanded jet parameters of columns 5
through 10 were calculated by means of the appropriate equations from the set comprising
Equations 3-97 through 3-102. Note that subscript 2 denotes the orifice (“throat”), and because
the flow is not choked, P, = P, for the equations.

It can be seen in the rightmost columns of the table that the expanded jet temperature and density
differ significantly from the internal stack “initial” conditions. Also not shown, the adiabatic
expansion factor (1) significantly varied from 0.74 for the 12 kg/s flow to 1.00 for the 1.03 kg/s
flow.

In a particular application, specific details of practical stack construction must be considered.
However, for simplicity in demonstrating dispersion modeling effects, only the above physical
diameter of 0.175 m is used.

Other Parameters
For elevatgd plum-es, expected to be attained b.y choiqe MODELING PARAMETER RECAP
of a sufficiently high stack, stable atmospheric condi- (See also Table $2-1)
tions usually result in the highest ground concentra- | giacx gas
tions of dispersed material. However, depending upon Molecular weight 44
. diti dfl bl h Specific heat,
exit gas conditions and flow rate, unstable atmospheres ¢, Kikg.q 0.83
can sometimes cause much vertical mixing near the $elease ;ates,ég/s ; 1b|3 tg 213
. . ra e -,
stack, and perhaps lead to high concentrations. Also emperature, 2
the higher wind speeds associated with neutral stability | Expanded jet diameter Table $2-2
. . . Stack diameter, m 0.175
can sometimes lead to high concentrations because of | stack height, m (variable)
plume bend-over, and since this stability class usually
. . . . . Roughness length, z,, m 0.1
predominates in many geographical locations, it should
always be considered. Therefore, initial simulations | Atmospheric variables
eres : Stability A
were made for A, D and F stabilities using the respec- temperature, K 300
tive (default) wind speeds of 2, 4, and 2. Sta:iw ;P‘-‘Ed- ms 2
: temperature, K 300
It was assumed the rural cour:ntrymde had a number of wind speed, mis 4
trees, hedges, etc., to result in an average roughness Stability £ < 275
length of 0.1 m. (Rural grasslands would have rough- e et e >
ness lengths near 0.03 m.)
Relative humidity, % 95

The total gas contains 1.3% H,S; thus, 10 ppm H,S

corresponds to 0.077% total gas. Because this is less than the specified 2% maximum value for
CO,, only the ground level concentrations of H,S predicted by the modeling programs are
presented. Also, to obtain the concentration of H.,S in parts-per-million from the total, or bulk,
dispersed gas concentration (mole fraction) reported by the models, the latter must be multiplied
by the factor [1.010° ppm/mf]+[0.013 fraction H,S] = 1.3+10%.
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Scenario 2: Hydrogen Sulfide and Carbon Dioxide form a Safety Relief Stack S2-3
Table S2-3. Simulation
H2S Ground Level Centerline Concentrations DEGADIS was primarily used. The re-

initial DEGADIS Simulations for 5 m Stack Height . . .
sults from three preliminary simulations
CO2 Release rate, kg/s 120 120

f 1.29 are shown in Table $2-3 which shows
Stability class D F F . . .
Wind speed, m/s 4 2 2 much higher concentrations to be esti-
o mated for the F stability cases than for
82 D stability. The plume paths for these
First downwind distance sxmulatlons' are shown in Figure S_2-1 i

forlessthan10ppm,m 406 1063 323 An A stability run for 12 k/s failed.
However, on the basis of other experi-

Maximum ppm H2S 5 23
At downwind distance, m 307 500

ence, in addition to these re-

sults, it was concluded that F Initial DEGADIS Distance. m
9

stability at 2 m/s wind speed Five Meter Exhaust Stack Height
should cause the highest ground 50— . . . '

level H,S concentrations; these
conditions were used for all
further simulations. Therefore,
a heuristic search was per-
formed in which release rate
and stack height were varied as
shown in Figure $2-2. (The
maximum ground level H,S
concentration [ppm] for each
coordinate point representing a
simulation is shown next to the 5 100 200 300 400 500 800 700
circular point.) No ground Downwind Distance, m

level H,S concentrations re- -
sulted for the last two FigureS2-L.

. ————  DStobility. 12.0 kg/s €02 ]
40} ,” ~. - F Stobility, 12.0kg/s CO2 -
, ~ -_— F Stobility, 1.25 kg/s CO2

Plume Centerline Elevation, m

Search for Acceptable Stack Height | Simulations at 23 m stack height
with 12 and 1.6 kg/s gas flows
N M — (top vector).

24 Eno A On the basis of these DEGADIS
g | °° A }° | simulations, it could be concluded
"_;t'; sb l,,{ ) N : ] that an approximate stack height
- . of 23 m and exit diameter of 0.175
T Ll T ] meters should keep CO, and H,S

Ty The numbers next to eoch point show the moximum . .
B 104 ground evelconcentation fo that cose. | concentrations below the specified
@ .l START | “levels of concern” for all
| 5 2 | atmospheric conditions given the
| 0 , . . . . . maximum flow rate and maximum

0 2 4 6 8 10 12 14 1 1

€03 Flow Rate, kg/s I;;SS concentration in the release

Figure S2-2.
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S2-4 Chapter 6

Other Modeling Programs

SLAB was run for the same conditions and parameters as the final two DEGADIS runs described
above. The maximum downwind concentrations and plume paths for these four runs are shown
in Figures S2-3 and 52-4, respectively. Corresponding PLUME (HGSYSTEM) results could not be
obtained; the program aborted because convergence could not be achieved by the nonlinear
equation solver. However, the high (12 kg/s) flow rate solution was obtained to about 14 m
downwind with the path still rising. The program-computed expanded jet temperature for this
case was 263 K, which significantly differs from the 244 K value shown in Table S2-1.

Final Centerline Ground Level Concentrations ‘
23 Meter Stack Height
E 5
° 3 T T T v T
2 3
+ . f ]
3 2 NOTE: All DEGADIS 1. 23 kg/s concantrotions =0 |
ememmees BEGADIS, 12.0 kg/5 CO2
LY . =8 117
3 E TSN
4 T
(<] sf i T
% 2 ~ e
S w0} i )
PO i
E 3r : {"'
s of s
[ [l
o 100 4 10 L 1 e 13 1 L 1
o 0 100 200 300 400 500 600 700 800 $Q0 1000
= Downwind Distance, m

Figure S2-3.

Final Plume Centerline Elevations
23 Meter Stack Height

T T T T T T T

60
55

50 “> DEGADIS, 1.26 kg/s CO2 ]
\\ DEGADIS, 12.0 kg/5 €02 1
45 H A . - SLAB,1.29 k9/5 CO2 E

i I $LA8, 12.0 k9/5 €Oz
40 f

sf
30 f
25
20
15
10

Plume Centerline Elevation, m

o womn i

0 100 200 300 400 500 600 700 800 SG0 1000
Downwind Distance, m

Figure S2-4.
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Scenario 3: Supercritical Propane Pipe Hole Release

Statement

Supercritical propane at 340 K and 7.0 MPa is heated in a

gas-fired process preheater to a temperature of 540 K. _ Release Attributes
Assume that the pressure in the outlet line is the same as for A"Z::;ZZ’; """"""" Pri g
the feed line, and that a 19 mm diameter hole can develop J Fuia state: ..... Supercritical fluid
from some type of failure on either line. The holes are both [ Chemical reactions? ......... No
about 3 meters above grade. How far downwind could a ?3;;37;?,2? type: ... Stf:r’i’z ztnattael
vapor cloud remain flammable? The most likely ignition § "Cioud”height: ... Initially elevated
source is about 15 m feet from the heater. Could the jet's [j Roughnesstype: ....... Industrial

vapor be ignited if it happened to be directly towards the [ S0 oo ooei D
ignition source?

Flammable

Analysis
Source/Release Parameters

A single component chemical fluid is in the supercritical state if its temperature exceeds the critical
temperature (369.85 K for propane) and/or its pressure exceeds the critical pressure (4.248 MPa).
That is, separate liquid and vapor phases do not coexist; the fluid has a single set of physical
properties. The pressure-temperature-density functions will not be those of an ideal gas, nor be
those generally used for liquids. For example, the density of propane vapor at 300 K and 0.1 MPa
(1 atm) is about 1.8 kg/m3, and the density of many hydrocarbon liquids at ambient conditions is
on the order of 800 kg/m3. The densities of supercritical fluids usually lie somewhere between

such typical values. Because of the very large pressure difference between the fluids and the at-
mosphere,  choked

flow would certainly Table 53-1,
occur. Before using .
he choked fl Propane Properties at 7.0 MPa
tion in Chapter 3 to Tem-  Fluid Density k= Sound Speed En- En-
estimate the release {;;La Real ldeal C, C/C, Real ideal t(t:'a)lpy t(r;;ay
rate, the physical X mol/lL moll J/mol'*K mis m/s Jimol Jimol*K
) 300 11479 2806 1153 1556 809 246 1224 1976
properties of propane 320 10815 2631 1231 1588 691 254 1157 2053
in the temperature - 340 10045 2476 1335 1644 571 261 3717 2130
. 380 9.094 2339 1497 1757 448 269 6534 2211
pressure region of 380 7766 2216 1845 2050 315 276 9820  230.0
interest must be deter- 400 5552 2105 2466 2566 209 283 14201 2412
) 420 3745 2005 18889 1922 206 290 18657  252.1
mined and used to 440 2983 1913 1514 1522 228 297 21994 2598
estimate the flow 460 2570 1.830 1381 1361 247 304 24867  266.2
. 480 2207 1754 1328 1277 263 311 27568  272.0
rates through “the 19 500 2006 1684 1309 1227 277 317 30201 2773
mm hole for the two 520 1939 1619 1308 1193 290 323 32817 2825
540 1812 1558 1316 1169 301 329 35440 287.4
temperatures. 560 1704 1503 1330 1152 312 335 38086 2022
. 580 1613 1452 1348 1138 321 341 40764 2969
Required thermophy- 600 1532 1403 1367 1126 331 347 43479 3015
‘ sical properties for CRITICAL TEMPERATURE IS 369.85 K CRITICAL PRESSURE IS 4.248 MPa
4 propane were Ob-
. A“mot"is 1 gram-mole. Note that 1 mol/L = 1 molfiiter = 1 kg-mole/m?
tained from the Ideal gas quantities were calculated here; others are from the NITSFLUIDS database.
NITSFLUIDS database

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS

Not for Resale




API PUBL*4bE28 9k WM 0732290 0560093 983 N

S3-2 Chapter 6

on-line to the STN International network. This database was selected mainly because it gives C, |
directly. Smoothed properties can be generated with reported accuracies of about 3 - 5%. Table |
S§3-1 lists the properties of interest, along with some derived values to be discussed later. (Note |
that over this temperature range, fluid densities differ markedly from ideal gas values; particularly

for the low temperatures.) Also C, and k go through a maximum near the critical temperature;

a finer grid would show much larger values near that point than can be seen in the table.

To estimate the release flow
rates, it would be most accurate
to use the “rigorous” method
discussed in Chapter 3. How-
ever, since only approximate

Propane Choked Flow Rates

Orifice diameter 19 mm, 7.0 MPa

11.00

10.00
results are required, the ideal gas » .00l |
choked flow computations as | 5

presented in Chapter 3 were em- | < 890]

ployed, but with some modifica- | § 7.00

tion. Figure S3-1 shows the | 5 soof

ChOked ﬂow rates for the ideal L‘g 500 oo e e e e

gas (Equation 3-69), compared
with the use of Equation 3-68
with the real gas fluid densities
from Table S3-1. The specific
heat ratio, k, used for these cal-
culations was 1.14. (Varying k
showed that a change

tdeal Gas
4_00 - |ﬁitld1Dél’\$lfy ...... . ..................................

3.00

300 350 400 450 500 550 600

Reservoir Temperature, K

Figure S3-1.

from 1.1 to 1.6 changed Table S3-2.
the mass flow rates by
Only 10% at the 340 K SOURCE PARAMETERS AND MODELING RESULTS
. . Supercritical Propane Release
inlet temperature, using
: Modeling Program Used
the real gas den§lty‘) Source Parameters PLUME SLAB PLUME SLAB
Note that at the hxgher Reservoir temperature, K 340 340 580 580
Specific heat ratio (k) kol 1.14 *k 1.14
end of the tf:l_nperature Mass flow rate, kg/s 10.0 10.0 3.8 3.8
range, the densities (Table Throat temperature, K 318 318 542 542
. Expanded jet temperature, K ol 202 *x 345
§3-1) differ by only about Model input gas temp., K 318 202 542 345
10% and the flow rates Expanded jet diameter, cm boled 9.6 *% 9.6
. . Input source diameter, ¢ 1.9 9.6 1.9 9.6
(Figure S§3-1) differ by Molecular weight of gas 46.09  44.09  46.09  44.09
about 5%. Because C, of gas, J/[(mol)(K)] 133.5 1342 134.8  134.2
Equation 3-68 shows the Modeling Results
_ Percent (v) propane at 15m 1.9 2.0 1.0 1.6
CPITCCt effect of gas den Distance to 1.0%v propane 30 50 15 35
sity (flow proportional to Distance to 0.5%v propane 81 17 26 82
the square root of den- || p\une giameter at 15 m 49 85 51 8.2
sity), the flow rates and Plume diam. at 1%v point 10.5 15.3 5.1 12.2
. Plume diam. at 0.5%v 29.7 30.2 10.0 20.4
subsequent expansion cal-
culations were made ac- Pressure to the orifice, Mpa 8.4 NA 4.2 NA
. « 9 **  Not used for PLUME input, nor available in the output.
cording to the “real gas NA: Not Applicable
case in this figure. The

results used for the models

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS

Not for Resale




API PUBLx4ECd 9L WM 0732290 05k0094 41T WM

Scenario 3: Supercritical Propane Pipe Hole Release S3-3

(and other source parameters) at the two temperatures are presented in 7able S3-2.

The velocity at the throat is the speed of sound in the gas; this is shown as the sound speed in
Table S3-1. Referring to that table, note that at the high temperatures, the ideal vs real sound
velocities are close, which gives some confidence here. It must be kept in mind that the dispersion
results will only be first approximations with respect to more rigorous flow rate calculations.

As indicated in Table S3-2, the PLUME model requires the physical diameter of the orifice and the
temperature of the reservoir to which the orifice is “attached” because it performs the calculations
for expanding the jet to atmospheric pressure. SLAB does not perform the jet expansion
calculations, so these must be done by the user.

Atmospheric Parameters MODELING PARAMETER RECAP

The RECAP box shows the common atmospheric | See Table $3-2 for released fiuid physical

boundary layer parameters used for the simulations, | ProPerties and expanded jet parameters.

The averaging time was taken as 10 seconds because Atmospheric/Boundary Layer

peak concentrations are of interest from tl.le.ﬂammal?ll- Roughness length, m o

ity standpoint. The roughness parameter is inoperative | Stability Class D
et 4 le s : Relative Humidity 0

for turbulent jets; it is {ngppllcable because the source | o=/ peed, mis ”

and effects are down within plant structure levels. The | Airtemperature, K 203

same applies to the stability class designator; values are | #Veraging time. s 10

required by the modeling programs. The low wind
speed is essentially negligible with respect to the early jet speeds. The relative humidity was set
at zero, for the PLUME program aborted with plume temperatures which were less than the freezing
point of water. A humidity greater than zero was not tried with SLAB.

Simulation
Model Type

The fluid emitted from the hole will form a turbulent jet. If the jet is directed vertically, the plume
would rise a significant distance before being bent over by the wind. This would be followed by
sinking if the plume is denser
than the ambient air. However,
if the jet is pointed horizontally, | Turbulent Jet Centerline Concentrations
this effect would be absent and Propane, 7 MPa
higher centerline concentrations Rl e
would occur at adjacent loca-
tions, such as ignition points
(which can be expected to be
somewhat near the ground). For
this reason, it was concluded that
a horizontal jet would be the
“worst case.” Since DEGADIS has
only a vertical jet module, it
could not be used. The turbulent 101 R e

jet  module, PLUME, in ° " CownwindDistance,m
HGSYSTEM, and SLAB, were used

for the simulations. Figure S3-2.

== lInlet, PLUME, 340K |
—  Outlet, PLUME, 580K |
Infet, SLAB, 340 K

R Outlet, SLAB, 580 K

Propane Concentration, T v
Q
[=)

i 1 -
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S3-4 Chapter 6

Figure $3-2 presents the jet plume centerline concentrations vs downwind distance for the
horizontal plumes. The model results showed that the centerline elevation remained essentially
constant at 3.0 meters for all distances shown. Selected centerline concentrations and associated
plume diameters are also shown in the lower part of Table S3-2.

As is characteristic of turbulent jets, the concentration of propane dropped very rapidly (below
about 2%) in about 100 expanded jet diameters (0.096 m), roughly 10 to 20 meters.

Conclusions

The flammability criteria discussed in Chapter 1 states that, in lieu of other information and to be
conservative, a model-estimated flammable fluid concentration in air must exceed 0.5 %v to be
ignitable. Considering the uppermost three curves in Figure S3-2, it can be concluded that, since
all centerline concentrations are estimated to be greater than 0.5%v pentane to 80 m downwind,
the plumes would be flammable at that ignition source location. With respect to a release on the
inlet side of the heater, SLAB predicts the concentration would drop through 0.5%v at about 118
m (beyond the right side of the graph) downwind, while PLUME predicts this flammability limit
would be reached at about 80 meters. For the outlet side, SLAB estimates that the 0.5%v distance
would be at about 80 meters also. These distances apply along the jet centerline, so the plume
would, in theory, have to travel directly toward an ignition source located at the given, farthest-
flammable distance. This assumes no obstacles or ground contact. Also, PLUME has a “top-hat”
concentration distribution (a single average value across the cross-section), while SLAB calculates
the normally-distributed concentrations normal to the plume axis, so off-axis concentrations
decrease.

Actually, flammable jets, as being considered here, could impact adjoining structures, which may
deflect the vapor or tend to trap it. Also, the fired part of the heater could be an ignition source
if the release is near and/or oriented toward it. Depending upon the number and kind of structures
in the area, the wind speed, wind direction, source/release conditions, and the release duration, a
flammable cloud could build up as well as travel longer distances than mentioned above. Also, if
the atmosphere is calm (which happens a significant amount of the time), a vapor cloud could
build up and spread out in all directions until an ignition source is finally reached. These factors
must be considered.
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Scenario 4: Oil Well Blowout

Statement

he 0.35 m diameter well casing of a sour crude production well breaks off at ground level to
cause a blowout which spews oil and gas vertically into the air at about 23,000 kg/hr. The
temperature of the mixture just before discharge into the atmosphere is 316 K (108 F). It is
N expected that the discharge would continue at this rate for

Release Attributes . .
Material .. Sourcrude oilll  some time, perhaps several days, before it could be shut off.
The crude assay analysis and flash calculation results of

Fluid stafe: ... ... .. Flashing liquid B c5pditions are known. From these, the H,S concentration in
Chemical reaction? .......... No o

Release time type: . .. Steady state]  the vapor phase of the released fluid is about 12 %v.
Turbulentjet: ........... Vertical . . .. . . « ”
"Cloud" height: . . . . Elevated perjetf] ~Dispersion modeling is required to estimate “worst case
Roughness type: .......... Rural§  H,S concentrations vs radii from the well. For example,
Stability: ... ..o Various R \yhat would be the radius from the source for which the H,S
Averagingtime: ............ 60s .

Hazard: .. ... Toxicl concentration would always be less than 10 ppm, for all

expected meteorological conditions?

The meteorological conditions typical for the area are hot, humid days with the atmosphere
becoming very unstable during the day, with maximum instability occurring in the early afternoon.
At night, the earth can cool enough to sometimes cause stable conditions. Daytime winds as well
as cloud cover produce neutral stability.

Analysis
Source/Release Parameters

The release to be modeled is a two-phase (vapor/liquid) turbulent jet, and can be treated as steady-
state. Because crude oils, in general, contain a large proportion of very low vapor pressure
components, the jet would be rising into the air with vapor being disengaged from the liquid,
which mostly falls to the ground. The fluid will be intensely mixed with the air in the near-field
by the turbulent jet. The wind causes the vertical plume to “feather-out” (which our models
cannot handle). Enough of the liquid should be distributed as an aerosol to cause the major part
of the plume to sink to the ground. Also, because of their relative densities, the vapor and liquid
phases would travel at different velocities (“slipping”) with insufficient mixing time to allow phase
equilibrium; this process starts in the well casing pipe. As the fluid is mixed with the air, the liquid

and vapor phases will be constantly changing in composition due to evaporation of liquid droplets
and mixing with air.

No modeling programs are available which adequately treat all these phenomena, so simplifying
assumptions must be made. Therefore, assume that the vapor and liquid are in homogenous
equilibrium. Given the crude oil assay for the composition of the oil, and the before-release
temperature and pressure of the oil, a vapor/liquid equilibrium (“flash™) calculation can be used
to estimate the released phase compositions along with physical and thermodynamic properties.
Typical information for a real situation was provided to the author for this example, Table S4-1.

However, the modeling programs being used for these examples cannot directly handle multi-
component, multiphase mixtures. SLAB can handle simple phase equilibria for single component
(pure) fluids. DEGADIS has been designed to handle fluid/air mixtures of arbitrary densities; data
are “triples,” each of which contains: mole fraction “contaminant” (basis a contaminant/air
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S4-2 Chapter 6

mixture), concentration of contaminant (kg/m®), and total mixture density (see Appendix II).
HGSYSTEM’s HEGADAS can treat pure component evaporating aerosols, but the PGPLUME turbulent
jet can only deal with ideal gases. Therefore, the initial modeling was done with SLAB, further
simulations made with DEGADIS using the triples option, then HGSYSTEM was used for a vapor-

only release. Table S4-1.

Pseudo-Pure Component
Properties Estimation CRUDE OIL FLASH RESULTS - TWO-PHASE SUMMARY
. Temperature: 315.5K = 108.2 F
Refernng to Table S4-1, Pressure: 0.101325 MPa = 1 atm
note that essentially all of the sle Percent Conponen C"t“:‘bz
low molecular weight com-

Component NBP K Mol. Wt. Lligui Vapor Tota Mass %
pounds, H,S through I-pen- H2s 36.15 049  11.63  6.59  2.47
tane, are contained in the va- co2 44.01 0.04 2.04 1.14 3.02

. N2 28.02 0.00 1.40 0.77 3.26
por phase, with n-pentane [ yethane 16.04  0.18 41.78  22.98  7.31
distributed about evenly be- Ethane 185  30.07 0.28 12.37 6.90 9.59

he ph hile al Propane 231 44.10 0.95  12.08 7.05 13.00

tween the phases, while al- I-Butane 263 58.09  0.46  2.58  1.62  14.04
most all ofthe higher molec_ n-Butane 273 58.13 1.53 5.98 3.97 16.57
. ) I-Pentane 302 72.16 1.48  2.46 2.01 18.17

ular weight compounds are in n-Pentane 300 72.13 2.24 2.82 2.56 20.20
i : Hexanes ca. 323 91.98 5.68 2.42 3.89 24.13

the liquid phase at this release Heptanes  ca. 372 100.99  12.08 1.9  6.39  31.21
temperature and pressure. Octanes  ca. 399 112.99 11.97  0.57  5.72  38.32

Nonanes ca. 426 129.98 10.83 0.18 4.99 45.45
The lower part of the table Other 212.00 51.81  0.00 23.42  100.00
shows parameters for the two
phases as well as for the total Total flow rates:
mixture Molal, kgmol/s 0.03199 0.03878 0.07076

. Mass, kg/s 5.00867 1.34217 6.44084
Volumetric, m™3/s 0.00642 1.00383 1.01025
SLAB uses the pure-compo-
: : Phase attributes:
nent equation for calculating Density, kg/m3 794152 1.337  6.376
the mass or mole fraction Specific volume, m"3/kg 0.0013 0.7479 0.1569
: Mixture mole fraction 0.4520 0.5480 1.0000
vapor presented in Chapter 3 Mass fraction 0.7916 0.2086  1.0000
to calculate the fraction va- Volumetric fraction 0.0064 0.9936 1.0000
porized:
C AT
= _pl
J, = == (3-67)
vap

To obtain the constant heat of vaporization required by SLAB, the heats of vaporization for pen-
tane, hexanes and heptanes were found in Perry’s Sixth. These ranged from about 76 to 85
calories per gram at the normal boiling points, and 88 for all at 25 C; so 83 cal/g, which corre-
sponds to 347.3 kJ/kg, was selected . Using the release temperature (7; = 315.5 K) minus the
normal boiling point (Tp) for 47, and C o1 = 2118 J/[kg*K], Typp was varied using the above
equation so that £, best agreed with the vapor mass fraction of Table S4-1, 0.208. A Typp value
of 281 K yielded £, = 0.210 at 315.5 K, and 0.128 at 302 K (the ambient temperature to be used).
The latter fraction appears reasonable, considering the fraction of low boiling point compounds
shown, and that actually some vapor will be in solution. Therefore, these parameters were used
with SLAB. The initial liquid mass fraction was 0.792 (= 1 - f,). The SLAB default option for using
these input parameters with the Clausius-Clapeyron equation was used to calculate the equilibrium
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Scenario 4: Qil Well Blowout S4-3
vapor pressure. Because the flash was made at atmos-
pheric pressure and the given temperature, and the liquid MODELING PARAMETER RECAP
phases constituted a large mass fraction of the total, the | Pseudo-Pure Component Properties
3 3 : : Molecular weight 346
expanded jet diameter was set to the casing diameter, Specific heat,
0.35m. C,. KJ/kg.K] 1.75
Normal boiling paint, K 276
Atmospheric Parameters Liquid mass fraction 0.792
Heat of vaporization,
Three sets of meteorological conditions were used for Liqu'i(;ﬁ‘fat capacity 347.3
the SLAB two-phase simulations: 1) Pasquill-Gifford Kdkg+K] 212
.y . . iaui i 3
stability class D (neutral) with a 5 m/s wind speed and Liquid density, Kg/m o4
75% humidity; 2) the very unstable class A with a 5 m/s | Source
wind to demonstrate the increased vertical mixing; 3) for et o
nighttime conditions, stability E with a 2 m/s wind. Well diameter, m 0.35
Release height 0

A “receptor” or z-plane height of 1.0 m wasused unless | , . ..

otherwise noted. Near the source, ground level heights Stability A
— Tomd temperature, K 305
(z‘ 0) may be significantly lower than for a rr.1eter or two wing Spesd. mis .
higher with elevated plumes. At far-field distances, the Stability D
- L : : : - temperature, K 305
\{erucal mixing }mll tend to make concentrations insensi wind speed, ms .
tive to this variable. Stability E
temperature, K 294
Simulation wind speed, m/s 2
Relative humidity, % 75
Two-Phase Releases Roughness length, z, m 0.03
Receptor height, m 1

Figure §4-1 presents the plume centerline concentrations
for the three simulations des-
cribed in columns (runs) 1, 2, and
3 of Table S4-2 in which the Downwind H2S Concentrations
rows under Estimated Values SLAB Two—Phase Release Simulations
summarize the various distances 104
to selected downwind concentra-
tions as well as maximum plume
path heights. As might be
expected, the A stability case
shows greater dispersion than the
neutral case, as the distance from
the source increases because of
increased vertical mixing. Also

as expected, the stable case E Py e o
shows the highest concentrations. 1% 0180 360 540 720 90D 1080 1260 1440 1620 1800
Figure $4-2 compares the plume Downwind Distance, m

half- widths, defined * as Figure S4-1.

bbe = 0,/y3,

2 —— D Stobility. 5m/s -
103 == AStobility, 5m/s
- E Stcbility.‘Z m/

H2S Concentration, ppmv

* In the output file column labeled bbc from SLAB. The relationship is strictly valid only beyond the
downwind distance where gravity slumping becomes negligible.
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S4-4 Chapter 6

for a 1 m receptor plane height

for the three cases. The largest .
width shown for the E stability SLATBwSlg:geHO%';eIe\g;SthS

cloud can be ascribed to a com-

bination of close-in plume im- 30 G DStibili;y sim/s P |
pact with the ground, more ini- E 250" 22&322:‘;&;"25:/: R d
tial gravity spreading and low | & : : : P
wind speed. The large air en- | B 2 :
trainment and vertical mixing of | ¥ 150
the A stability case causes the | 5
cloud to be wider than that of | T 100
the D stability case. 3
5 50
Actually, considering SLAB’s : : : : : : : :
results with respect to plume O 700 400 800 80D 1060 1200 1400 1600 1600
height and spreading from a Downwind Distance, m

qualitative standpoint, most of
the liquid in the released oil Figure S4-2.

would fall to the ground and form a pool. Thus, additional emissions and dispersion will result
from this area source, with the emission rate being controlled by the concentration of H,S in the
liquid and its rate of replenishment at the top surface by diffusion. General purpose programs
which can model these phenomena do not appear to be publicly available.

DEGADIS Modeling

For the triples option, a spreadsheet was developed to calculate air/contaminant (released two-
phase fluid) sets for air mole fraction ranging from zero to one in 30 equal steps. The released
fluid g)roperties were taken from the Total column of Table S4-1, and the air density was 1.15
kg/m’ (300 K, no water vapor). Other parameters were as for SLAB above.

The DEGADIS program failed with an error message which indicated non-convergence of the
numerical integration method. The program did run satisfactorily for the triples test case supplied
with the program. Various convergence tolerances and initial step sizes were tried, but to no avail;
therefore, this approach was abandoned.

Vapor-Only Release Modeling

Another way of estimating the downwind distance to which hazardous H,S concentrations could
travel is to assume that all of the vapor behaves as a single-phase vertical jet, with source diameter
equivalent to the area which the vapor part of the liquid would occupy during HEM discharge.
This would give, perhaps, an upper bound because the same intensive mixing occurs in the
turbulent jet in the near field, but the far field would represent dispersion caused by atmospheric
phenomena, not with the additional cloud spreading effect on dispersion. This was done, using
all three modeling systems, using only the vapor properties and rates shown in Table S4-1. The
simulations were made only for the neutral atmospheric case; results for the unstable and stable
cases would be relatively similar to those for the two-phase cases.

The results are summarized in the right half of 7able §4-2, and the downwind centerline concen-
trations are plotted in Figure $4-3 (the two-phase curve from SLAB is also shown for comparison).
Both SLAB and DEGADIS determined that the plume bent over and formed a ground level, dense
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Scenario 4: Qil Well Blowout S4-5

Table S4-2.

SUMMARY OF RESULTS FOR SCENARIO 4
0il Well Blowout

Run No. ===> 1 2 3 4 5 )
Released phases @ = ------ Liquid & Vapor ---- | -------- Vapor Only --------
Modeling system SLAB SLAB SLAB SLAB DEGADIS HGSYSTEM
PG stability class D A E D D D
Wind speed, m/s 5 5 2 5 5 5
Ambient temperature, K 305.4 305.4 294.3 305.4 305.4 305.4
Ambient temperature, F 90 90 70 90 20 90
Relative humidity, % 75 7S 95 75 75 75
Source Parameters

Release rate, kg/s 6.44 6.44 6.44 1.34 1.34 1.34
Orifice diameter, m 0.35 0.35 0.35 0.35 0.35 0.35
Orifice elevation, m 0.00 0.00 0.00 0.00 0.01 2.00
Estimated Values

Meters* to 1000 ppm H2S 22(a) 14 None(b) 54 None 25/2.7**
Meters to 100 ppm H2S 158 48 310 205 214 540/1.3
Meters to 10 ppm H2S 669 157 1750 726 879 900/1.3
Max. plume path height, 3.4 2.6 1.0 1.9 4.5 4 Qhxx
Meters to maximum height 1.0 1.0 1.0 3.2 28.0 8.0
Meters to 100% vapor 4.3 3.7 4.3

* Downwind distance along the centerline. All concentrations are for z = 1.0.
(a) 34 m for z = 0. | The distances to 100 and 10 ppm were about the same as for

(b) 56 m for z = 0. | z = 1 for both runs 1 and 3.
bl {Downwind distance])/{Elevation for the concentration]
*** piume became neutrally buoyant at this height and distance.

Common Parameters

Roughness length Zr, meters 0.03 Wind speed measurement height, m 10
Averaging time, seconds 60 Orifice diameter, m 0.35

gas cloud. HGSYSTEM’s PLUME determined that the plume remained elevated (centerline at about
4 meters), so it set up the partial input file for PGPLUME, which in turn estimates dispersion with
the Gaussian plume model. The results from the latter are shown in Figure S4-3.

However, it was not possible to get PLUME to run with the source height at zero meters; the height
of the source had to be greater that 1.5 m. The smooth curve in Figure S$4-3 for HGSYSTEM was

obtained by linear (x) - log (concentration) interpolation of PGPLUME results to obtain the 1 m z-
plane values plotted.

Conclusions

Analysis of the D stability simulations indicates that predicted downwind distances to given H,S
concentrations do not differ significantly with respect to the modeling program used or the source
characterizations of aerosol vs vapor only. From this example, it appears that the vapor-only
release simulations gave adequate estimates compared with the aerosol simulations, and perhaps
with a small extra safety factor. However, jets with different momentum, thermodynamic
behavior, and other parameters might lead to markedly different conclusions.
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Downwind H2S Concentrations
Vapor—Only vs Two—Phase Simulation

10000

2 b\ SLAB, Vapor Only, D Stobility, 5m/sWind ...,
DEGADIS, Vapor Only, D Stability, S m/s Wind
1000 HGSYSTEM, Vopor Only, D Stobility, 5 m/s Wind
SLAB, Two—-Phose, DStobiIity, Sm/sWind

..................... Toorvoronnatarennaraadenaanad

H2S Concentration, ppmv

e o N

0O 100 200 300 400 500 600 700 800 SOO 1000
Downwind Distance, m

Figure 3.
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Scenario 5: Liquified Chlorine Tank Truck Accident

Statement

n an partly cloudy night with light winds, a tank truck filled with liquid chlorine to its full
16 metric ton capacity, jack-knifes, then overturns in tall grass adjacent to the highway. The
tank ruptures and empties in 30 minutes in a manner so that the rapidly expanding fluid forms an
" aerosol as it enters the atmosphere. Assume that the internal
Release Attributes .

Material ... chiorine | tank storage temperature equals the ambient temperature,
Method rge hok 303 K (86 F). For this locale in the Midwest prairie/farm
Fluid state: .. . ... .. Flashing iquid & conntry. forecasts call for daytime high temperatures of 303

Chemical reactions? ......... No . R ) A .
Release time type: . . Finite durationl] K with winds from 4 to 8 m/s with moderate insolation and
Tank Rupture: ... ... Areasource§]  minimum nighttime temperatures near 293 K with winds

Ground level ; th <
Roughness type: .. .. rura/ ] T20SINE from calm to 3 m/s with < 3/8 cloud cover.

Stabiliy: ... CandER  1f 3 release such as exemplified here were to be made, and
Averaging time: ........... 900 s

Hazard: . . ... Toxicl] the appropriate monitoring instruments were available at the
right places and times, a number of phenomena would be ob-
served. At 4 m/s wind, the cloud from the 30-minute release would travel 7,200 m during that 30
minutes. Even if the wind direction and speed stayed constant for that long (within the averaging
time concepts), then for longer times the cloud undoubtedly would start to change course along
its path. Also, no terrain is completely plane, so the cloud, or parts of it, would be diverted by
terrain features, trapped into low lying areas, etc. Then, if the period of interest included the
transition from night to day, sun heating effects will change the surface temperature and winds,
etc., so as to change the meteorological conditions from those postulated.

Analysis
Source Characterization

The fraction aerosol in the released mixture could be calculated for this pure component by
Equation 3-52, which (along with other physical properties for the two phases) could initialize a
boiling pool area source directly modeled by HEGADAS and SLAB. The triples input could be used
with DEGADIS. However, experience from field tests and modeling indicates that aerosols are
completely vaporized in less than 100 meters, so the distance error caused by assuming the source
is initially all vapor should be negligible.

Therefore, for the worst case purpose of this scenario modeling, it should be adequate to model
the source as a cloud at its boiling point being discharged over a relatively small ground area. If
the specified area is small enough, the dense gas dispersion models will cause the cloud to spread
out until the product of maximum take-up flux coupled with initial cloud surface area equals the
discharge rate, thus providing a correct steady state source area size. It follows that the dense gas,
area source dispersion models, HEGADAS, DEGADIS, and SLAB can be used directly.

Atmospheric Parameters

The given nighttime conditions indicate a PG stability class E (See Table 4-1); a 3 m/s wind was
used because it is the minimum for the class under the < 3/8 cloudiness condition. Similarly, sta-
bility class C was indicated for an average wind speed of 4 m/s. These two sets of meteorological
conditions should be representative enough to give the worst case estimates required.
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Chapter 6

The given rural terrain conditions indicate the roughness
length parameter should be 0.03 m (Appendix I). An
averaging time of 900 s was used.

MODELING PARAMETER RECAP

Released Gas

Molecular weight 709
. : Specific heat vapor,
Simulation C,, Kikg.K] 158
. . . Release rates, kg/s 8.9
Figures S5-1 and S5-3 show the resulting centerline Source area input, P 20
concentrations vs downwind distance, while Figures S5-2 N°""at‘ ::‘ef;gtzfi"t; 230
. . . as te e,

and $5-4 show 1 ppm chlorine crosswind concentration s
isopleths. Because SLAB alvays averages the concentra- | Release duration, s 1800
Roughness length, z,, m 0.03

tions with respect to release duration, only one simulation
was run for each of the two sets of meteorological condi-

Atmospheric Variables

. » % Stability C
tions; the results are labeled “SLAB 1800 s” on the fig- te'.:‘yperature, K 303
ures. To obtain the finite duration results for HEGADAS, sta;;‘i't’;’épeed' mis 4
it was necessary to run the steady-state HEGADAS-S pro- temperature, K 293

wind speed, m/s 3

gram, then use the HSPOST post-processor program to

time-average the results with respect to downwind travel
time for the 1800 s release duration (curves labeled “HEGADAS 1800 s”). The steady state results
for DEGADIS are not corrected for downwind travel time; as noted elsewhere, that requires an
external program not currently available.

As expected, the models predict very long distances to the points where chlorine concentration
falls below 1 ppm. Note in Figure $5-1 that the distance to 1 ppm chlorine for HEGADAS without
correcting for release duration is about 100 km, whereas the correcfed curve shows the distance
to be about 46 km!

As expected, the chlorine concentration drops below 1 ppm at long distances, compared with
distances where source modeling effects are important. For the C stability cases, the 1 ppm points
are about 38 km downwind for both the corrected and uncorrected curves. Therefore, it can be
concluded that more detailed source modeling is not justified for this case.

Discussion

Using these models to predict concentrations out to such long distances must be considered semi-
quantitative, at best. The farther the distance from the source, the more uncertain the estimates
will become. If simulations were to be made for F stability, the distances would have been much
greater than for the E stability case shown here.
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Liquified Chlorine Tank Truck Accident

Scenario 5
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Scenario 6: Ammonia Hose or Pipe Break

Statement

s part of a study on designing, the site of a new railroad tank car and tank truck ammonia

loading facility for a very large refinery/chemical plant complex, hazard analyses indicated

that possible consequences of hose breakage or accidental

) disconnection should be investigated. The hose end could

_Belease Attributes whip around to discharge liquid ammonia in any direction, or
Material: ............ Ammonia . . .

Method: ... ... ... Hole | the pipe to which the hose was connected could discharge the

Fluid state: . .. ... Flashing liquid stream in any direction.
Chemical reactions? ....... Yes

Release time type: Finite duration § Upstream automatic control systems are being designed so

Turbulentjet. ........ Horizontal : : :
"Cloud" height- . . Initially elevated that if a release such as this occurs, flow can be stopped in a

Roughness type: . . . . .. Industrial very short time (several minutes or less). To assist the con-
Stability: ................... D B trol system designers and management in deciding the design

Averaging time: ... ... .. Various

Hazard- Toxic maximum automatic shut-off time, from a safety and best

technology standpoint, a modeling study has been requested
to estimate the effect of this variable on maximum dispersed
concentrations from potential, accidental ammonia releases from the planned facility.

Assume the ammonia in the pressure vessels is in temperature equilibrium with the surroundings,
and that the pipes and hoses have inside diameters of 5 cm.

Demonstrate how different release durations and associated averaging times can affect dispersed
concentrations.

Analysis
Thermodynamic Considerations

Ammonia is hygroscopic with a heat of solution of roughly 30 kJ/mol, thus this energy may need
to be considered when anhydrous ammonia contacts humid air. Also, the vapor pressures of
ammonia - liquid water solutions are very non-ideal with respect to the ammonia concentration.
Therefore, the release of anhydrous ammonia could possibly involve significant thermodynamic
effects not considered by any of the modeling program systems being used here for demonstration
purposes. Wheatley [2,.3, 4] extensively studied the phenomena involved in the discharge of liquid
ammonia into humid air; this included the complete, realistic simulation of the source
thermodyamics followed by dispersion. From the various figures in the first report cited, and
particularly Figures 8, 16, and 24 there, it can be concluded from his TRAUMA modeling that
relative humidity (range: 0 - 80%) has no significant effect on the prediction of dispersed
concentrations. Therefore, the ammonia - liquid water solution effects can be ignored for this
modeling.

To simulate releases of fluids which form vapor/liquid aerosols, SLAB requires the normal boiling
point temperature, the heat of vaporization (constant), vapor and liquid heat capacities (constants),
the liquid density, and constants for the vapor pressure function of temperature. Because NHj; is
non-ideal in its thermodynamic behavior, published data (Perry's Sixth, page 3-170) was plotted
and fitted to functions appropriate for use with SLAB. Figure S6-1 shows that the log of the vapor
pressure plotted against reciprocal absolute temperature over the range of interest gives a straight
line. SLAB [I1.7, page 63] uses the equation
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SPB } @

(T+SPC)

where SPA, SPB and SPC are constants and 7 is the local temperature. Because the SPC constant
is zero here (no curvature, Figure S6-1), taking logarithms of both sides of the preceding equation
results in the linear equation:
p
1 n sat
Py

This was fitted to published data by linear regression with a spreadsheet program. For Equation
2, the slope of the left-hand-side quantity with respect to reciprocal temperature, SPB, can be
related to the heat of vaporization by the Clausius-Clapeyron equation (3-2), thus

- SPA - 1
= SPA4 SPB( T) . )

AH
SPB = —Z2%. 3)

The value of SPB found by regression was —2795 K. The value of SPA is not input to SLAB because
the program calculates it from Equation 1 given SPB and the normal boiling point, T,

By Equation 3, the fitted heat of vaporization is 23 MJ/kgmole (R = 8313 J/kgmole). By
subtracting the liquid enthalpy from the vapor enthalpy at 300 K (Figures S6-4 and §6-3,
respectively), the heat of vaporization is about 20 MI/kgmole. This difference is acceptable
considering other inaccuracies in the overall modeling; the fitted model was used here (converted
to the mass basis).

The liquid density and enthalpy were fitted by regression to quadratic functions of temperature;
these are the continuous lines shown in Figure S6-2 and Figure S6-4. Resultant function-
calculated values for 300 K were input to SLAB. Because the modeling programs require constant
vapor heat capacities, Cp,, this value was found as the slope of the straight line fitted to the vapor

Vapor Pressure of Ammonia Molal Volume of Liquid Ammonia
400 to 200 kelvin 0.045
'°§
- = o 0.044
. 5._ A cE>
3 \g__‘ ]
g | £ 0.035
== A
n o
e =S $ 0031
5 0-'% g
a ——
g < 30.025‘
0.01 Poinls are from Porry's Sixth, poge 5-170 o
. , —— T .0 e
2.5(-03  3.00-03  3.5[-03  4.0(-03  4.5(-03  5.00-03 00200 270 240 280 230 300 320 340 350 380 400

Reciprocal Temperoture. k Temperoture, k

Figure S6-1. Figure S6-2.

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4bEc2d 9t M 0732290 0560107 274 WA

Scenario 6: Ammonia Hose or Pipe Break S6-3
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_6~
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e B fa
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s 3 . ? 3 -12-
= 3 il
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—-18 4
6 -
200 220 240 280 280 300 320 340 360 380 400 2900 230 240 260 280 300 330 5340 350 380 400
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A Exparimental === Lineor i) ]
Figure S6-3. Figure S6-4.

enthalpy as shown in Figure §6-3. The mass release rate of 11.67 kg/s NH; (Leung-Epstein
correlation for flashing liquid choked flow) and expanded jet diameter of 0.0167 m? were
calculated by the methods of Chapter 3.

A summary of these thermodynamic parameters used for modeling are shown in Table S6-1 for
an example SLAB input file. (The program had been modified by the author to carry through the
identification information shown in addition to the parameter values and symbols.) Lines starting
with an asterisk are comments.

Other Parameters MODELING PARAMETER RECAP
Horizontal jet releases (1 m above the ground) | Released fluid properties Table 6-1
were simulated because they will result in the o
. . . Orifice diameter, m 0.05
highest ground level concentrations in the near | inial jet orientation horizontal
and far fields compared with vertical releases. | Initial jet elevation, m !
. . Ammonia release rate, kg/s 1.7
Because the releases are for an industrial com-
plex, z, = 0.35 m is conservatively intermediate zg:gg;g::c'e;gg;ﬁ t;“class °-3[5)
between about 1 and 0.1. For simplicity, only | ambient temperature, K 300
one value was used for release rate, jet angle, | Windspeed m/s 4
roughness parameter and atmospheric condi- | Release durations Steady state and
tions; see RECAP box. 10,60,120s
. Averaging times, 10, 60, 600, 900
Of the three modeling systems, only SLAB has [ ~'°oor e mes:®

been designed to cope with horizontal and ver-
tical jet discharges of pure component vapor/liquid aerosols. DEGADIS treats only vertical jets, but
the information for VLE with varying air content must be calculated externally. HGSYSTEM's
PLUME for turbulent jets cannot handle aerosols. Therefore, SLAB was used for most of the
modeling, followed by vertical release examples for both SLAB and DEGADIS.

Table S6-1 shows the base case (steady state) set of remaining input parameters for SLAB.
Simulation

Figure §6-5 shows the predicted effects of ammonia release rate duration on downwind maximum
centerline concentrations for four release durations varying from infinite (steady state) to 10
seconds; the averaging time was held constant at 10 seconds. Note that SL4B reports the
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maximum concentration of Taple S6-1.
all passing “peaks” by using

ﬁnite duration release cor- BASE CASE INPUT FOR SLAB
rection to steady state con-
. . SLAB Run: Scen. 6. S§S, D, 4 m/s, 300K, Tav= 10s, Ht.= 1m
centrations. At any particu- File mame: ASSGOIL.SLI
lar downwind distance, the ¥ (pata colum is width = 12.)
i * Miscellaneous
program averages the concen- *
H H 3 2 idspl = spill type (HORIZONTAL JET = 2)
tration passing by that point T meaic = eub-step multiplier

with respect to time, noting *

. . . . %* H
that dispersion is taking place [  Release Gas Properties

along the downwind path 0.01703 wms = molecular weight of source
1413.4 cps = vapor heat capacity, Cp, (J/kg-K)

(ax ) Thus the 1onger the 239.75 tbp = boiling point temperature

distance from the source, the 0.7426 cmed0 = liquid mass fraction

. . 1.3682E+06 dhe = heat of vaporization (J/kg)

more dispersion along the 4310.4 cpsl = liquid heat capacity (J/kg-K)

x-axis occurs. For example 600.2 rhosl = liquid source density (kg/m3)

. ax1s S 0. € a P, 2794 .69 spb = saturation pressure constant (K)

if the release duration is 60 s 0.0 spc = saturation pressure constant (K)
239.75 ts = temperature of source gas (K)

and the wind speed is 4 m/s, a
“puff” will travel 240 m

*

Spill Characteristics

downwind in the 60 sgconds. 11.67 s = mass source rate (ka/s)
Beyond the 240 m point (not 0.0167 as = source area (m2) - EXPANDED JET

20000.0 tsd = continuous source duration (s)
Sh.OVVH on the graph), a pulse 0.0 qtis = instantaneous source mass (kg)
will be observed at further 1.0 hs = source height (m)

distances; the pulse broadens
with respect to downwind

*

Field Parameters

. . . 10.0 tav = concentration averaging time (s)
distance as that distance in- 10000.0 xffm = maximum downwind distance (m)
0.0 zp(1) = concentration measurement height (m)
creas es. Thus’ the shorter the 1.00 2zp(2) = concentration measurement height (m)
initial, square-wave pulse (du- 0.0 zp(3) = concentration measurement height (m)
ration Of re]ease) the less . 0.0 zp(4) = concentration measurement height (m)
2
material will be available for * Boundary Layer & Meteorological Conditions
a . . *
dlspersmn, so the maximum 0.35 20 = surface roughness height (m)
concentrations will decrease 10.0 za = ambient measurement height (m)
. : . 4.00 ua = ambient wind speed (m/s)
with release duration as 300.0 ta = ambient temperature (K)
shown in this Figure‘ Figure 50. rh = relative humidity (percent)
. 4.0 stab = atmospheric stability class value
§6-6 shows the CorreSpondmg 0.0 ala = inverse Monin-Obukhov tength (1/m)
0 END OF INPUT PARAMETERS

travel times for peak maxima
vs downwind distance.

Figure S6-7 illustrates the

effect of various averaging times for a constant ammonia release duration of 60 s. Here, as the
averaging time increases, an observer at a downwind location will “see” a passing peak, and if the
averaging time is long enough, many very low (and/or zero) concentrations will contribute to the
averaged concentration, thus effecting lower average values the longer the averaging time.

Finally, SLAB and DEGADIS were run to simulate the ammonia release for a vertical jet at the same
release height (1 m) for the time conditions shown in Figure S6-8. A detailed comparison of the
SLAB curve with the corresponding horizontal release curve in Figure S6-1 showed that the
horizontal case gave higher concentrations over the whole distance shown. The DEGADIS curve
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Scenario 6: Ammonia Hose or Pipe Break S6-5

differs from the SLAB curve by a factor of about 2. The relative effects of release durations and
averaging times would be the same as for the horizontal jet cases. As noted in Appendix II,
DEGADIS does not provide the facility to calculate averaging time effects with respect to downwind
distance; this must be calculated externally by the user. Because the DEGADIS results have not
been corrected for averaging times at downwind distances, the separation between the two curves
in Figure S6-8 is confounded with averaging times and differences.

(Figures S6-5 through S6-8 follow.)
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S6-6
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Scenario 7: Hydrogen Chloride Pipe Break

Introduction

his exercise demonstrates typical procedures that may be used to model water spray barrier
mitigation effects by means of a ground level hydrogen chloride plume release. The
presentation differs from other scenarios in this chapter in
Scenario Objectives that it is a step-by-step presentation of methods, rather than

1. Demonstrate modeling of water an analysis and solution of a given problem. These methods
spray barrier mitigation effects

on an HC/ vapor cloud.

are, in general, applicable to the removal of other chemicals
and/or other barriers (e.g., steam curtains, vapor fences)

. Show how the parameters for provided their specific effects can be quantified.
the mitigated plume are . . .
calculated from pre-barrier Using the general concepts presented in Chapter 5, unmiti-
plume paremeters for restarting gated and water-spray-barrier mitigated finite duration HCI
the dispersion modeling after the N . .
barrier location. jet releases are modeled with HGSYSTEM (see Appendix II).

The individual spray barrier effects of spray-induced air
- Show how resuits from time- entrainment and/or removal of HCI from the plume are
dependent modeling can be . )
bounded by steady state compared. Parameters for the spray barrier operation were
modeling. calculated by McQuaid’s downflow correlation presented in
Chapter 5. HGSYSTEM was used for the modeling because it
contains a horizontal turbulent jet model (PLUME), and the parameters of the plume can be
externally redefined downwind of the release point. The germane model input files, and the output
file from PLUME (needed for plume parameter redefinitions) are listed in Appendix III. Modeling
results are presented graphically following this text.

The parameter values used in the “design” of the water spray barrier should not be considered as

typical for other applications, for the purpose of this presentation is to demonstrate a methodology
for modeling the effects of barriers on plume dispersion.

. o Table S7-1.
Scenario Description
RELEASE PARAMETERS

Anhydrous hydrogen chloride is released from the vapor | 1y qrogen Chioride Properties
space of a pressure vessel through a 2.54 cm hole (e.g., || Molecular weight 36.46

brok . to f turbulent iet ol flowi Normal boiling point, C -85
a broken pipe) to orm a turbulent jet plume flowing || ieat Capacity = c, Wimoiiq] 29.08
horizontally; the hole is 1.0 m above the ground. Heat capacity ratio, C,/C, 1.41

Source:
Parameters for the release from the vessel as well as Vessor sontents

environmental parameters are given in Table §7-1. Temperature, C 269
. Pressure, kPa 800

The sequence of events after the release begins is: Hole diameter, mm 2.54
Horizontal jet height, m 1.0

: : : - Discharge coefficient 1.0

1. A water spray cur.‘cam, which fully inter HC! mass flow rate, kgs 1.08
cepts the plume, is turned on 90 s after Release duration, s 270

the start of the release. Atmospheric Boundary Layer:

. P-G Stability Class E
2. The constant rate release is stopped at the Wind speeﬁ..y, mis 30
source 270 s after it begins. Wind speed height, m 10

Ambient temperature, K 273

. : . . Relative humidity, % 75
Estimates of maximum HCI concentr.atlons (%ownwmd .of Roughness length, m 05
the release are required as a function of time and dis- || Averagingtime, s “Instantaneous”

tance. Also, a recommendation is sought for the down-
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wind distance to the spray curtain. HCI concentrations less than 1 ppm are not of immediate
interest.

Source and Spray Curtain Parameters

Release Rate

Because the vessel pressure is greater than about twice atmospheric, flow through the hole is
choked, or critical. Equation 3-69 for choked flow of an ideal gas was use to calculate the mass

- flow rate of 1.06 kg/s using the properties for HCl shown in Table S7-1. The properties were
taken from Perry’s Sixth. A discharge coefficient of 1.0 was used to be conservative.

Turbulent Jet Simulation

The PLUME turbulent jet model for inert gases in HGSYSTEM contains a submodel which calculates
the expanded jet parameters given the fluid stagnation temperature, orifice diameter, mass flow
rate, gas molecular weight, and gas specific heat. The model assumes an ideal gas expands
adiabatically (cf. Equations 3-103 to 3-106). The PLUME input data file is listed in Appendix 111,
which also shows other parameters required. Note that the DURATION value serves the only
purpose of causing a partial input file for HEGADAS to be produced in addition to the jet simulation
results file. The relative humidity had to be set to zero, otherwise the low temperature below the
freezing point of water caused the program to halt with messages to the effect that this was an
illegal situation.

A water spray curtain must be physically designed and located so that all of any anticipated plume
is totally intercepted, and efficient mass transfer of the released material to the liquid water drop-
lets obtained. The curtain should be located far enough away from the process equipment to avoid
punch-through of the plume by momentum processes, yet as near as possible to the equipment to
minimize costs associated with barrier size and water flow capacity. Also, spacing concerned with
maintenance and vehicle access are among the variables to be considered.

The jet simulation output file from PLUME (listed in Appendix III) show a table of plume
parameters as a function of downwind distance (Column 1). Note that the program found a flash
temperature of -59 C (top right corner of the listing), whereas the correct temperature should be
the normal boiling point of HCI, (-85 C), because the vapor is saturated at the storage tempera-
ture. This discrepancy is caused by use of the ideal gas equation for the adiabatic expansion. If
the expanded gas temperature had been taken as -85 C, then the fraction vaporized according to
Equation 3-52 could be found. However, the versions of PLUME and HEGADAS employed do not
treat aerosols. This approximation of using all vapor release instead aerosol for the expanded jet
and initial stages of downwind dispersion should not cause significant errors for the far field
concentration estimations. On the other hand, significant underestimates could be incurred for the
near field with this use.

Referring to the tabular part of the PLUME output, Column 4 shows that the jet’s velocity has
dropped to about 10 percent of its original value (wind speed at 1 m height is about 2 m/s),
Column 6 shows that the temperature (15.3 C) is close to ambient (15.0C), the mole percent HCI
in the homogeneous cross-section (Column 7) has dropped to about one percent., and the plume
density of 1.23 kg/m? is the same as the ambient air. Thus, it might be assumed that a curtain
barrier located at 12 m from the release source is acceptable; this downwind distance was used for
the simulations.
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S7-3

Water Spray Curtain Plume Modification Parameters

Downward  pointing .ple S7-2.

water sprays were as-

sumed, with appropri- Development of Spray Curtain Plume Mitigation Parameters
a.te spray water droplet Parameter Description Symbol Value/Units
size and flow rates to Parameters from HGSYSTEM's PLUME
give an HCI scrubbing 1 Release rate of material at source} E,, 1.06 kg/s
efﬁciency e = 93 9%,. 2 Downwind distance of curtain from source x 12.00m
: 3 Horizontal plume diameter (top hat) D 464m
Items 9-14 of Table
4 Horizontal plume velocity U 7.03m/s
S7-2  shows other 5 Tem phime
perature of plume ' 15.30C
arameters used for 6 Released material concentration PE 1.03 % vol
P
7 Density of plume P 1.23 kg/m3
the Sprays. It?l'!‘l . 15 8 Total mass fiow rate of the plume dmdt 83.00 kg/s
was found by dividing
the vl diameter b Spray curtain parameters:
‘the plume diame e. y 9 Curain is downward pointing water sprays.
the nozzle spacing. 10 Water pressure to nozzles P, 551,000 Pa
Ttem 17 was calculated 11 Diameter of spray cross-section on ground Doy 4.00m
> 12 Horizontal nozzie spacing L 1.00 m/nozzle
b.y I\;Iegone}:i SI Equa8 13 Density of liquid water o 1,000 kg/m®
tion >-6, and Item 1 14 Scrubbing efficiency of spray curtain £ 93 %
by Equation 5-16
i ’ Dependent parameters:
With the water flow 15  No. of nozzles to just cover plume width N o 464
rate per nozzle of 16 Pre-spray plume volumetric flow rate U, 67.48 mls
3 17 Meroney's cloud area for air entrainment A 58.31 m?
0.005 m ,/S (Item 1_9)’ 18 Mass fraction material remaining in plume jf 0.0700 fraction
McQuaid’s correlation ) ,
. 5 d From McQuaid's correlation
(Equatlons -10 an 19  Water flow rate (per nozzle) U, 0.005 m/s
5-11) was used to ob- 20 Nozzle flow number F, 6.376e-06
d . . _ 22 Ratio ex correlation u/U, 5,106.12
reduction ) ratio & = 23 Entrained air volumetric flow rate (1 nozzie) U, 2553 m’/s
2.76 which corres- 24 Entrained air to plume U, 118.46
ponds to a dilution 25 Concentration reduction ratio « 276
- 26 Dilution factor Ve 0.36
fac_tor I/a 0'3.63 . 27 Post-barrier plume diameter D’ 7.70m
Using this information, 28 Spray air entrainment velocity u, 2.03m/s
the three characteriz-

ing plume parameters,
effective plume diameter, mean concentration, and total mass flow rate of released material in the
plume ( D, B, and E®"), were calculated for the plume leaving the barrier.

The above-mentioned three parameters from PLUME’s output at 12 m downwind (two leftmost
columns of Table S7-3), must be redefined for input to HEGADAS. These must be mapped into the
HEGADAS input parameters shown (rightmost two table columns) by multiplying the values of the
PLUME parameters by the factors shown in the center column of the table. (This mapping is done
automatically in HGSYSTEM for non-mitigated plumes.)
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Table S7-3.
Parameter Symbols, and Conversion Factors from PLUME to HEGADAS
PLUME Symbols Factor HEGADAS Symbols
Plume diameter, m D=D% 0.4165 Effective cloud half-width, m BEFF =b = e}
“Top hat" concentration beta = f=CFTL 0.0144 Centerline ground-level mole CONCS,= ¢, =
fraction emitted gas y br
wg
Total mass flow rate Ebr 1 Total mass flow rate emitted EPr
gas, kg/s

HEGADAS Air Dispersion Simulations

To illustrate the various modeling concepts, principles, and phenomena involved in the release
scenario, the HEGADAS-S dense gas modeling program was used for steady state modeling of the
1.06 kg/s HCI release as well as the release rate of (1-0.93)(1.06) = 0.0745 kg/s rate for HCI
removal from the plume. The concentration results were adjusted for the several combinations
of release durations by finite duration factors as discussed in Chapter 5. The scenario was also
simulated with the time dependent version of the program, HEGADAS-T. Output from both
programs were further processed by the author’s Pascal object-based programs which optionally
adjust steady state concentrations to finite duration release bases by finite duration factors, and
which convert the results (centerline concentrations, x vs y concentration isopleths given z, and
X V8 y vs concentration surfaces) into files formatted for input to commercial plotting programs.

Steady State and Finite Duration Simulations
Six cases were simulated with the steady state dispersion program:

®  Steady state. HCL mass flow rate = 1.06 kg/s, no mitigation, infinite release duration (line
1 of Table S7-3)

= No barrier, 270 s release. As above, but steady state results adjusted for 270 s duration
w  No barrier, 90 s release. As above, 90 s duration
s Spray air only, 90 s release. Parameters per line 2 of Table S7-3, 90 s duration

s Spray curtain removal only, 90 s release. Parameters per line 3 of Table S7-3, 90 s
duration

s Spray curtain removal and spray air injection. Parameters per line 4 of Table S7-3, 90
s duration

Table $7-4 presents the parameter values in reference the steady state Base Case used in the
HEGADAS-S input files for the simulations. The Base Case input file is listed in Appendix III. The
listing has been annotated to show the parameters changed for the subsequent simulations*. All
steady simulations used the “instantaneous” averaging time defined in HGSYSTEM.

* If an averaging time (AVTIMC) less than or equal to 18.75 1s assigned, both HEGADAS programs use that as a

flag to assign “instantaneous” averaging times; if AVTIMC > 18.75, the actual value is used for the
averaging time.
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Scenario 7: Hydrogen Chloride Break S7-5
Table S7-4.
Vapor Cloud Characterization Parameters for Spray Curtain Barrier Mitigation Simulations
Description Spray Curtain Barrier Comimon From PLUME For HEGADAS
Line Mitigation Action Removal | Spray Air] HCIiFlow| Diameter Conc. Half-Width Conc.
P 1ia gbr D B BEFF CONCS
1 Unmitigated Base 0 0 1.064 464 1.03 1.933 0.01452
Case (no spray curtair)
2 Spray curtain air 0 0.363 1.064 7.702 0.3738 3.208 0.00527
entrainment only
3 Removal only by spray 93% 0 0.0745 464 0.0721 1.933 0.00102
curtain
4 Removal and entrain- 93% 0.363 0.0745 7.702 0.0262 3.208 0.00037
ment

Plume volume reduction for released material removal is assumed to be insignificant.

Resultant cloud centerline concentrations are shown in Figure §7-1. (All figures follow this text.)
As can be seen, the steady state (infinite duration) release gives the highest concentrations. The
second highest curve, for the same release rate but of 270 s duration, has essentially the same
concentrations in the near field for downwind distances less than about 1,100 m. The third highest
curve (which joins the other two below 1,100 m) shows the important effect of reducing the release

duration to 90 s. The last curve in the group, denoted by the A symbols, shows the near field effect
of additional water spray air injected into the cloud at the barrier location; as expected, the HCI
concentrations merge with the no-air cases in the far field. The lowest two curves show the
permanent effect of 93 % removal of HCI from the plume by the spray curtain. The full mitigation
effect curve (% symbols) shows that the spray air injection reduced the near field concentration
below the flammability limit, and that the HCI removal lowered its maximum downwind concentra-
tion to less than about 100 ppm beyond 1200 m.

Simulations based on steady state modeling programs, as exemplified here, can be used for quickly

screening proposed mitigation procedures. These results will be compared with time dependent
modeling results below.

Time Dependent Simulation

HEGADAS-T was used to simulate the combined release duration and spray curtain mitigation effects
for the above scenario. Referring to the input file listing in Appendix III, the constant parameters
for HCI physical properties and the environment are the same as for the steady state simulations.
In the TRANSIT data block, BRKDATA records were input for 5 s time steps with each record of
BEFF, CONCS, and E”" according to the scenario action times and parameter values in lines 1 and
4 of Table S7-4. The time dependent solution uses LaGrangian observers, with observed cloud
properties obtained as functions of travel time and downwind distances, all based upon solutions of
the steady state HEGADAS model. For each specified observation time (TSTAR, see the CALC data
block), the program produces a “snapshot” matrix of cloud variables (essentially the same as from
HEGADAS-S) where the centerline concentration and other parameters are functions of the downwind
distance. The first point for each curve is determined by the program according to sampling time

restrictions or by the specified minimum centerline concentration of interest (CAMIN). For the
s latter, 1 ppm HCI was used.

Figure §7-2 presents the family of centerline concentration vs. downwind distance functions obtained
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for the specified snapshot times. The curve for 150 s shows that a portion of the cloud had passed
by the barrier when the water spray was tumed on at 90 s elapsed time; the distance traveled for the
front of the cloud at that time was about (90 s) x (2 m/s) = 180 meters. This corresponds to the
maximum on that curve.

Because of the specified instantaneous averaging time, the vapor cloud has a very sharp “front.” The
points 25 m beyond the rightmost ends of the 200 s through 400 s curves fell below 1 ppm, as
recorded in the HEGADAS output file. A second maximum appears which was caused by the shut off
of the source at 270 s. Finally, as the travel time becomes greater, more dispersion in all three
distance axes caused the maxima to merge into one, with concomitant reduction in peak concentra-
tions.

One can envision an “envelope” curve which slopes down diagonally and just touches the rightmost
maxima on the time dependent concentration curves of Figure S7-2. Figure S§7-3 is a composite of
the preceding figure and three finite duration curves from Figure S7-1. The 270 s release, no barrier
effect curve forms a downwind envelope boundary for all of the time dependent curves, with the
maxima for the longer time curves tend to approach the 90 s release, no barrier curve. This is
reasonable because some of the cloud had passed the barrier before the spray removal process was
initiated. Also, the second, lower maxima tend to approach the 270 s release, barrier on curve before
‘dispersion becomes so great that the concentration transition zone within the cloud disappears.

Figure S7-4 is similar to the preceding one, but the averaging time for the time dependent simulation
is 300 seconds. There is not much difference in the time dependent curves, except at the observation
times longer than 400 s, the maximum concentrations are somewhat lower. However, the differ-
ences for the two averaging times is not significant considering the inherent modeling uncertainties.

Conclusions

Time-dependent modeling can be used to estimate the effectiveness of mitigation techniques in the
near field and to provide guidance on the approximate downwind locations beyond which the simpler
far field procedures can be used. Critical parameters for the applicability of the time dependent
modeling are the rapidity with which the source is varying in time, the averaging time, and the
downwind distances of interest. For flammability questions, the averaging time should essentially
be “instantaneous” (as defined by the modeling program), and the distances will be fairly close to the
source. For toxic exposures, the averaging time usually will be defined externally and be specific for
the released material. Downwind distances may be very large because of very low “critical”
concentration limits.

For far field modeling applications, the specific release mechanism (e.g., turbulent jet, evaporating
pool, point source), as well as the effect of barrier-induced scenario air entrainment, eventually
become negligible; therefore, only mass transfer removal effects and/or source reduction effects need
be modeled. But the distances beyond which these effects become immaterial should be established
by appropriate steady state and time-dependent modeling.

To estimate concentration bounds over the distance of interest, the steady state centerline concentra-
tion vs downwind distance curves, corrected and uncorrected for travel time averaging, may be able
to provide quick, approximate bounds on downwind peak concentrations. Wind speed can be used
to roughly estimate how far the concentrations from the highest release rate can travel. But only the
time dependent concentration curves can be used to estimate integrated concentration exposures.
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Hydrogen Chloride Pipe Break
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Scenario 8: Evaporating Pool of Liquid Benzene

Statement

During construction operations, an outlet line on the bottom of a benzene storage tank is
sheared off. The discharge continues for 30 minutes before it is stopped. The diked tank
is located in the tank farm of a large refinery/chemical plant complex surrounded by urban and

Release Attributes
Material: ................. Benzene
Method: .......... Evaporating pool
Fluid state: ................. Liquid
Chemical reactions? ............ No

Steady state
Ground level
Roughness type: . Industrial/Suburban
Stability: . ......... ... ... ... D
Averagingtime: ............ 10 min.
Hazard:..................... Toxic

suburban populated areas. The minimum distance from
this particular tank through the complex to the company
fence line is 195 meters. Tank size and information
needed for discharge rates as well as dike dimensions are
given.

Assume the potential release could occur in the morning
of a warm day with full cloud cover.

Required are estimates of downwind maximum concen-
trations of benzene as well as comparative plume areas

shown by 1 and 50 ppm benzene concentration isopleths. The effect of wind speed is also of
interest. Use a 10 minute averaging time for all concentration estimates.

Source/Release Parameters

Because the normal boiling point of benzene, 353

K, is below any possible ambient temperature, the BENZENE PROPERTIES
evaporation from the liquid pool formed by the Normal boiling point, K 353.25
release will be by convective mass transfer into the e 300 781
wind. The mass transfer rates were therefore calcu- Liquid density, kg/m? 871.8
lated using Equations 3-119 through 3-122 to find K’"i’;‘::f;‘::’i‘;’/:f " \ 53505
the evaporative mass transfer coefficient for the Molecular diffusivity of '
constant area pool. Physical properties required for vapor in air, m¥/s (€) 7.70E-06
these calculations were obtained from Chapter 3 of || Vaporpressure, Pa 1.382E+04

Perry’s Sixth; see Table S§-1.
Table 8-2.

Analysis

Table 8-1.

The various tank and dike dimensions, along with the

STORAGE TANK PARAMETERS
Liquid Benzene Release

Tank diameter, m
Tank height, m
Initial liquid level, m
Height of dike, m

Dike area less tank area, m?

Temperature of contents, K

Square diked area side, m 116
Discharge pipe diameter, cm 7.6:2

(area for evaporation) 84.3

liquid level in the benzene tank, are given in 7able S§-
2,

The pressure corresponding to the liquid head 5.0 m
was calculated to be 43.18 kPa (= 5.0m-871.8 kg/m3
* 9.80665* m/s%/1000). Using the liquid orifice Equa-
tion 3-74 for the flow from the 7.62 cm discharge pipe,
the mass flow rate is 39.57 kg/s. This gives a volumet-
ric flow of 0.04539 m’/s.

The liquid volume discharged in the 30 minutes is 81.7
m° or 71,228 kg, which corresponds to a pool depth of

* This is the gravitational constant. Also, more significant figures are shown than can be justified so the

calculations can be “tracked.”
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0.97 m. However, the time required to just cover the floor of the diked area with liquid would be
very small, so steady state dispersion models were used.

For wmd_speeds (1) of 4.0 and 8.0_r3n/s (see later), thg MODELING PARAMETER RECAP
evaporation fluxes are 1.868°10” and 3.421-I0"
2 ; : ; Source Information
kg/[m”es], re:spectlvely, using the convectlvs mass | Qo e propertios Table S8.1
transfer equations. For the pool area of 84.3 mZ, these | storage tank data Table §8-2
values give corresponding total emission rates of 0.157 Liquid discharge rate, kgis - 305
and 0.288 kg/s. Liquid discharge rate, m¥/s 0.04539
Liquid discharge time, s
Other Parameters 1800
Volume discharged, m? 79
: : 41 E Release rates, kg/s
The.s'pemﬁed atmospl;nertc ‘condmo.ns .1nd1cajce neutral % Mo wind Spesd 0157
stability, Class D. With this the principal wind speed 8 m/s wind speed 0.288
Source area, m? 84.3
u§ed was 4 m/s, and to demonstrate the effect of a Evaporation fuxes, kg/[m=s]
higher value, 8 m/s was also used. 4 m/s wind speed 1.87410°
8 m/s wind speed 3.42-10°
Two roughness parameter values were used. For the , »
. Atmospheric Conditions
plant complex area, z, = 1.0 m was used with | Stabiity Class D
HEGADAS to the 195 m distant fence line, thenz, = (0.1 | Wind speeds, m/s 4,8
r Ambient temperature, K 300
for the urban/ suburban area beyond. To show upper
concentration bounds, a constant z, = 0.1 m was also | Averagingtime, s 600
used with this model. Because this parameter must be | Roughness Lengths, m
constant with SLAB and DEGADIS, z, = 0.1 m was used. | HESADAS (plantsurroundings)
Breakpoint case 1.0/0.1
. . Uniform case 0.1/0.1
Slmulatlon DEGADIS and SLAB, all cases 0.1

HEGADAS, DEGADIS, and SLAB steady state model

versions, with the above area source parameters, were used to estimate the benzene dispersion for
the five cases noted in the legends in the figures. It was not necessary to correct the concentra-
tions for downwind travel time averaging, because with a release duration of 30 minutes and a 4
m/s wind, the distance traveled by a cloud section is 7,200 m compared with the largest downwind
distance of interest of about 1,500 m.

Figure 58-1 presents cloud centerline (maximum) concentrations vs downwind distances for the
five cases, with corresponding plots for 1 ppm benzene isopleths in Figures §8-2 and S8-3. In the
first graph, the HEGADAS curve for the 1.0/0.1 z,. case is significantly lower than for the constant
z,= 0.1 m case; roughly half as large throughout the downwind distances.

Note that the 4 and 8 m/s curves for HEGADAS do not differ much although the release rate for 8
m/s is about 1.8 times that of the lower wind speed. The small difference between the curves is
explained by the compensating inverse effect of wind speed on dispersed concentration.
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Scenario 8: Evaporating Pool of Liquid Benzene S8-3

Downwind Centerline Concentrations
Evaporating Benzene Pool

o
[

EGADAS, 2, w 0.10 m, 4 m/s wind
EGADAS, 2, = 1.0/0.1 m. 4 m/swind
2k IEGADAS, 2, = 0.10 m, 8 m /s wind

K GADIS, 2r = 0.10 M, 4 m/s wing
......... SLAB. 2, = 0.10 m, 4 m/swind

E

Benzene Concentration, ppm
=
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100 : ; ; PR .
0 200 400 500  BOD 1000 1200 1400
Downwind Distance, meters
Figure S8-1.
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Figure S8-2.
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Figure S8-3. Comers and straight segments are caused by con-
necting the models' output points with straight lines without
smoothing,
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Modeling Parameters I-1
DEFAULT VALUES FOR MODELING PARAMETERS *
Recommended if, and only if, better estimates cannot be
obtained for a particular modeling application.

Recom- | Units Text
mended of |Reference
Parameter Name Subclass Remarks Value |Measure| Page(s)
Roughness Length Industrial |Large refinery/chemical plant complexes 1 m 4-3
Urban "Built-up” areas (See Figure 4-2) 0.1 to
Rural Agricultural areas, sparse trees and buildings 0.03 4-4
PG Stability Class Unstable |Warm/hot days, much insolation A 4-4
Neutral  |Day or night with cloud cover and/or high winds D to
Stable Cold nights, clear sky, iow wind, RURAL F 4-6
Cold nights, clear sky, low wind, URBAN E
Wind Speed Stability A {Daytime, high insolation, 2 mis 4-6
Stability D |Overcast, "high" winds 4 mis
Stability F |Cold nights, clear sky, low wind, RURAL 2 mls
Stability E {Cold nights, clear sky, low wind, URBAN 3 m/s
Ambient Temperature |Stability A |Use stability class maximum for locality. K 4-8
Stability D {Use stability class mean for locality.
Stability F |Use stability class minimum for locality.
Relative Humidity Non-reactive fluids, no phase change heat 50 % 4-8
Barometric Pressure Altitude < 1000 meters, use 1 atmosphere: 101,325 Pa 4-7.8
Altitude > 1000 m, see Figure 4-4 See Figure 4-4 4-7,8
Wind Direction Not an input parameter; assume it always
blows towards the most sensitive area.
Wind Speed Measurement Height 10 m 4-7
Receptor Height 0 m
Averaging Time For flammability use: 10 s 4-9
(According to health criteria for toxics)
Jet Angle For near- and far-field estimates Horizontal See
For far-field estimates Vertical scenarios
Jet Elevation 1 m
Cp/Cv Ratio Use only if not available! 1.4 3-13
Orifice Discharge Coefficient 0.6 3-32
Ideal Gas Law Constant ﬁR) Units: Pascal-kelvin-kilograms-meters (Joules) 8313 Si
Other source parameters such as release rate and state, thermodynamic and physical properties
must be obtained or calculated according to the modeling application.

These parameter default values should be considered as starting values upon which to base a particular

modeling study.

* During the final editing of this Manual (June 1996), the U.S. Environmental Agencies promulgated the final Clean Air Act Risk Management
Program Rule [40 CFR Part 68, paragraph 112 (). This rule specifies the values of a number of the above default paramenters for rule-defined

- rule.
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Overview of Scenario Modeling Programs

o demonstrate recommended principles and usages for guidance in release/dispersion

modeling, three well-known, publicly available computer program systems were used for
simulation of the representative scenarios presented in Chapters 2 and 6: HGSYSTEM [4,5,6], SLAB
[7.,8,9], and DEGADIS [1,2,3]. Although a number of other programs are available, both publicly
and from commercial sources (e.g., Hanna, et al. [21]), it is believed these three provide good
illustrations of the best methods (including judgment issues) to guide modeling applications. For
most scenarios, the applicable submodels of each of the three systems were used if possible.
However, the type and capabilities of their submodels differ, so it was not always possible to use
a particular system for a given scenario. In the one scenario (7), in which the vapor cloud
simulation must be redefined externally during the course of solution, only HGSYSTEM provided
the necessary handles. A brief overview of the general capabilities and (input) requirements of the
modeling program systems is given below, in which important differences are pointed out. Please
refer to the References section under Appendix II for sources of further, detailed technical
descriptions of the modeling programs, user’s manuals, etc., and to the appropriate user’s manuals
for detailed use (including the exact composition of input and output

files) of the programs. Models Used
Program Version

At the time of final editing, May 1996, a new version of HGSYSTEM | ,csystem 1, NoveD
has been released which has markedly increased capabilities with SLAB April 1990
respect to the version used for this manual. A description of its | DPEGADIS 2.1, Dec.19%0
additional capabilities is at the end of this Appendix and program
ordering information is given in Reference II-6b; to the best of the author’s knowledge, no later
versions of either SLAB or DEGADIS are pending.

Submodels

Table 1 shows the various submodels contained within each of the three modeling systems of
interest. Note that only the HFSPILL module in HGSYSTEM contains calculations for the discharge
rates and states of either liquid or gas from a pressurized vessel, and currently it handles only HF.
These special cases for HGSYSTEM are discussed with the corresponding release modeling
scenarios. For ma-  Table 1.

terials other than
HF, external proce-

Comparison of Modeling System Features

dures must be used Submodel Type HGSYSTEM SLAB DEGADIS
for these source Time-dependent tank discharge? Only for HF No No
calculations: see Flow rate through orifice? Only for HF No No

b

Turbulent Jet? Yes Yes Yes

Chapter 3. Jet can point (in a plane vertically or Vertically
perpendicular to the ground): Any angle horizontally only
Turbulent Jets and Expanding jet calculations? Yes No No
Far-Field Plumes Dense gas, ground leve! dispersion? Yes Yes Yes
The three modeling Elevated plume for far-field dispersion? Yes Yes Yes

systems contain the Aerosol thermodynamics? HEGADAS only Yes Externally

; optional capability Pool evaporation models for:

£ simulati b Boiling on a water surface? Flux from user No No
oI simulating turbu- Boiling on a land surface? No No No
lent jets. Turbulent . Mass transfer limited on land? Spreading pool only No No

jets are formed
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when a fluid is discharged into another fluid (the air, here) with enough momentum to cause
intensive mixing for a significant distance down the jet’s axis. The mixing occurs very intensely
and the rate of air entrainment increases with the energy of the discharged stream. In the near
field, before atmospheric dispersion processes become important, many experiments have shown
that, for all practical purposes, the jet’s properties are circularly symmetrical in the plane normal
to the jet’s longitudinal axis. In addition, any time-averaged property, such as concentration,
temperature and velocity are normally distributed with respect to radial distance from the axis. The
original fluid’s concentration along the longitudinal axis decreases exponentially; within roughly
50 to 100 initial jet diameters down-axis, the concentration (or other property) will drop to less
than say, one to two percent of its initial value.

The jet, or initial plume models of the three systems are generally based on the original work of
C. Ooms. Such models employ a set of simultaneous, nonlinear, ordinary differential equations
in distance (the longitudinal axis) with mass, momentum and thermal energy balances. Entrain-
ment of air into the jet is effected by means of the entfrainment velocity concept which is based
upon experimental work. Thus they are steady state; time is handled throughout the velocity
function if the jet model is used with a following time dependent dispersion model. Some
applications require that the fluid’s discharge rate (and perhaps composition and properties) be
varied with time, thus the jet model was used in the quasi-steady state manner in which all
properties along the jet change instantly with time. That is, no capacitive effects are treated in
transient applications of the jet model.

The principal input to a jet model is the emitted substance’s total mass flow rate, its initial
temperature, initial diameter, and other parameters by which the fluid’s density and other
properties (such as air-fluid enthalpies) can be calculated. (A later section describes how the
thermodynamic properties are treated by the three systems.) Except for HGSYSTEM, the input,
initial jet parameters should be calculated for the expanded jet at atmospheric pressure by the
methods of Chapter 3. This will give the best estimates for plume rise or fall, and near field
concentrations.

The jet models in HGSYSTEM, PLUME (for non-reacting or inert fluids) and HFPLUME (for HF) are
designed to simulate jets pointing at any angle to the ground plane (including directly downwards).
However, the User’s Manual recommends against pointing the jet upwind because of numerical
difficulties in solving the model. (The author could not get solutions with the jet pointed directly
downward.) Also, if the exit gas velocity is low with respect to the wind speed, and the gas is
relatively dense, then solutions may not be reached for vertical jets. The program usually signals
this condition with “Stack Downwash” error messages. HFPLUME performs a flashing liquid,
choked flow calculation for HF flashing liquid releases, and both models do the expanding jet
calculations based upon mass, momentum and enthalpy balances. Also, these two jet models
decide whether or not the plume will impact the ground plane or remain elevated, according to
criteria of plume density, relative wind speed, release height and angle, etc. If the model impacts
the ground, a partial input file will be generated for HEGADAS which contains coupling information
so that mass, momentum and energy balances will be maintained for the plume-to-dense cloud (at
ground level) transition. If'the plume remains elevated, a similar partial input file will be generated
for PGPLUME which models far field dispersion by means of the Gaussian model with Pasquill-
Gifford dispersion coefficients. The near field models are of the top-hat form, in that only the
average concentration in a circular cross-section is output as a function of any downwind distance.
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If a normal distribution cross-section is required, the user would have to do these calculations
externally, supplying the cross-axis dispersion parameters.

The turbulent jet model in SLAB simulates a jet which may point either straight up from the ground
or parallel to the ground. If the jet is vertically-pointing, the plume may remain elevated above
the ground or impact the ground as in HGSYSTEM. In the former case, the program internally
performs the smoothly continuous mass, momentum and energy balance relationships into far-field
Pasquill-Gifford dispersion. Otherwise, transition is made to the ground level dense gas model.
All transitions between submodels are made automatically within the single SLAB program; only
one input parameter file needs to be input for any applicable release simulation. The basic
“stream” input to SLAB is for a circular area source, pointing vertically or horizontally. The initial
jet diameter and temperature to be specified are those for the expanded jet. Whether or not the
emitted fluid has sufficient velocity and momentum to become airborne (a jet), to generate a dense,
slumping cloud at ground level, or to generate a neutral buoyancy cloud at ground level, is
determined by the program by means of the input parameters.

The jet model in DEGADIS only points vertically and is essentially based on Oom’s model with
mass, momentum and thermal energy balances. If the plume remains airborne, a smooth transition
is made into the Gaussian dispersion model with Pasquill-Gifford coefficients.* Otherwise, a
transition based upon a mass balance and plume width is made into the ground level, slumping,
dense gas dispersion model. The DEGADIS system is composed of a number of stand-alone
subprograms wherein the file output of one is linked to the next by means of intermediate files.
For ground level area sources, program DEGINP may be used to interactively prepare a DOS BAT
file for simulation execution. If a vertical jet is the source batch program, JETPLUIN reads a
parameter file to produce a BAT file for the simulation.

The basic output from these jet models is usually the emitted fluid’s concentration along the jet
axis as well as temperature, diameter, density and angle of the path to the horizontal plane. The
plume path locus is usually reported on the basis of Cartesian coordinates for which ground level
is zero height and the release point normal plane is the origin for downwind distance.

Dense Gas Models

Generally, the submodels for initial spreading (or slumping) of dense source gas, followed by
dispersion along the ground in the direction of the wind, are based upon the same concepts. In
HGSYSTEM, the dense gas model is HEGADAS; this submodel is not specifically named in either
DEGADIS or SLAB. For the initial condition, the user specifies the initial dimensions of the area
source and the total emission rate or flux. If the emitted gas is dense relative to air, and its initial
flux is less than that which can diffuse into the wind (the “maximum take-up flux”), then the cloud
will spread out. If a steady-state model is used, then the cloud will spread until the total emission
rate matches the (cloud area) » (maximum take-up flux) product. In this case, the initial area is
immaterial as long as it is small enough to allow spreading, and numerical solution difficulties are
not encountered. For a time dependent simulation in which a fixed amount of fluid is released for
a finite (generally short) time, the choice of the initial source area could possibly have an important
effect upon the calculated dispersion results.

At the time of this writing it appeared that only the PG coefficients for D stability are used. Also,
experiments to simulate less-dense-than-air jetted plumes produced very erroneous results.
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All three modeling systems provide for heat transfer from the ground to the (colder) cloud. In
SLAB, this function always operates, while in HEGADAS and DEGADIS it is optional.

Concentration isopleth data (crosswind and vertical distances to specified concentrations vs
downwind distances) are contained in the standard output files from HEGADAS and DEGADIS, but
not from SLAB.

The SLAB output file contains a section which gives the equations and coefficients required to
calculate a concentration at any [x,y,z] location and time on the basis of parameters tabulated for
each step of downwind distance. These explicit equations involve a number of error functions and
must be done by an external program which is not supplied. Thus concentration isopleths may be
generated for both steady-state and time dependent solutions. Since the equation is explicit in
concentration, iterative methods must be used to generate concentration isopleths.

Also, the SLAB output contains crosswind concentrations (volume fraction = mole fraction, = £,,)
at six normalized crosswind distances ()/bbc) for each downwind distance (x). The plume half-
width, bbc, is output along with these concentrations. It turns out that the crosswind dispersion
coefficient for the plume is

a, = bbc//3 (1)

at downwind distances sufficiently beyond the initial pool spreading for the plume crosswind
concentrations to be normally distributed. (This is usually true at distances for which isopleths
are of interest.) Therefore, for a constant x and z, the mole fraction of released material at a given
y can be calculated by

o) = forf0) -exp \F‘y . @

20
y

The values for £, (0) are found in the SLAB output column for y/bbc = 0. Dropping the subscript
rm, it may be shown that the crosswind distance, y, to a specified released material concentration,
f(y), can be found from Equation 7-2 by

12

The above equation was used to calculate concentration isopleths in the far field from SLAB in
several scenario simulations presented in this Manual.

Evaporation Submodels

As noted above, only HGSYSTEM among the three systems contains an evaporation rate modeling
capability as shown in Table 1.
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The sLAB User’s Manual often uses the phrase “Evaporative Source Model.” However, this
means that the discharge mass flow rate and the circular area for the discharge have been
determined by some external calculations (if the jet submodel is not employed).

For DEGADIS, as well as for SLAB, the initial mass flow rate and area must be specified.

Time Dependent Modeling

The methods for handling time-varying sources deperids upon the modeling system. The transient
computations all use the “0.2 Power Law” with Pasquill-Gifford dispersion coefficients (,) to
estimate crosswind averaging time effects, but treatments of the additional downwind, travel time
effect varies with the system.

If a steady state simulation is performed to model a finite duration, but constant rate release, the
travel time to a downwind location (as determined by the wind speed) must be considered with
respect to the duration of the release. As the travel time (and therefore downwind distance) to a
location increases beyond the release duration time, dispersion in the downwind direction
increases.

The above phenomena are managed somewhat differently in the three systems, as discussed below.
SLAB

One can specify a cylinder of dense gas at atmospheric pressure, a cylinder at greater-than-
atmospheric pressure (which will expand: an “explosion™) or a constant flow rate, evaporating
pool source with a finite duration, as input to this model. On starting, the program will begin by
spreading of the initial cylinder, or by first expanding, then by spreading for the explosion, or by
maintaining the emission rate constant for the specified duration, after which the rate 1s set to zero.
Sets [time value, emission mass flux, release area] for an evaporating pool source cannot be input
as can be done for the other two models.

Treatment of averaging time in the downwind direction is accomplished directly in the program
by use of a downwind dispersion coefficient, 6, coupled with computations of average concentra-
tions at downwind locations according to cloud travel times. For example, the results output for
a finite duration release will have been adjusted for averaging time with respect to both the
crosswind and downwind distances.

As mentioned above, concentration isopleths can be generated as a function of space and time by
an external (user-supplied) program from the standard program output. Also, an envelope of

concentration isopleths can be generated by utilizing the cloud parameters output as functions of
time and distance.

HGSYSTEM

The time dependent version of HEGADAS will accept time-varying input in terms of arbitrary [time
value, emission mass flux release area] sets. These sets apply only to a ground level, evaporating
pool type of release which cannot be coupled with a preceding time varying turbulent jet. If the
simulation involves a constant flow rate, but finite duration turbulent jet source (modeled by either
the PLUME or HFPLUME steady state models), the jet model may be semi-automatically coupled to
the time dependent, ground level, dense gas cloud HEGADAS-T at the point where the plume sinks
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to ground level. The output from the time dependent program has an “instantaneous” averaging
time along the downwind axis but with concentrations averaged according to the specified
averaging time with respect to the crosswind axis. A specified averaging time less than or equal
to 18.75 seconds is read to mean “instantaneous” by the program. Crosswind averaging times are
specified with program input. Concentration averaging time corrections for downwind travel time
can be treated by the post-processor programs, HSPOST, HTPOST, for steady state and time
dependent HEGADAS programs, respectively. Scenarios 6 and 7 provide further discussions of
techniques for time dependent modeling with HGSYSTEM.

If only downwind concentrations are required for a finite duration release, but corrected for
averaging time in the downwind direction (crosswind averaging time is fixed by HEGADAS input),
the HSPOST post-processor program can be used to correct the steady state HEGADAS-S output.
This will save an inordinate amount of computer and manpower time. See also Chapters 4 and 5.
As for the transient case, the desired averaging time must be used for the HEGADAS-S steady-state
dispersion calculations.

DEGADIS

The time dependent version of DEGADIS will accept time-varying, area source input in terms of
arbitrary [time value, emission mass flux, release area] sets, as for HEGADAS. These sets apply
only to a ground level, evaporating pool type of release which cannot be coupled with a preceding
turbulent jet. No provision is made for simulations in which a vertical jet, varying with time,
couples to the dense gas, ground level cloud dispersion model.

The output from the time dependent program must be considered as instantaneous along the
downwind axis. The program suite does not provide for adjustment of dispersion at downwind
locations according averaging time; this must be done by an external program (not provided).

Thermodynamic and Physical Properties

DEGADIS, SLAB, or HGSYSTEM all treat air as an ideal gas, and handle water (vapor and liquid) by
means of built-in thermophysical property functions; the user specifies the relative humidity.

If a non-reacting, vapor-only release is modeled, the thermodynamic properties of the cloud are
calculated by assuming that the released vapor is an ideal gas of given molecular weight and with
constant heat capacity. If a multicomponent gas is released, then it can be treated as a pseudo-
pure component by appropriately calculating these averaged-value parameters externally (see
Chapter 3). However, if the release involves a two-phase fluid (aerosol), then each of the
modeling systems operate differently. Three-phase systems are not directly treated by any of the
three systems, e.g., simultaneous existence of vapor, released chemical and water liquid, and solid
chemical and ice.

SLAB treats a two-phase release in a straightforward manner in which thermodynamic equilibrium
is assumed at any instant. The initial liquid mass fraction, an average heat of vaporization, the
normal boiling point, liquid and vapor heat capacities, liquid density, and the constants for the
saturated vapor pressure function are provided by the user. Thus at any instant (cross-section of
the cloud) the concentration of released material in the vapor phase, the concentration of liquid
(basis the total vapor and liquid), the temperature, and the bulk density are directly computed.
The initial liquid mass fraction can be obtained by means of the methods given in Chapter 3.
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HGSYSTEM handles HF by unique, built-in thermodynamic routines which calculate the thermody-
namic properties of the cloud by chemical reaction and vapor-liquid equilibria methods. Only the
HEGADAS modules have provisions for user input of thermodynamic parameters for pure
component, vapor/liquid phase equilibria (aerosols).

DEGADIS uses an externally defined function to treat non-ideal gas and aerosol behavior in its jet
and dense cloud models. Input is a set of triplets, each containing:

1) The mole fraction of the released fluid/ambient air mixture.

2) The concentration of total released fluid basis the volume of the total mixture (kg
release fluid/m?).

3) The bulk density of the mixture.

The ordered triplets must go from 100% ambient air to pure released fluid; the number of triplets
should be sufficient to define the curve for use by linear interpolation. Thus this input data must
be generated by an external program, say a spreadsheet, or a special Vapor-Liquid Equilibrium
(VLE) program which does the isenthalpic flash calculations for the [released fluid, ambient air]
mixtures. Note that DEGADIS uses its isothermal modes, so jet or cloud temperatures must be
obtained from the external calculations for the triplets. Thus, the water in the ambient air can most
likely be neglected, considering the accuracy of the modeling.

Program Qutput

For the most part, each of the three modeling systems output the same kind of dispersion
information as a function of downwind distance and/or time. This includes centerline concentra-
tion, cloud or plume width, temperature, density, etc. With HEGADAS and DEGADIS, the user can
specify two concentrations for which horizontal isopleth distances from the centerline are output.
In addition, HEGADAS will output vertical isopleths from the ground at the centerline for these two
concentrations. SLAB provides concentrations at up to four distances (z) above the ground, and
five concentrations at equal interval, normalized distances perpendicular to the centerline.

All three systems provide information in their output files so that point concentrations as a
function of downwind, crosswind and vertical distances may be calculated externally.

The forms of the output files are such that they can be imported to other programs (e.g.,
spreadsheets) for further manipulation and for plotting. HGSYSTEM contains post-processor

programs that facilitate combination and preparation of output files for output to plotting
programs, etc.

New Version of HGSYSTEM

Version 3 of HGSYSTEM* was released in late 1995 and has many sorely needed capabilities for
accidental release modeling; see Post [II-6b]. (At the time of this final editing, May, 1996, the

author is not aware of any new developments for SLAB and/or DEGADIS.) The major, “visible”
improvements are:

* . . . .
Version 1.0 was used for this manual; Version 2 was never issued.
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¢ A generalized, multicomponent, two-phase thermodynamic-physical properties subsystem
now provides the physical property and thermodynamic parameters for all source and
dispersion submodels. This DATAPROP subsystem currently contains about 30 compounds
such as water, inorganic inert gases, lower molecular weight hydrocarbons, hydrogen fluoride
(detailed polymerization chemistry), and two fluorohydrocarbon refrigerants. Thus, flashing
single- and multi-component substances are now treated by all of the release rate, turbulent
Jet, and atmospheric dispersion submodels.

4 The hydrogen fluoride (HF) chemistry and thermodynamic submodel has been extended to
handle water, HF, and inert gas.

4  Aninitial dense gas, gravity slumping model, HEGABOX, has been made available. This model
can be used for calm air dispersion on a plane.

¢ Anevaporating pool release rate model, LPOOL, has been integrated into the program system.
This model is based on Exxon’s LSM90 model, of which several features have been noted
in the Evaporation section of Chapter 3.

4 Notable new features added to the time dependent dense gas dispersion model, HEGADAS-T,
are:

® Dry and wet deposition of particles from the plume
e Ifthe cloud becomes positively buoyant, it can lift off of the ground surface

® A meteorological preprocessor to better estimate input meteorological parameters
(stability, Monin-Obukov length, etc.)

®  Multiple values of the roughness length parameter can be specified for various down-
wind distances

® Improved treatment of concentration fluctuations and averaging times

®  Plume confinement by channeling structures (large buildings), and terrain features such
as canyons

e Concentration estimates near upwind and downwind faces of structures, and from
sources on buildings, plus other building effects.
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HGSYSTEM FILE
LISTINGS FOR
SCENARIO 7
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HGSYSTEM File Listings for Scenario 7

Input file HCLJET.PLI for PLUME Turbulent Jet Modeling.........ccovcvcieninninnnne. III-1
Output file HCLJET.PLI from PLUME Turbulent Jet Modeling........c.occovvevininnanine, -2
Input File BASECASE.HSI for HEGADAS-S Steady State Modeling............cc.c........ 111-4
Input File SCENARO7.HTI for HEGADAS-T Time Dependent Modeling................. I1-5

In reading the output listings, note that all HGSYSTEM programs ignore any characters
to the right of an asterisk (*); these are comments. Blank records are also ignored.

The listings have been annotated to highlight and/or explain items discussed in the
Chapter 6 text. Boxes have been added, and all comment text is in this format.

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx4E28 9k WM 0732290 0560147 S8y HA

III-1

Jfor Scenario 7

tings

TAY

HGSYSTEM File L

.
.

Appendix IIT

NOISHIdSIQ "SSYd ¥O4 “J43 “AONA “XVNW
NOTLD3AQV ¥04 133443 AINVAONG “XVW
*WNIVHLN3 (D3H+13r)/130 “QUIY LSV

L-8WVN/13rN 40 3NTIVA "S8V "aD3IY LSV

3WN1dDd/SYAVI3H ¥0d VIYILIAD ONIHOLVKW

NOTLVHLINIINOD LINVIAT10d4 "CO3Y LSV 1N32¥3d
*dS10 ONIMNMOQ "QD3Y 1SV1 W

VI1¥3L1¥D NOILYNIWYIL INIWAOT3A3Q 3WNT4/13r

SSV13 ALITIEVLIS 111NDSYd
J313Wvivd SSINHDNOY 3IIVHANS W

vlva NOIS¥3dsid
$8Z994) ‘UOLIEBSUBPUOD JO ISNEIBG O < HY 4! 3A10S 3,ue)

ALTIQIWNH 3ATLVIIY 1N3Dd3d

3YNSSIAd LINIIGWY SIAIHISOWLY
UNLYY3dWIL ¥IV snIs13d

0Z LHDI3H LV ALIJ0T3A ONIM S/H
JULNET RESLELEEED W

SNOILIGNOD INJISWY DIYIHISOWLY

(AQv31S ¥04 0>) NOllvina 3sv3ai3y S
JejuoziJol =043Z JTONV 3DUVHISIC ISVITY $333930
aNnoYo (13A37) 3A08Y LHDI3H W
¥313WVIa 30141¥0 3A1103443 W

Jivyd 39YVHISIA S/9%

SNOI11GNOD (LNO¥4-3NOHD) 3NVId-1IX3 3dId

1v3§ 914133dS J1¥V80SI 2/you/r

1INVINT10d LHOI3M ¥VINDIATOW 1ow/6

Y3I1vM4 JO NOILIVY4 310W LN3D¥3d

1INVIN110d 40 NOTLOVYZ 370W 1N32¥3d
INVINTI0d 40 3dNLVAIDWIL sSnIs13d

SYD 30 S311¥3d0¥d WIISAHd

or

* 1" = 1S7INY

* e = 18794

» ¢ = 15713Y

M L* = 1SNy

x sanep 31nB490

M HOLVW
*

* -3 = 187138

* ‘002 = 1818

¥

* LYNIWHE3L
*

» 3 = avisod

» 1'0 = ¥z

»*

» dSida
*

* 0°0 = J¥3dHY

* 00°L = SSUJYIV

* 0°6i = dW3LdlIv

* 0'¢ = on

» g'oL = 02

*

¥ SNOILIGNOD LIN318WY

* 06 = NO1Lvdng

* 000°0 =  ISIHd

* 00°L = 11X3z

* $520°0 = 11X3a

* 0L = LaWa

»

» 3d1d
¥

* 80°62 = $Y9dD

» 9y 9E = SYOMH

* 0°0 = 0ZHIHW

* g ooL = SY94W

* 68°92 = SVOdW3l

LJ

¥ V1ivasy9d

jejuoziJdoy asel aseg  3INLIL

1504 SHIPPOJ 1of Wogan] G 1d S NALSASOH 40J T1d LAl TOH 21 indu]

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS




API PUBL¥4L28 St EE 0732290 05L0L48s AL0 WM

Appendix 111

-2

20-3901°) 2°96 20-36G¢°1L €271 58870 27sl SY°L 909 16°S gLl 0°si
20-3451°1 0°26 20-312%°1 g€l 62670 £°6l 9571 Y€'9 es’s 9Ll 041
20-3912°1 G728 20-3%6%°L €274 £€26°0 £°61 09°1 2979 80°S €Ll 0°gl
J21440q vpjano dvads fo uonvoay
20-328¢° 1 0°¢8 20-3%2S°) YA €01 €761 2571 €072 9y oLt 0°¢i
20-365¢£° L £°8. 20-3699°1 TN 60°1 ysl 87"l 9%°L 02" 20°1 0"t
20-325%° L €'¢L 20-328.°L £2°1 9l°L 1" r4 3" 8672 SL°E S0°1 00°0!
20-3995°1 6729 20-3%e6°1 XA A" §°§l 2071 09°'8 0g"g €0° L 0076
20-3¢1L° L 1729 20-3%0L°2 €'l PARN" 9°sl 22L"0 6£°6 98°¢ 10" 00°8
20-3€16°1 9°65  20-305¢°2 €2l €671 4751 02270 ¥ ol gy oo°l 002
20-3602°¢2 2°8y  20-3vllTe €271 271 g°6l  £€0-3292°S 6°L1L s0°2 000°1L 00°9
20-3104°¢ 68 20-36LE°E €2l FA 4 1'91  £0-32%0°5- £yl 6971 000°1 00°%
20-30€%°€ 0°lg 20-3s12°Y g2l 9L°2 ¥'9L  £0-3910°%- 872l et 00"t 00°%
20-3229°% 0°¢2 20-3¢89°S g€l eL°e 0°4L £0-3966°2- 9°¢2 10°1L 00°1 0o°g
20-3%£6°9 €'sl  20-39g5°8 €271 19°s L'8L  £0-3%86°1- 2°%¢ 949°0 00°1 002
€170 S6°L 99170 el 0" Ll £°02 %0-3£58°6- 2759 £5€°0 00°1 000" 1L
XX p/up b J e3aq 1 tyd n Q 2z X
(#xa1 4of pasaquinu suunio)) [ oI 6 & L 9 s [ £ 4 4
(P31312p SDM J1 OS ‘S30422 [} SDM PUIY °[ | Win]o))
(%) Allplwny aAtieyad aunyd tozH A 1(2) aunjedadwsy swnid ueaw 3] 19/63/My 08°0 :3ieay aljtoads jueinyjod
2%y A31plwny aAi3eyad awnyd  :puy {(saa46ap) uolieul)oul sixe aunid :iyd  {jow/B *9¢  :3ybiam Jejndajow jueinyyod
!(-) jueinjjod uoljoedj-ssew IXX I(sjw) A3100719A awnid ueaw  :n f910-300°0 :AILplUNy aA1je)ad auejd-3Lxs
f(gw/63%) uol3esIUOUOD JueIn|iod el I(w) Jajauielp aAt10349 aumyd  :@ l920+300°| :seb jueanyjod uolioedj-ajow
I(qw/B6y) Ajisuap ueaw 3af Hy (w) Iy6iay sixe-aumd 2 10-30070 :Jie-AJp uollded}-ajow
I{%)uot3ei3zuaduos-ajow jueinijod :eisq I(w) juswaseldsip jejuozidoy  iX 1910-300°0 :JnodeA-Ja3eM UOL3ded)-2j0U
tuotyelyaudasiu] :uoy3jejadaduazug U0y isoduio) sesg

lwyg-Q :JolaWeLp yseys
‘gw/By20°2  tAlpsudp ysely
Is/ugy egh:A110019A 19 -seb
luzeqgg*| :aJnssaud ysej}

ot K3

ISUOE}LPUOD Yseld

gg:giauL)  £6/21/92 :93eq

*13, :sse|d pJojiln/iinbsed
lugogl "0 :ssauybnoJ aosejuns
fow/BigR" | 1A31susp aJsaydsowie
Is/ugg ¢ :paads-putM juaique
%0070 Aaipluny aAlieldd
fuyegQ° | :9Jnssadd aJdaydsowye
£900°SL auanieJladws) alaydsouse

lwpo oL :3ybLaYy aduaJsIjod BIEP
ISUOL1LpuUod aJaydsowly

13 ]ejUOZLJON ase) aseg  1a)3l)

O6AON UOLSJIA

!BappQ°Q :uolleUL)IU|l ISEDBY
!s/BY90°1 :Xn1j-ssew juein)jod
I8/6390° | Xn)j-ssew adzljlio
‘wpoL F3yBLay adtjtdo

lwgQTQ :JojaWELP BIL4LJO
lwzegy*y :aunssadd 20t4tao

1368°9Z :aJnjedadual IdLsLdo
1SUOL) LpUod 3214140

aWn1d wod4 Indinp

uin13olq 3utpPpoly 1o wapnqin] FW'Td SWALSASOH ¥olf I'ld LA TOH 1Y MmO

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS



II1-3

for Scenario 7

API PUBLx4b2& 95 WM 0732290 05L0L49 757 mM
ings

HGSYSTEM File List

11.

Appendix L.

€0-3%6871
€0-3%687 L
€0-3%06 L
€0-3126°1
€0-38€6° L
€0-3956° L
€0-3¢26° L
€0-3L66° L
€0-3600°¢
€0-3820°¢
£€0-39%0°¢
€0-3590°¢
€0-3%80°¢
£€0-3%01°2
€0-3¢€21°¢
£€0-3gY1°2
£€0-3%91°2
€0-3%8l "2
£0-3502°¢
£0-32227¢
€0-38%2°¢
£0-304¢°¢
€0-3g62°2
£0-35l%°¢2
£0-38¢¢°¢
£0-329¢°¢
£0-348¢°2
€0-30Ly°2
€0-3yey’e
€0-365%°¢
£0-398Y°2
£0-3016°2
£0-3/¢5°¢

£0-3£20°2
£0-3902°2
£0-3009°L
€0-3509°2
£0-3228°2
£0-3£50°8
£0-386Z°8
£0-3095°8
£0-3198°8
£€0-3LYL°6
£0-359%°6
£€0-3518°6
20-3610°L
20-3150°1

*29S
"29s
658
988
“6%%
“Hhs
"6€S
"hes
‘0gs
T4
*02s
“6ls
‘ols
"908
"10§
“96%
R4:Y}
48y
28y
“8LY

“69Y
“H9%
o9y
“§SY
LSy
RAZ
K244
"leY
Teey
‘gey
"9y
1%}

*2st
"8yl
i)
"oyl
‘9gl
K41
‘gel
A
‘oci
‘9L
K41
‘801
"501
‘001

€0-352€°¢
€0-352¢€°¢
£0-38€€°¢
€0-365£°2
£0-308%°¢2
£€0-3L0%°¢
€0-3¢2y°¢
€0-3yyy°e
£0-329%°¢
£0-368%°¢
£0-3215°¢2
€0-35£5°2
€0-3655°2
£0-3£85°2
£0-3209°2
€0-32£9°¢
£0-3959°¢
£0-3289°¢
£0-380.°¢
£0-3%¢/°¢
£0-309.°2
£0-3/8.°¢
€0-3618°¢2
€0-32%8°¢
£0-3128°¢
£0-3668°¢
£€0-3626°¢
£0-3856°2
€0-3886°2
€0-3610°¢
€0-3050°€¢
€0-3¢80°¢
£0-3%L1°¢

£€0-3529°8
£€0-3058°8
€0-3880°6
£0-30%¢°6
£0-3209°6
€0-3068°6
20-3610°1
20-3150°1
20-3980° 1
co-3gel’ i
20-3g9L° 1L
20-3902°1
20-3262°1
20-3g0¢° L

e L
XA
€271
€27l
PYA
€271
A
€l
€2l
YA
€
€l
€2l
€274
€27l
g2l
€271
€2 1
€271
YA
€2l
pr A
€271
£2°1
€2l
€@l
el
€271
g2l
€l
1 YA
g2l
£C71

€271
£2°1
€71
€2
€271
€271
€271
£2°1
€l
£2°1
YA
£271
€27l
g2

1510
15170
esL o
€S0
SsL70
9sL°0
85l 0
6SL°0
09L°0
291°0
£91°0
9170
99L°0
89170
0l1°0
12170
€170
921°0
9170
8.1°0
08L°0
18170
€8L°0
S8L"0
28170
68L°0
06170
261°0
%61°0
96L°0
86L°0
002°0
£02°0

(Hoymn 23 &q paja)ap d4om SHOL RVIPIUIIIU])

19570
92570
165°0
809°0
629°0
%99°0
£99°0
%89°0
204°0
1270
282°0
s8.1°0
Si8°0
6%8°0

* 4 a4 4 e s 8 B 8 8 v 8 a ® a2 & ® w w w ® s € 3 s s 8 ¥

= = " = T T T T T T T T T T T T T ¥ T T T ¥ € = vt e

WVWWOOOVOVOVVOLVDONAVOOVODODOONONOVOVONOVOXKK

L N R S R T R Y R R

LA N WA LA WA LA LA LA WD WA WD N NN
= T T T T T T e

NONNNCreereeeee—eeO O

02570
025870
225870
%2570
22570
625°0
2£S°0
%¢5°0
22570
6£5°0
2%5°0
§%5°0
8%5°0
05570
€65°0
98570
6SS°0
€95°0
995°0
695°0
24870
9.58°0
645°0
£€85°0
985°0
065°0
%65°0
265°0
109°0
509°0
609°0
1970
8L9°0

6L°1
el
1"
17
Y2l
6Z°l
9271
Pr AN
8271
62"
€71
el
setl
6£°1

Le
Le
ZlL'e
2L 2
2l e
2Lte
A4
gLe
£i°e
e
yi°2
y1°2
sLe
sie
sie
9i°2
9L°Z
172
2L°c
e
8L°e
8i°¢
61°¢
6172
02°¢e
0ee
122
1272
22 e
eete
€272
%22
2°e

96°¢

6°1lY
6" LY
AN
Y%
Loy
8 0%
9°0%
£ 0y
0°0%
1768
Y76g
L*6&
6°8¢
9°8¢
£°8%
0°8%
FAVAS
9°Le
(VA%
8°9¢
9°9¢
£79¢
0°9%
P11
v sg
1°sg
8°vg
§°h¢
2 ve
6° €€
2°¢€
v°eL
(2831

l
6701
S°0L
1)
SL°6
€76
66°8
l9°8
¢2°8
8L
S92
4072
8979
62°9

6L°2
6L°¢
6L°2
8L%¢2
e
9L°2
§.°¢
YL7Z
€L°2
2L°2
1272
072
69°2
89°¢
4972
99°2
59°2
592
%9°2
£9°¢
292
1972
09°2
6572
85°¢
95°¢
652
v5°¢
€5°¢
es'e
1572
0s°¢
6y'e

671
2971
eyl
132"
& A"
681
FARS*
vel
el
og"L
ge°l
TN
1T
12

"2l
221
A
"2l
¥l
€2l
"2l
"2l
"021
“6LL
‘8Ll
Ay’
9Ll
12
Y
‘gLl
K11
"Ll
‘0Ll
“601
‘801
"L01
‘901
‘6oL
"0l
"€0L
*20l
*1oi
0°00L
0766
0°86
0°26
0796

O N O OGS — 0N M 2 U O N 6O O
e ANNNNNANNNNN

OO0 O0O0O0DOO0O00O0O0O

Not for Resale

No reproduction or networking permitted without license from IHS

Copyright American Petroleum Institute
Provided by IHS under license with API




API PUBLx4L28 9 WM 0732290 05k0150 475 I

Appendix III

III-4

wdd ¢ = - (gu/B3) uolleJjuasuos seb padinbad 3se) 90-30%"2 =NIWV)

»
wddpgl = “(qw/6)) UOLIBIIUIIUOD JNOJUCD JAIN0 4 90-36%° L =7)
“(gw/BY)) UOL3BJIUSBOUCD JNOJUOD JBUUL & 20-36%°1 =NJ2
*(w) aouelsip puiMmuMmop paJtnbad 3se] 00001 =aNaX
“(-) s91J49s 21J433woab 4O} JO3IB} D\1LIS 4 02l =W039X
“(-) sdajs (913awy3ide) Jo JaguNU WNELXEW 4 02 =XI3N

*(w) yibua) dais uolssasboud dtjouyitie . oY =X14XQ
*j20]qeiep 10J3uod Inding x GNO1I

AT 11wivavd ayp fo ampa 2ayp32u 2171 51 S1Y | *(u) (Beys pauBis) YipiM-jiey aun)d seb-Aresy v lt- =SM
2510 uoyvSynu 4ad paSuvys ‘SINOD 4n2wmand ayp sty c(-) uolydesy seb Jeoul 19A3] -Punodb duL)-Ja3ud €0-36£1°2  =SIONOD
“Saspajas uonvanp apmnf 40f 9¢f = SISIA *(u) Jurod 2SE9)3J WOJ) SOUBIS|P PULMUMOD ra =S1S1G

*}00)qeleq Uotyisuedl SYQYDIH/IWNT » LISNVYL

*(2) sseajad uodn Ajajelpauml aJnjeJadwa) seb 0°65- =SV9dW3l
(071 = SLSIQ) 15319 423dpyyD 217} fo 3~/ § 21qD.L 01 Butp102oD *(-) seb psseajad Ul JI3BM UoL3doRdy-3|0W 4 00 =SVOlWA
pa3uvipo a1om mojaq saxoq omy asatf ui siappupand ay | *(-) Jojoey Jajsuedy jeay punosb x 070z =¥9LV3H
: : *(-) sub paseajad ui juean)jod uoljoed) oW 00°L  =JVY¥4SVd
*(jow/b6) seb jo 1yblamM Jeindajow x 9%°9¢ =SYOMK
~(3/10w/r) seb jo 1eay o1419ads 4 80°62 =SVDdd
‘SUnd ppaowad Avads 4of angoa S1if1 fo 9 £ 0} paonpay g 5 1oquIds 1xa] “(s/6)) seb Adp a3ed-MO)} Sseul JH x %9071  =MO74SVY9
‘ *(-) Belj 1apow JlweUuApowJayl x i =(00Wd3IKL
*joojgeleq seb pasealay y YIVASYD
*(s) awi) BuibeJaAe UOLIEBJIUIIUOD o 00l =IWILAY
-sse19 A3111qe1s paojs19/)1ibsed 4 3 =8v1sod
“(w) 3y6isy ssauybnod adejuns 00L°0 =YZ
*e3eQq Uolsdsadsip seb-AAeay/piaLjde} 5 dSIQ
aJnjedadual adeINS S,YlJded J 4 0°sl = JNNOYW9L
(%) A1ipluny aAl3e)ad aJaydsouye 0°0 =J¥3dHY
*(s/u) pasds-puiM Judloue 00°€ =0n
< (W) JUBWRJINSEAW pasds-puiM o 1ybLay 0° 0L =0Z
*(2) aJunjeJadway (Jie) JUILqUe . 0°6lL  =dWalyly
*(w) JUBWIINSEIW lnjedsadwe) Jo IYBLIY & 00°L =dW3ldivz
*jo0\quieq sJaydsouly JudLQUY » INITEWY
+(-) Jajsuedy 3esy punodB/ownmd ou Joj Bely 4 2 =3unsl
*(-) uoljedauab Jnojuod Bui}joJdiucd bely 0 =INJI

*joojqeieq sbeyj 10J3U0D SYQYIIH » TOYLINOD
uojeblyiw oN -- ase) aseq 3ITL1L

Sunpapopy 2303 Apvais S-SYAVOIH 40/ ISH ASVOISVE 214 mauf

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS




API PUBL*4L2d 9t MM 0732290 0560151 305 HH

III-5

HGSYSTEM File Listings for Scenario 7

.

Appendix I11.

»*

*(s) sawiy IndIno JIAJISAD x ‘000l  =¥VISL

aq1f indno a1y ul pap40ds4 aq 0y °{(s) sauty indino JaAJ9SA0 x '009 =¥visl
(Stoysdpus,, 20U)Sip puinmusop S uoypsp °(s) sauiy Indino J3AJBSAD & ‘00Y =dvisl
-uaouoo a1y} dof sawiny parficads a1l 240 252 “(S) sl Ind3no JaALISA0 « *00g =yvISL
*(s) sawi) Indino JaAJIaSAD «x *0se =yvISl

*(s) sawi3 3ndino J3AJISAD x *002 =yvisSl

+(s) sawy) 3ndino JUdAJIISUD « oSl =yvist

-(s) sawi3 ndino J4aAJaSqO ‘0002  =dVLSL

-jo0)qeieq sawil Indino x I1VI

-(9) aseajaJ uodn Ajajeipauwl asnjesadwd) seb 0°65- =SV9dW3l

*
~(-) seb pasea|sJ Ul JIleM UOL3IJBJ}-Ij0U 0°0 =SVY9LVM
*(-) Jo)joBj) JIjSued] JE3Y pUNOIb 0°02 =¥91V3IH
*(-) seb pasealad ul jueinyjod uotloedy oW 4 00°L  =0Vydsvo
*(jow/6) seb jo jybBlam Jejnoajoul 4 9% 9¢ =SYOMK
(a/10w/r) seb jo 3eay d1319ads 80°62 =8¥9dd
*(-) Belj 19pow ILWRUAPOWIdY] 4 i =(OWYd3H1

“joojqezeq seb-jH pasealdy , YIVASVI

*(s) owiy BuLBERJIDABR UOLIRIJUIDUOD x "ol =JWI LAV
*sse1d A31}1qe3s puojp1n/11inbsed 3 =gv1sod
*(w) 3yBiay ssauybnos adejuns 00L°0 =4z

-gjeqQ Uoisasadslg pJoj19/111nbsed x dS1Q

aJnjedaduwal aJe4lnsS S, YJIed J 0°GL = aGNNO¥DL

*(%) Ajlpluny aALle)ad aJaydsoune 0°0 =J¥3dHY

s (s/w) paads-pulmM juatque 00°¢ =0N

< (w) juswaJnsesw pasds-pulm jo 3yblay 00l =0z

0°Sl  =dWaldlV
00°L =dW31divZ

-(2) aJnjesaduwey (Jie) uatgue
*(u) juswo.nseaw aunjedadwsy jo ybLay

X X ¥ X X

*yo01qeleq dJaydsowly JusLquy s INIISWY

* Jajsued) 3eay punodbsownyd Bulleaipul Beld s 2 =ddnsl
*(-) uoljedsauab anojuod BuL1O43U0D BE1S 4 0 =iNJI

*yo0)qejeq sbejd 1043U0D SYQVIIH x TO¥LNOD

66/91L/2 'SOL = JWILAV ‘spz2 ui paddoys joH ‘spé uo-Aesds ‘witg = 42 3N

Fuifapoy MMopuadoq oIl 1-SVAVOIAH 49 TLH ZOYVNHDS 21 induf

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS




Appendix 1]

API PUBL*4b286 9L WM 07322590 D5b60L52 241 N

II1-6

2 021 »* 20-3008%" L $%0-20069° € 0802°¢ = ViV
92 Gl o« 20-20059"2 %0-30069° € 0802°¢ = VivOdys
SZ 0Ll  20-900S%°/  %0-20069'€  080Z'S = Vivayyg
Y2 » IUC paudny utejand Aeads
€2 S0l » 10-988le" ¢ £0-95206°¢€ 2¢688°2 = Vivaiyg
22 001 * 10-85269°§ €0-2094%%°2 £025°2 = Vivaiyg
12 S6 * L0-3¢991 "8 20-95860° | GLs2 2 = vivaxyg

92usb49AU0D d15Y 03 UOLIISUBI] JIYIOOWS JO) SPJ0JaJ § BULMO104

6L 06 0%90° L 20-3g25%" 1 9256 | = ViVaNyg
8l S8 0%90" 1 20-3£26%° | 925671 = VIVONNE
. 2l 08 o« 0%90° L 20-9£25%" | 926" = VivaNyg
. utn pasdola dof o1 woyf ssous IDH ) 9L S« 0%90°L  20-9€26%°L  92E6°L = VIVONUS
Puv IOH Jo uoyovdf ajout susjiasuad ayy yprs sl 02« 0%90° L 20-9£25%° 1 925671 = VLIVON¥E
Jivy pnop aatpaffs ay sayfidads p1odaa ongy 9§89 x 0%90° L 20-3525%° L 9256°L = VivaNde
SL09 & 0%90° ¢ 20-9525%° 1 925671 = VIVaNYE
UONDIO] (42]U2D) 20408 2l SS x 0%90° L 20-3¢26%° L 928671 = Vivaiyg
jonpp vuxw.\w PUIMUMOP 211U NN.\Q FouUDISIP L 0s * ovoo” L 20 umMNm+\“ l ONMQ” | = V1Ivaiys
40 poaffo 2y siajeusnivd asas o1 swois % o D90l wofsehi  ovel - vivaie
24040 3501 LISNVIL 241 2w fo uoypunf 8 S¢ o« 0%90" L 20-9£25%" L 9256° | = VLvVaYYE
£10.1pqiv up sv sizjupavd a2inos pnop L 08 0%90" L 20-9525%" | 9256°L = VLIVOYE 3
40dva a1y saifivads wonoas YLy AN S 9 &2 * 0%90° L 20-9¢2s%°1 928671 = VivQiyg m
S 02 o« 09901 20-9£26%° L 9256°L = Vivaxyg =
v 6l 0%90° L 20-2£26%° L 92£6"L = Vivaxug =
€ oL« 0%90° 4 20-9€269° 1 92567 | = ViIVOAE
2 S 0%90° | 20-9526%° L 926" L = VLIvadyg
i1 0« 0%90° L 20-9€25%" L 92€6° 1 = YIVON¥g
-98ed13y 1elI U]l »
Jaqunn s’aw ) * Jq3 SINOD 1438 x

"2 = ¥9dAll Jad [oueyd uoijisued3 ay3 ybBnoayl aied Mol Ssew Jy *
‘UoLloBd) 10W JH SUL1JIIUSD ‘UYIPLM-J1BY SAL1D9)}]] ade SPJOIIJ VIVONNS &
¥

s ‘az1s days aug| » 5 yda1sl

(*paiosejbau w g| 01 awll) s ‘aul) jJels » 0 = 700d1S1

3§001q ejep juapuadap awl » 2’0 ViVa3IWil

uol3llsued) ay} Joj adueISLIp pulMumoq x 021 ESTRIE

201G ejep uolilisuedy pnoyd - awn)d » 1ISKVYL
wdd | -(gw/6y) uolleJIUsIUOD seb padinbad 3sey 90-26%°1 =NIWVD
wdd g = “{gw/B3) UOLIIBIIUITUOD JNOIUOD J33NO 90-36%"2 =12
wddgp) = *(gW/BY) UOIIBJIIUSIUOD JNOJUOT JauUul %0-36Y°1 =n9
“(w) yibusjy-doys Indino (paxij}) & ‘g2 =d34SX

*}20)qeiep joJ3uod 3nding x QNOTD

No reproduction or networking permitted without license from IHS

Copyright American Petroleum Institute
Provided by IHS under license with API




API PUBL*4bc& 9b- B 0732290 05L0L53 148 WE

111-7

Jor Scenario 7

ings

HGSYSTEM File List,

Appendix I11.

0.2
592
092
114
0se
s%e
0%
sge
(1154
see
0¢ce
sle
oLe
s0¢
60e
Sél
061
S8l

Sli
0lL
9
09l
ssi
0s1
syl
oyi
sgl
otl
s2L

Spu0oas g,z 12Yv saun) jv 10f wina3o.d a1

Aq 0422 0} 325 24p saapupavd pnops aa41fj oY [

X ¥ kX X k ¥ ¥ £ ¥ ¥ ¥ X X ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ X ¥ ¥k ¥

20-2005%°2
20-3005%°2
20-2005%°4
20-3005%"2
20-2005%°L
20-3005%°4
20-2005%° 4
20-3005%°2
¢0-2005%° 2
20-3005%°4
20-2005%°4
20-3005%°2
€0-3005%°2
20-2005%°2
€0-2005%° 2
20-900S%°4
20-2005%°4
20-2005%°2
20-3005%°4
20-3005%°2
20-9005%"4
20-9005%°2
20-200S8%7°2
20-9005%°2
20-200S%"2
20-3005Y°L
20-9005%°2
20-2005%°2
20-2006%°4
20-2005%°4

$0-90069° %
$0-30069°¢
%0-20069° ¢
%0-30069° ¢
%0-20069° ¢
%0-30069° £
%0-30069° ¢
%0-90069°¢
$0-30069" ¢
%0-90069°¢
$0-30069°¢
$0-90069° €
%0-20069° ¢
$0-20069° ¢
%0-20069° £
$0-30069° ¢
%0-20069°¢
$0-30069° %
%0-30069°%
%0-20069° ¢
%0-30069° €
$0-90069° ¢
%0-20069° %
%0-30069° ¢
%0-20069° ¢
%0-20069° ¢
$0-20069° £
$0-90069° ¢
$0-30069° &
$0-20069° €

0802°¢
080¢° ¢
0goe ¢
0802° ¢
0802°¢
0802 ¢
0802°¢
080¢2° &
0802° ¢
0802°¢
080¢° &
0802°¢
0802 ¢
080¢° £
0802°¢
0802° ¢
0802°¢
0802°¢
0802°¢
0802° ¢
0802°¢
0802°¢
0802°¢
0802° ¢
0802° ¢
0802°¢
0802°¢
0802°¢
0802°¢
0802°¢

Vivaxyg
ViVEiY8
Vivadys
Vivadyg
VivVaxy8
vivadyg
vivaxya
Y1ivVaxug
vivaiae
vivaxys
v1vONyg
vivaiye
vivaxde
vivaxyg
vivaiua
vivaxya
vivaiyg
vivaiya
vivaxys
vivaiyg
vivaiya
vivanya
vivaiys
vivanye
vivanye
Vivaiys
vivoxyd
vivoxdg
vivanag
vivanyg

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS




API PUBLx4b28 9 WE 0732290 0560154 0Ly WA

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS

INDEX

Not for Resale




API PUBL*4b28 9t EM 0732290 0560155 T50 WE

INDEX

Note: Appendices I and 111 are not indexed

Active barriers 5-2
defined 5-2
design variables 5-2
Activity coefficients 3-5, 3-6
Aerosol 5-9
density 3-25
formation phenomena 3-57
formed by evaporation 3-57
liquid remaining suspended 3-57
scenario S§4-1, §5-1, S6-1
Aerosol formation
field experiments 3-58
rainout algorithm 3-58
research program 3-58
Air entrainment 4-2_ 5-6-5-8
velocity 5-7, 5-8
dilution devices 5-7
passive barriers 5-7
steam curtains 5-7
water spray curtains 5-7
Ambient pressure
standard atmosphere 4-8
vaniation with altitude 4-8
— see also atmospheric pressure 4-8
Ambient temperature 4-2, 5-9
ambient density effect 4-8
variation with altitude 4-8
Ammonia S6-1
Area source
evaporation 3-53
scenario S5-1, S8-1
Atmospheric
temperature 5-9
Atmospheric boundary layer 4-2, 4-3
parameters 4-2
Atmospheric stability
classification 4-5
classification, basis 4-2
Pasquill-Gifford scheme 4-5
Averaging
properties 3-16
Averaging time 4-9, 5-6
and wind meander 4-10
0.2 power law 4-10
and steady state releases 4-10
Pasquill-Gifford dispersion coefficients 4-10
release duration effect on observed concentration
4-9
Barometric pressure 4-2
Barrier
removal effectiveness 5-10
Benzene S8-1

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS

Bernoulli type equation
definition 3-33
Bulk properties 3-14
Carbon dioxide S2-1
Chlorine S5-1
Choked flow
definition 3-30
general modetl 3-31
mass flux, general model 3-31
scenario S3-2
“rule of thumb 3-31
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Cloud parameter
concentration 5-7
cross-sectional area 5-7
energies 5-7
homogeneous. 5-7
mass flux 5-7
temperature 5-7
Coal mines 5-2
Complex terrain
definition 4-1
Computer programs for scenario simulations II-1
Concentration
average 5-6
peak 5-6
steady state 5-6
Concentration reduction factor 5-8, 5-10, 5-11
Continuity equation 3-20
Control volume 3-19
Convective mass transfer 3-61, S8-1
Conventions, manual organization 1-3
Critical constants
references 3-12
Critical flow
— see choked flow
Critical point 3-11
Critical pressure 3-11
Critical pressure ratio
definition 3-30
1deal gas 3-30
Leung 1992 correlation 3-39
Leung/Grolmes correlation 3-37
rule of thumb 3-31
Critical temperature 3-11
Crude oil S4-1
Default/starting parameter values
Appendix I1-1
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Index-2 Index

DEGADIS 1-1, 1-3, 4-6, 4-9, 4-10, 6-1, S1-2, S1-
4,82-2, S2- 3, S3-3, S4-1, S4-2, S4-4, 84-5,
SS-l, S5-2, S6-3-S6-5, S8 -1, S8-2,R-10, 1I-
1, II-3-11-7

Degrees of freedom 3-2

Demonstration scenarios 2-4

attribute summary table 2-6

release descriptions 2-7
Design

mitigation barriers 5-7
Discharge coefficient

default value 3-33

definition 3-33

references 3-33
Dispersion

longitudinal 5-7
Dispersion coefficients

Pasquill-Gifford 4-5
Dispersion modeling programs

similarity-type 5-7

time dependent 5-7
Distance

downwind 5-6

Dose 5-6

Downward pointing sprays. 5-10

Effects criteria 1-2

Energy, Gibbs (Free)

definition 3-12
Energy, Helmholtz
definition 3-12

Enthalpy

definition 3-12
Entropy 3-23
Envelopes
concentration 5-7
Equations of state 3-6, 3-11
liquids. 3-12
references 3-12
virial 3-11
Ethane S1-1
Evaporating liquid 3-53
Evaporation 3-53
acrosol formation 3-58
approximate models 3-60
enthalpy balance 3-59
general model 3-59
LSM90 modeling program 3-61
mass and energy flows (figure) 3-53
mass balance 3-59
modeling basis 3-59
size and shape of pools 3-59
spill rates 3-57

Evaporation heat transfer model 3-64
concentric annulli model 3-65
example temperature profiles 3-64
general solution 3-64
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heat flux to pool 3-64
soil properties 3-66

Evaporation model components 3-61
air to pool heat transfer 3-62
evaporative heat flux 3-62
evaporative mass transfer 3-61
heat of evaporation 3-62
heat transfer coefficient 3-62
heat transfer from the ground 3-64

mass transfer coefficient correlation 3-61

radiative cooling 3-64
solar heating 3-63
Evaporation model survey 3-54
comparison table 3-55
Evaporation models
major assumptions 3-53
boiling pool 3-53
convection limited 3-53
Example scenarios
— see demonstration scenarios 2-4
Expanded jets
— see initial jet expansion
Far field
and elevated plumes 2-2
definition 2-2
Fauske/Epstein Combined Equation 3-37
Fauske/Epstein correlation 3-36
FDF 5-6
— see finite duration factor
Finite duration factor 4-9, 5-6, 5-7
Finite duration releases 5-6
Fire monitors 5-5
ICHMAP 5-5
Firewater monitors 5-11
scrubbing efficiency 5-11
First law of thermodynamics
steady state flow process 3-22
Flammability criteria 1-2
Flash calculation
algorithm 3-8
Flash calculations 3-6
Flashing choked flow
— see flashing liquid flow 3-35
Flashing liquid flow 3-35
AIChE-DIERS 3-36
definition 3-35
design charts 3-42
Fauske/Epstein correlation 3-36
graphical estimation 3-42
HEM assumption 3-36
HEM-based flows may be low 3-36
Leung 1992 correlation 3-38
Leung/Grolmes correlation 3-37
references 3-36
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Index

Index-3

Flow
discharge types 3-29
flashing liquid 3-35
regimes 3-29
— see also flow rate 3-29
from Pipes 3-45
Flow rate
pressure relief valve 3-29
choked definition 3-30
critical definition 3-30
discharge types 3-29
Fauske/Epstein correlation 3-36
flashing liquid 3-35
frictionless orifice 3-30
Leung 1992 correlation 3-38
Leung/Grolmes correlation 3-37
maximum 3-29
maximum worst case 3-29
nomenclature conventions 3-30
non-choked gas 3-33
non-choked, definition 3-30
non-critical, definition 3-30
non-flashing liquid 3-34
orifice 3-29
pipes 3-29
regimes 3-29
valves 3-29
Fluid depressurization 3-19
basic premises 3-19
conservation of energy 3-20
conservation of mass 3-19
control volume 3-19
first law of thermodynamics 3-22
isenthalpic path inappropriate 3-23
Joule-Thompson expansion 3-23
macroscopic shell balance 3-19
mass balance equation 3-20
process envelope 3-19
steady state energy balance 3-20
Fluid properties 3-11
modeling programs 3-14
Foams
effectiveness of foam-producing chemicals 5-6
Fraction condensed
isenthalpic 3-27
isentropic 3-26
Fraction vaporized
isenthalpic 3-27
isentropic 3-26
Frictionless orifice 3-30
Gaussian plume models 4-5
dispersion coefficients 4-5
discussion 4-5
Ground
temperature 4-2
Hazard analysis 1-]
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Heat balances 5-9
Heat capacity
constant pressure 3-13
constant volume 3-13
default value 3-33
ratio 3-13, 3-31
ratio, ideal gas 3-33
HEGADAS 4-6, 4-9, 4-10, S4-1, S5-1, §5-2, S7-
2-87-6, S8-1, S8-2, R-7, R-11, II-1-1I-3, II-
5-11-7
HEGADAS-S §5-2, §7-4, 8§7-5,1I-5
HEGADAS-T §7-4, S7-5, 1I-5, 1I-7
Henry’s Law 3-5
HF research and development 5-1
HFPLUME 4-11, 1I-2, 1I-5
HFSPILL II-1
HFSPRAY 5-11, 5-12
HGSYSTEM 1-1, 1-3, 3-49, 3-55, 3-56, 4-9, 4-11,
S1-2,S1-4,82-3, §3-3, 54-2, S4-4, 54-5, 87-
1-S7-4, R-4, R-10, R-11, II-1-I1-7
new version I1-7
Holdup
definition 3-20
Homogeneous substances
definition 3-11
Hose or Pipe Break
scenario S6-1
HSPOST $5-2,11-5
HTPOST II-5
Humidity
calculation of - 4-8
effect on air density 4-8
water condensation heat effects 4-9
Hydrogen Chloride 8§7-1
Hydrogen Sulfide S1-1, S4-1
ICHMAP 5-1-5-3, 5-5, 5-11, 5-12
Ideal gas law
definition 3-11
Industrial
facilities. 5-3
scrubbing towers 5-5
Initial jet expansion 3-47
flashing liquid example 3-50
comparison of methods 3-49
example calculations 3-50
models 3-47, 3-48
Instantaneous flashing releases 3-24
approximate isenthalpic methods 3-27
flashing liquid isentropic equation 3-26
fraction condensed (isenthalpic) 3-27
fraction condensed (isentropic) 3-26
fraction vaporized (isenthalpic) 3-27
fraction vaporized (isentropic) 3-26
isentropic energy balance 3-26
JETPLUIN S1-4, II-3
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Index-4

Index

Joule-Thompson expansion path 3-23
definition 3-23
Leung 1992 correlation 3-38
normalized mass flux 3-38
Leung/Grolmes correlation 3-37
algorithm test 3-38
Liquid fraction
definition 3-26
Liquid head pressure 3-34
Low quality flashing liquids 3-36
Macroscopic shell balance 3-19
Manual organization 1-2
conventions 1-3
Mass balance 5-9
McQuaid’s correlation for downward-pointing
sprays 5-2
Meteorology 4-1
Methane S1-1
Micrometeorology 4-1
Mitigation
barrier location 5-8
dilution-only 5-2
effectiveness 5-7
Mixing of air into the vapor cloud, phenomena 4-2
Modeling programs for scenario simulations II-1

— see Monin-Obukov length 4-3
Molecular Diffusivity 3-14
Monin-Obukov length 4-3
Moodie’s correlation 5-10
Moodie’s correlation for upward-pointing sprays

5-2
Multicomponent Vapor-Liquid Equilibria 3-4
Near field

definition 2-2
Near vs far field modeling 2-2
New version of HGSYSTEM 11-7
Newton’s Method 3-7
Non-choked gas flow 3-33

adiabatic expansion coefficient 3-33
Non-flashing liquid flow 3-34
Normal boiling point 3-4
Normalized mass flux

Leung 1992 correlation 3-39
Nozzle flow number 5-9, 5-10
Oil and gas S4-1
Omega correlating parameter

Flashing choked flow 3-37, 3-39
On-Line Computer Services 3-17
Overall Modeling Process discussion 2-1
Pasquill-Gifford stability classes

averaging time 4-5

dispersion coefficients 4-5

roughness length 4-5

- stability categories 4-5

stability classes 4-5
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calms 4-6
rural basis 4-6
Passive barriers 5-1, 5-7
cross-sectional area 5-8
PGPLUME S1-2, S1-4, S4-5,11-2
Phase
definition 3-2
equilibria 3-2
rule 3-2
degrees of freedom 3-2
examples 3-3
multicomponent systems 3-3
pure component 3-3
Phi function 4-3
Physical modeling 4-1
Pipe
flow 3-45
wall heat transfer 3-22
Plug flow 3-19
PLUME N-3, N-4, 2-1, 2-2, 2-4, 2-6, 2-7, 2-9, 2-
10, 3-47, 4-1, 4-4-4-11, 5-1-5-12, 6-1, S1-
1-S1-4,82-2, 52-3, $3-2-83-4, 54-1-54-5,
Se6-3,87-1-87-5, S8-1, R-9, II-1-11-7
mass flow rate 5-8
temperature 5-9
volumetric flow rate 5-8
Plume buoyancy criteria 4-11
Richardson number 4-11
Plume modification parameters 5-7
Post processor program. 5-6
Prandtl number for air 3-62
Pressure relief valve 3-29
Process
irreversible 3-23
reversible 3-23
Process envelope 3-19
Process flowchart simulation programs 3-6
thermodynamic and physical properties 3-6
Propane S1-1, S3-1
supercritical $3-1
Properties
averaging 3-16
bulk 3-14
desktop references 3-16
fluid 3-11
on-line computer services 3-17
physical 3-11
process flowchart simulators 3-17
thermodynamic 3-11
volumetric 3-11
Pseudo-pure component
property calculation 3-15
scenario S4-2
Quick reference text boxes 1-3
Rainout algorithm 3-58
Raoult’s Law 3-4
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Index

Index-5

Relative humidity 4-2
— see also humidity
Release characterization complexities 3-1
Release duration 5-6
adjustment of steady state concentrations for fi-
nite durations 4-9
FDF 4-9
finite duration factor 4-9
Release duration control 5-6
Release scenario simulation
— see Scenario 6-1
Releases.
constant mass flow rate 5-6
finite duration 5-6
Removal of released material 5-10
Removal rate
mass transfer limited 5-11
Reynolds number for air 3-62
Richardson number 4-2
turbulent jets 4-12
criterion for cloud buoyancy 4-11
Risk assessment 1-1
Roughness length 4-3
estimation 4-4
graph for estimation 4-4
Safety relief stack
scenario S2-1
Saturation pressure 3-4
Scenario
aerosol §4-1, S5-1, S6-1
area source S5-1, $8-1
choked flow §3-2
convective mass transfer S8-1
default parameters 6-1
evaporating pool $8-1
finite duration releases S6-3, S7-4
hose or pipe break S6-1
oil well blowout $4-1
pipe break 57-1
pipe hole release S3-1
pseudo-pure component S1-1, §4-2
safety relief stack S2-1
spray barrier mitigation S7-1
tank truck accident S5-1
time dependent simulation S7-5
turbulent jet S1-2, $4-1, S6-1, S7-2
unlit flare stack S1-1
water spray curtain plume modification parame-
ters $7-2
Scenario modeling programs II-1
Scenario simulation default parameters
scenario 6-1
Scenarios, demonstration
— see demonstration scenarios 2-4
Schmidt number 3-61
Scrubbing efficiency 5-3, 5-11

Sea
temperature 4-2
Sherwood number for air 3-62
SLAB 1-1, 1-3, 3-4, 3-54, 3-68, 4-6, 4-9, 4-10, 5-
6,6-1,S1-2, S1-4, S2-2, S2-3, §3-2-83-4,
S4-1-84-5, S5-1, S5-2, S6-1-86-5, S8-1, S8-
2,R-11, II-1-11I-7
Soil properties 3-66
table 3-67
Source reduction 5-7
Specific volume
definition 3-25
references 3-33
Speed of sound
definition 3-32
Spray barrier mitigation
modeling programs 5-11
scenario S7-1
Spray curtains
air entrainment 5-7
barrier 5-7
interaction area 5-8
removal rate 5-7
Scrubbing efficiency 5-11
impact area 5-9
Spray nozzles
interaction area 5-8
diameter 5-8
downward pointing 5-9
upward pointing 5-9
Spray removal
non-volatile aerosols. 5-5
Standard atmosphere
reference 4-8
Steady state
energy balance 3-20
first law of thermodynamics mitigation 5-7
Steam curtains 5-5
concentration reduction factors 5-5
static electricity ignition sources 5-5
Subcooling
definitions 3-35
Subject index development 1-4
Supercritical fluid 3-11
Surface tension 3-14
Terminology
fluid 1-4
gas blanket 1-4
plume 1-4
ppm 1-4
standard mathematical symbols 1-4
substance 1-4
vapor cloud 1-4
Terrain
complex, definition 4-1
Thermodynamic properties 3-12
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Index-6

Index

Thermodynamics
first law 3-22
second law 3-23
Top hat assumption
plume mitigation 5-7
Top hat flow profile 3-19
TRAUMA S6-1,R-9, R-10
Turbulent jets
formation 2-4, 3-47
scenario S1-2, S4-1
buoyancy criteria 4-11
spray curtains 5-2
Two phase densities 3-25
Units of measure 3-2
Upward-pointing sprays 5-10
Vapor
boxes 5-1
fences 5-1
Vapor cloud
ground level 5-7
Vapor condensation
fraction condensed (isenthalpic) 3-27
fraction condensed (isentropic) 3-26
saturated vapor phase 3-26
Vapor fraction
definition 3-26
Vapor pressure 3-3
Vapor-liquid equilibria
multicomponent 3-4
phase rule 3-2
pure component 3-3
—see VLE, flashing 3-2
calculation 3-6
computer programs 3-6
concepts 3-6
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Viscosity 3-13
VLE Calculations 3-6
bubble point 3-7
dew point 3-7
material balance 3-7
two phase existence 3-7
Water spray curtain plume modification parameters
scenario S87-2
Water spray curtains
far field effects 5-4
coal mines 5-2
design 5-3
downward pointing nozzles 5-9
environmental wind tunnel 5-3
LNG vapor clouds. 5-2
no removal. 5-2
upward pointing nozzles 5-10
with removal 3-3
Wind
direction, effects 4-7
direction, worst case 4-7
flow around structures 4-1
profile law 4-3
Wind speed 4-3
calm (no wind) 4-7
discussion of effects 4-7
measurement height 4-3, 4-5
power law 4-7
profile 4-1, 4-3
profile law 4-3, 4-7
vapor cloud dilution 4-2
vertically directed jet releases 4-7
Wind tunnel modeling 4-1

Not for Resale




]
API PUBLx4LZ28 9L EM 07?32290 0560161 254 WA

232pp - 11963C1P

i Copyright American Petroleum Institute
Provided by IHS under license with API
i No reproduction or networking permitted without license from IHS Not for Resale

| —




e S
API PUBLx4b28 9L EM 0732290 05b601L2 150 A

American 1220 L Street, Northwest
I Petroleum  Washington, D.C. 20005

Institute 202-682-8000 i
http://www.api.org

Order No. 146280

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




