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EXECUTIVE SUMMARY

1. Historical background

As a result of many years in-house research, the gas dispersion group at Shell Research Ltd.
Thomton (United Kingdom) has developed a package of mathematical models, called
HGSYSTEM, to study the atmospheric dispersion of accidental pollutant releases with
emphasis on denser-than-air materials. HGSYSTEM can be simulate different dispersion
scenarios (jet dispersion, heavy gas dispersion, passive dispersion). The first version of
HGSYSTEM was made freely available for use in November 1990. This version, called
NOV90 or version 1.0, was prepared by Shell Research Ltd. for The Industry Cooperative HF
Mitigation/Assessment Program, Ambient Impact Assessment Subcommittee as one
component of a wider programme aimed at a better understanding of atmospheric dispersion.
including hydrogen fluoride (HF) releases. HGSYSTEM can model the full HF chemistry and
thermodynamics. Most of the modules in the HGSYSTEM package can also be used for more
general, non-reactive (ideal gas) releases as well. Validation of the HF-related simulations has
been done with the well-known Goldfish Test Series. Full documentation to the 1.0 version
was given in the HGSYSTEM Technical Reference Manual and User's Manual.

After release of the 1.0 (NOV90) version, a version 1.1 was made available which contained

minor changes to solve some program bugs. Several internal versions were also developed.

2. HGSYSTEM 3.0

HGSYSTEM is in wide use for simulation of atmospheric dispersion scenarios for HF and
other pollutant releases. It has been assessed against other models and found to rank amongst
the best available atmospheric dispersion models in the world. HGSYSTEM sets the standard
for HF dispersion calculations. However, a number of topics were open for improvement and
generalisation. With financial support of the American Petroleum Institute, Air Modelling
Task Force, Shell Research has upgraded and updated the existing HGSYSTEM package,
resulting in a new release called HGSYSTEM version 3.0. The following major changes have
been made to HGSYSTEM 1.0 to obtain HGSYSTEM 3.0:

« The thermodynamical models available in HGSYSTEM have been extended. The full
HF chemistry and thermodynamical model is now suitable for mixtures of HF, water
and an inert ideal gas. The non-reactive ideal gas description has been extended to

multi-compound liquid-vapour mixtures (aerosols).
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. A database containing physical properties for some 30 compounds has been added to
HGSYSTEM. This database is needed when using the new two-phase multi-compound

thermodynamical model.

. The PLUME model for pressurised releases has been extended to model jet dispersion

of multi-compound. two-phase mixtures and is now called AEROPLUME.

. A new model describing the initial phase of instantaneous releases, HEGABOX, has
been added to HGSYSTEM.

« A new model to calculate release rates from pressurised vessels, SPILL, is now
available in HGSYSTEM version 3.0.

. The existing evaporating pool model EVAP has been replaced by a better model.
LPOOL, for boiling and non-boiling pools and land and water. LPOOL is based on a
model developed by Exxon Research and Engineering Company.

. The formulation of the lateral spreading in the heavy gas dispersion model HEGADAS

has been reviewed and improved.

. Several options have been added to the time-dependent version of the heavy gas model
HEGADAS making it easier to use and to evaluate the results.

« HGSYSTEM now contains three post-processors to generate data for graphical output
after a pressurised jet release, steady state heavy gas release and a time-dependent
heavy gas release respectively. These post-processors will improve the ease of use of
the HGSYSTEM modules.

- Five additional options resulting from work done on HGSYSTEM as sponsored by
Martin Marietta Energy Systems Inc (USA) are available to all HGSYSTEM users.

. A new HGSYSTEM 3.0 User's Manual and Technical Reference Manual have been
written. These are now up-to-date and their format allows for easy future updating.

3. Modules available in HGSYSTEM 3.0
The following models are available in HGSYSTEM version 3.0:

v
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Database program
DATAPROP generates physical properties used in other HGSYSTEM models

Source term models

SPILL transient liquid release from a pressurised vessel

HFSPILL SPILL version specifically for hydrogen fluoride (HF)

LPOOL evaporating multi-compound liquid pool model (unpressurised
release)

Near-field dispersion models

AEROPLUME high-momentum jet and elevated plume model
HFPLUME AEROPLUME version specifically for hydrogen fluoride (HF)
HEGABOX dispersion of instantaneous heavy gas releases

Far-field dispersion models

HEGADAS heavy gas dispersion (steady-state and transient version)
PGPLUME passive Gaussian plume dispersion

Utility programs
HFFLASH flashing of hydrogen fluoride (HF) from pressurised vessel

POSTHS/POSTHT post-processing of HEGADAS results (steady state and time-
dependent version)

PROFILE post-processor for concentration contours of air borne plumes

GET2COL utility for data retrieval

4. Documentation
HGSYSTEM version 3.0 is documented in the following two manuals:
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HGSYSTEM 3.0 User's Manual
L. Post
Shell Research Limited, Thornton Research Centre, TNER.94.058

1994

HGSYSTEM 3.0 Technical Reference Manual
L. Post (editor)
Shell Research Limited, Thomton Research Centre. TNER.94.059

1994

The User's Manual is thought to be the main reference document for normal us of the
HGSYSTEM modules. It contains all information necessary to run the models and interpret
the generated results. The Technical Reference Manual is intended as a source of background

information for users who want to know more about the technical/scientific contents of the

HGSYSTEM moduies.

HGSYSTEM 3.0 Course Notes (TNER.94.060) are also available for use during possible
HGSYSTEM training sessions.
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1. GENERAL INTRODUCTION

1.1. Introduction

This Technical Reference Manual gives technical background information for the
HGSYSTEM version 3.0 models. To keep this Manual as concise as possible, in general only
that information is supplied which is not availabie in the open scientific literature.

Of course, for every model detailed descriptions of all input parameters is given in the
HGSYSTEM User's Manual. Information in the User's Manual should enable the user to run
any HGSYSTEM model.

The information in this Technical Reference Manual is intended as supplementary information
for those users who want to know more about the 'technical’ contents of an HGSYSTEM
model.

In this paragraph, an overview of the main new features available in HGSYSTEM version 3.0
is given, as compared to the first public domain release of HGSYSTEM, version 1.0 which is
also called the NOV90 version.

1.2. Main new features in HGSYSTEM version 3.0
Compared to the first public domain version of HGSYSTEM (version 1.0 or NOV90), many
changes have been made to the separate models. Apart from several minor changes (additional

input parameters, removed bugs etc.), the following new major features are now available in
version 3.0 of HGSYSTEM.

e A new thermodynamical model describing multi-compound, two-phase fluids has been
implemented. This model is also called the HGSYSTEM aerosol model. It is described in
full detail in Chapter 2.A. It is available in all main and non-HF specific HGSYSTEM
models.

o To generate the physical compound properties need by the new two-phase model, a
database program called DATAPROP has been added to HGSYSTEM. DATAPROP
generates link files containing all relevant data, for all HGSYSTEM models using the two-
phase description.

o The new PLUME version using the new two-phase thermodynamical model is renamed to
AEROPLUME. AEROPLUME describes near-field jet dispersion for multi-compound,
two-phase releases from pressurised vessels. AEROPLUME has a built-in discharge model
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to give estimates for release rates. that is, it calculates a source term for the dispersion

calculation.
The AEROPLUME implementation in HGSYSTEM is described in detail in Chapter 5.A.

o The hydrogen fluoride (HF) chemistry and thermodynamical model has been extended to
describe mixtures of HF, water and an inert ideal gas. This model is now available in the
HGSYSTEM modules HFPLUME. HEGADAS and the new HEGABOX model. The new
HF model is described in full detail in Chapter 2.B.

* A new model describing the initial gravity slumping behaviour for instantaneous releases
is now available in HGSYSTEM. This model is called HEGABOX. More details are given

in Chapter 8.

» A new model calculating the transient (ti.ne-dependent) release rate of a multi-compound.
two-phase fluid from a pressurised vessel is now available in HGSYSTEM. This model 1s
called SPILL and can be seen as the counterpart of the HF-specific model HFSPILL. The
new SPILL model is discussed in full detail in Chapter 3.

o The EVAP model describing evaporating liquid pools, as used in HGSYSTEM 1.0, has
been replaced be a completely new model called LPOOL. LPOOL is based on the LSM90
model as made available by Exxon Research & Engineering Company. LPOOL can be
used for boiling and non-boiling pools of multi-compound mixtures on land or on water.

More information on the LPOOL model is given in Chapter 4.

o The HEGADAS algorithm has been revised to prevent unrealistic concentration profiles. A
detailed description of these changes is given in Chapter 7.B.

» Several new options have been added to the transient (time-dependent) version of the heavy
gas model, HEGADAS-T. These new features are:

— An algorithm to automatically generate an 'optimal’ set of output times. See User's
Manual, Chapter on HEGADAS, input block AUTOTIM.

— A similar algorithm to automatically generate an 'optimal’ step size in the downwind
direction. See User's Manual, Chapter on HEGADAS, input block CLOUD, parameters
XSFACT and XSEPS.

— The possibility to specify a change in surface roughness at given downwind distances.
See User's Manual, Chapter on HEGADAS, input block TRANSIT, parameter ZRS.
Technical documentation on these new HEGADAS-T features are given in Chapter 7.C.
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o The post-processors for HEGADAS results have been updated and can now be used in
'batch’ mode like all other main HGSYSTEM modules. Capabilities for dosage calculations
were added. Time-averaging is now done in a better way. These new models are called
POSTHS and POSTHT. See the relevant chapter in the HGSYSTEM User's Manual.

e A utility program to generate concentration contours for airborne plumes as calculated by
AEROPLUME and PGPLUME, is now available. The utility is called PROFILE. See the
relevant chapter in the HGSYSTEM Usar's Manual.

e The model HFJET, which was a strongly simplified version of the HFPLUME model. is no
longer part of HGSYSTEM, as its use is very limited.

» Following work done on a specific HGSYSTEM version by The Earth Technology
Corporation, U.S.A., several new options are now available to all users of HGSYSTEM
version 3.0. This work was sponsored by Martin Marietta Energy Systems and the added
options are therefore available in an MMESOPT input block. The technical descriptions of
options are given in Chapter 9. The corresponding input parameters are discussed in the
HGSYSTEM 3.0 User's Manual for the relevant models (AEROPLUME, HEGADAS,
HEGABOX and HFPLUME). General guidance is given in Chapter 18 of the HGSYSTEM
3.0 User's Manual.
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2. THERMODYNAMICAL DESCRIPTIONS IN HGSYSTEM
There are two thermodynamical descriptions for fluids available in HGSY STEM:

1. A multi-compound, two-phase model which calculates the two-phase liquid-vapour state of
a mixture. The user can specify the mixture composition, choosing compounds as available
in the HGSYSTEM database program DATAPROP. This thermodynamical description is
quite general, but does not include the effect of any chemical reactions. The two-phase
model is also sometimes called the aeroso! model. It is described in full detail in Chapter
2.A.

All HGSYSTEM models using this thermodynamicai model need specific physical
properties, like saturated vapour pressures, liquid densities, specific heats and so on, for all
specified compounds in the mixture. It is strongly recommended to generate these
properties using the database program DATAPROP and transfer the results to
HGSYSTEM to be used via a link file. For details on this, see the DATAPROP chapter and
Chapter 4 in the HGSYSTEM User's Manual. HGSYSTEM models using this aerosol
model are: SPILL, AEROPLUME, HEGABQOQX and HEGADAS. LPOOL does use the
compound properties as generated by DATAPROP but its pool description does not need a
full thermodynamical model.

2. A hydrogen fluoride (HF) chemistry and thermodynamical model. This model is suitable
for mixtures of HF, water and an inert ideal gas. It includes the effect of chemical reactions
(reaction of HF and water, polymerisation of HF) and gives a full thermodynamical
description based on the empirical relations of the so-called Schotte model. This very
specific model is available because originally HGSYSTEM was developed to simulate the
dispersion of HF releases only. The HF chemistry and thermodynamical model is discussed
in full detail in Chapter 2.B. HGSYSTEM contains several HF-specific models: HFSPILL
(only pure HF) and HFPLUME. Other models can optionally use the HF-model:
HEGABOX and HEGADAS. LPOOL can use the physical properties of HF but does not
need the full HF chemistry and thermodynamics.

The following two chapters (2.A and 2.B) give detailed descriptions of each of the two
thermodynamical models mentioned above.
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2.A. THE MULTI-COMPOUND, TWO-PHASE MODEL

2.A.1. Introduction
In accidental releases, the released pollutant often does nor consist of a single inert gas in the

vapour phase, but it consists of a mixture of inert gases and possibly water with possible
accompanying aerosols. Following mixing of the pollutant with the moist air additional

aerosol formation may occur.

This chapter discusses the standard HGSYSTEM two-phase thermodynamics model, new in
HGSYSTEM version 3.0 as compared with version 1.0 (NOV90), that allows for a multi-
compound pollutant and takes into account effects of possible aerosol formation. This chapter
also discusses the implementation of this thermodynamic model into the HGSYSTEM

dispersion models.

Thermodynamic Model
Following mixing of the pollutant with the moist air, the mixture is assumed to be in

thermodynamic equilibrium, and the compounds contained in the mixture are assumed not to

react with each other or to (de)polymerise.

Non-ideal liquid solutions (see below for details) and reactions with water (for example
needed for ammonia and SO,) are not taken into account. Concerning the mathematical
description of aerosols the following possibilities for a pollutant compound are considered.

1. The compound has a very low boiling point. In this case the compound is always in the
vapour phase and does not form part of an aerosol. Examples: oxygen, nitrogen, etc.

2. The compound has a very high boiling point. In this case the compound is always in the
liquid phase and does not evaporate. Example: H,SO, aerosol upon release of pollutant

consisting of propane and H,SO,.

3. The compound may be present in both vapour and liquid phase. The following types of
aerosols can be distinguished (see for example [1] for details).

a. The compound forms a single, separate aerosol (individual droplets), which does not
interact with possible aerosols for other pollutant compounds. For this case the
amount of aerosol formation can be calculated using Dalton's law. This law states
that in the presence of an aerosol, the mole fraction of the compound in the vapour
equals the ratio of the partial vapour pressure for the compound and the total vapour

2-4
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pressure. Example: separate propane and water aerosols upon release of (cold)
propane in humid air.

b. The compound forms a so-called ideal liquid solution with a number of other
compounds. The vapour and liquid mole fractions for each compound in the aerosol
can be derived via Raoult’s law. This iaw states that in the presence of an aerosol. the
ratio of the mole fraction of the compound in the vapour and the mole fraction of the
compound in the aerosol equals the ratio of the partial vapour pressure for the
compound and the total vapour pressure. Ideal solutions will usually be formed for
compounds which have a similar chemical structure. Example: single propane/butane
aerosol upon release of a pollutant consisting of propane and butane

lO

. The compound forms a non-ideal liquid solution with a number of other compounds.
In this case Raoult's law as stated above is not applicable.

While the aerosol formation for an ideal solution can be determined via Raoult's law
from individual saturated vapour-pressure functions for each individual compound,
the determination of the aerosol formation for an non-ideal solution involves much
more empiricism. In literature this is usually determined by means of one of the
following two methods:

o By means of generalisation of Dalton's law by adding an empirical parameter
called the 'convergence pressure’. The value of this convergence pressure is
purely empirically determined and depends on the precise composition of the
mixture, i.e. the amount of each compound present in the mixture.

o By means of a Peng-Robinson equation of state of the mixture, which involves
empirical binary interaction coefficients between the compounds.

The reader is referred to [1] for further details.

It is clear from the above that the determination of the aerosol formation for a non-
ideal liquid solution requires a massive amount of empiricism, and is therefore not
practical for implementation into HGSYSTEM.

However, it is believed that for most practical release scenarios either one of the
above cases a and b should enable sufficient accurate dispersion predictions.
Therefore non-ideal liquid solutions will not be taken into account, and ideal liquid
solutions are assumed in HGSYSTEM.
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Implementation of thermodynamic model in HGSYSTEM

The above thermodynamic model is complex and requires a large number of physical
properties for each of the compounds. Thus the development of the HGSYSTEM property
database program DATAPROP is required, which generates the required pollutant properties
to each of the HGSYSTEM models.

See the HGSYSTEM User's Manual chapter on DATAPROP for use of the database program.
Technical details of DATAPROP (only useful for expert users) can be found in [2]. In [2] it is
also discussed how new compounds can be added to DATAPROP. Users are advised not to
change the DATAPROP database without first consulting the HGSYSTEM developers.

Outside the thermodynamic routines within the HGSYSTEM dispersion models, averaged
properties are adopted for the pollutant, whereas within the thermodynamic routines properties
for each of the individual pollutant compounds are required (specific heats, heat of

vaporisation, saturated vapour pressure, etc.).

Outline of this chapter
The outline for the rest of this chapter is as follows.

Paragraph 2.A.2 describes the new theoretical thermodynamics model. A set of thermo-
dynamic equations for the unknown thermodynamic quantities is derived, and the criteria for

aerosol formation is defined.

Paragraph 2.A.3 discusses the algorithm for solving these equations for both the general case.
the specific case of a series of one-compound aerosols and the specific case of a single two-
compound aerosol. It also discusses the implementation of the thermodynamic model into the
HGSYSTEM dispersion models.

2.A.2. Thermodynamics model

This paragraph describes the two-phase thermodynamics model for mixing of moist air with a
pollutant consisting of a number of ideal non-reactive fluids and water. In case of ground-level
dispersion (HEGADAS and HEGABOX but not AEROPLUME)), the model may take into
account water-vapour transfer and heat transfer from the substrate to the cloud.

The mixture is assumed to consist of dry air and a number of non-reactive compounds. Each
of the compounds may occur both in liquid and vapour phase. Water may consist of liquid

water and/or ice.
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It 1s assumed that the liquid in the mixture is composed of a number of non-interacting
aerosols and that each compound forms part of not more than one of these aerosols. If an
aerosol consists of more than one compound. the aerosol is assumed to be an ideal liquid
solution of its constituent compounds.

Paragraph 2.A.2.1 describes the model parameters that are required as input to the thermo-
dynamics model.

Paragraph 2.A.2.2 lists the basic unknown thermodynamic variables in the model and derives
the thermodynamic equations for these variables.

In paragraph 2.A.2.3 the criterion is determined for aerosol formation.

2.A.2.1. Model parameters
The model parameters are as follows:

1. Pollutant (original release) data:
- Mole fraction of pollutant in mixture, y, .

- Mole fraction of each compound in the pollutant, 1, (o = 0,...,N).
In addition to possibly dry air and water it is assumed that the pollutant consists of
N -1 compounds (N >2); oo = 0, 1 are taken to correspond to dry air and water.
respectively.

- Pollutant enthalpy, H , (J/kmole).
Enthalpies are taken to be zero at 0 °C, with unmixed gaseous compounds.
The pollutant enthalpy H_, can be calculated from the pollutant temperature and the
pollutant composition by imposing thermodynamic equilibrium to the initial pollutant
state. |
See the end of paragraph 2.A.3.2 and Chapter 7.A, Appendix 7.A.D. for details
(HEGADAS and HEGABOX).

The above data uniquely define the amount of pollutant in the mixture, the pollutant
composition and the pollutant enthalpy.

2. Ambient data:
- humidity r,, (-).
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- ambient temperature T, (°C).

The above data uniquely define the composition of the air (mole fractions of dry air and
water) and the enthalpy H)™ of the moist air (Joule/kmole of moist air).

arr

3. Substrate data:
- mole fraction y_, of water vapour added from substrate (-)

- heat added from the substrate, H, (J/kmole)
- substrate temperature T, (°C)

The data y,, and T, uniquely define the amount and enthalpy of the water vapour added to
the mixture. These parameters only apply to HEGADAS and HEGABOX.

4. Properties of each compound in the mixture.
Dry air (a=0):
» molecular weight m® (kg/kmole)

o specific heat C* (J/kmole/K)

- Other compounds (o = 1,2,...,N; a = ] is chosen to correspond to water)
» molecular weight m® (kg/kmole)

o specific heats C,*", C,* (J/kmole/K) for vapour and liquid

s heat of condensation H®__, (J/)kmole)

o coefficients in the formula defining the saturated vapour pressure of the compound
P *(T,) as function of the mixture temperature T,. This (Wagner) equation is
given in the description of the GASDATA input block, SPECIES keyword, for
each model using the two-phase thermodynamical model.

e in addition for water only (& = 1): specific heat of ice,vC;Vi (J/kmole/K), and heat
of fusion, H (J/kmole)

2-8
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Furthermore compounds o = ng,+1.ng,*2.....n; are known to potentially form aerosol B

PB=1,2...M;0=n,<n, <n, <....< ny = N). Notice that aerosol B =1 includes the
liquid water (compound o = 1).

The values of specific heats, heats of condensation and fusion are assumed to
correspond with values at standard atmospheric pressure (1 atmosphere) and at an
appropriately chosen reference temperature. The specific heat values for typical
temperatures between -50 °C and 50 °C and pressures 'close’ to 1 atmosphere are not

expected to differ considerably from these values.

5. Total vapour pressure P.
This pressure equals the ambient atmospheric pressure, which for a pressurised release
equals the pressure immediately following the depressurisation of the pollutant at the

point of release.

The above mentioned parameters uniquely define the composition of the mixture (mole
fractions y, (ot =0, 1,...,N) and the total enthalpy of the mixture, H,, (J/kmole).

tot

2.A.2.2. Basic thermodynamic unknowns and equations
The unknown thermodynamic variables are as follows:

1. mole fraction y,, of vapour for each mixture compound (o = 1,...,N) (-)
2. mole fraction y,, of liquid for each mixture compound (a = 1,...,N) (-)
3. mole fraction liquid L, of each aerosol (§ = 1,..., M) (-)
4. total mole fraction of liquid, L (-)
5. mixture temperature T, (°C)

The above unknowns must satisfy the following equations:

1. Conservation of molar flow for each compound

Yo = You * Yon M
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2. Raoult's law for each compound

- yan-(l_L‘)J[P\F‘(Tm)ﬂ .
o = min{ v, - @)
[ (B

Application of the above law implies that each aerosol B (f = 1,..,M) is assumed to be an ideal
liquid solution of its constituent compounds o = ng +1,.., ng.

Raoult's law states that in the presence of aerosol B, the ratio of the mole fraction y, /(1-L) of
the compound o in the vapour and the mole fraction y,,/L, of the compound « in the liquid

solution B equals the ratio P %(T_)/P of the saturated vapour pressure of compound o in the

vapour and the total vapour pressure.

For a one-compound aerosol (y,, = Lg; & = ng = ng, + 1), Raoult's law reduces to Dalton's law
Yoo/ (1-L) = P (T, )/P.

Thus Dalton's law states that the mole fraction of the compound in the vapour equals the ratio
of the partial pressure of compound « in the vapour and the total pressure.

The reader is referred to, for example, 1] for further details of Raoult's and Dalton's laws.

3. The amount of each aerosol is the sum of its liquid compounds:

Ly= 3, Yon (B=1,..M) 3)

L=YL, “)

5. Conservation of energy:

N
Hlol =2Hu =ypol 'Hpo] +(1—Ypol _YWB).H:?-‘.H: +yw3 C:V 'Ts (5)

a=0
where the post-mixing enthalpy of compound ¢ (&t = 0, 1,..., N) is given by

H, = vy, C, T, (dry air, o = 0)

o
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Yar 'C) T +¥an (Cy - T, —Hiy) (water with T_ >0 °C, o= 1)

(6)
Yoo 'Cp' T+ Yoo -(Co- T, —HY, —Hp,) (water with T, <0°C.ot=1)

cond
Yo 'Cp T+, (Co - T, —H ) (@=2,..N)
Dry air corresponds with o = 0 and water with o = 1.

Equation (5) expresses that the total post-mixing enthalpy H,, equals the sum of the pollutant
enthalpy, the enthalpy of the ambient moist air, the heat added from the substrate and the
enthalpy of the water-vapour added from the substrate.

2.A.2.3. Criterion for aeroso] formation

The thermodynamic equations (1), (2), (3), (4) and (5) are to be solved for the thermodynamic
UnKnOwnS Yo, Yoq (& = 1,..., N), Ly (B=1,..,M),Land T,,.

The unknowns y,,, and y_, can be eliminated as unknowns using Equations (1) and (2),

LTS 2 g B=l.M) @
- + - ' o= 9oy ; = ety
Yav =L P Yo (@=ng, T )
1-L P2TH]”
Yoo = {1 +;_va)} Vo (@=ng+l,..ngB=1,..M) @®
B

Insertion of equation (8) into (3) leads to the equation Fg(Ly;L,T,) = 1 for L, with the function

Fy(Ly;L,T,,) defined by
. P
nb yu Pvu (Tm )

Fy(Ly:LT,)= Y > ©)
R I B L+LB (a——)
P3(T,)

The function Fy(LyL,T,) monotonously decreases with increasing values of Ly Aerosol
formation requires that the equation Fg(Lg;L,T,) = 1 has a positive root L,. Thus the criterion
for formation of aerosol B is Fg(0;L,T,) > 1, or equivalently,

ST, 1=1- Y [yu[ P“I:T ))]<L oL>0 (B=1,..M) (10)

u=nb_l+l
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If the above condition S[B;T,] <L is satisfied, the equation Fy(L;L.T,) = 1 has precisely one
positive root L.

Note that according to formula (9), multiplication of the equation Fy(L,:L.T,) = 1 with each
denominator [1-L+Ly;P/P *(T,)], & = ny +1,.., n, leads to a polynomial equation for L; of the
order (ng- ng,).

This equation can be solved analytically for ng-ng, =1, 2 and 3.

For higher orders equation (9) can be solved, without transformation to a polynomial, using
the non-linear algebraic equations solver NAESOL [3]. This is used in the AEROPLUME and

SPILL implementation of the aerosol model.
Thus the overall equation for L; (B = 1,..., M) is given by

Fo(LuL.T) =1, if S[B;T, ] <L (L, > 0; aerosol formation)

(11)
L;=0 if S[B;T_]2L (no aerosol formation)

The thermodynamic equations (7), (8), (11), (4) and (5) are to be solved for the thlermo-
dynamic unknowns y,,, Yo, (@ = 1,..,N), Ly (B=1,..,M),Land T,.

Elimination of y,, and y, (o = 1,..., N) using equations (7) and (8) leads to the reduced set of
equations (11), (4)and (5) for Ly (B=1,...,M),Land T.

2.A.3. Solution algorithm
This paragraph describes the solution algorithm with which the thermodynamic equations

described in paragraph 2.A.2 are solved.

Paragraph 2.A.3.1 contains the solution algorithm for the general problem, paragraph 2.A.3.2
discusses the solution algorithm for the specific case of separate one-compound aerosols
(absence of multi-compound aerosols), whereas paragraph 2.A.3.3 discusses the solution
algorithm for the specific case of a single two-compound aerosol. Paragraph 2.A.3.4 discusses
the implementation of the thermodynamics solution algorithm into the dispersion model.

2.A.3.1. General problem
This paragraph describes the algorithm for solving the equations (7), (8), (11), (4) and (5) for

the thermodynamic unknowns y,., Yo, (@ =1,..,N), Lg(B=1,..,M),Land T,.
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It is this general algorithm which is used in AEROPLUME and SPILL. Note that HEGADAS
and HEGABOX use less general algorithms as discussed below (paragraphs 2.A.3.2 and
2.A3.3).

For details on how AEROPLUME uses the thermodynamical model, see Chapter 5.A..
paragraphs 5.A.3 and 5.A.7. The SPILL implementation of the aerosol model is identical to
the AEROPLUME one (only slightly more dry air is added for numerical reasons).

The algorithm below is formulated in terms of four convergence control parameters, these are
- the absolute convergence tolerance €, for the mixture temperature T,
- the absolute convergence tolerance €, for the liquid fraction L,
- the maximum number i, of outer iteration steps for T _,
- the maximum number k_, of inner-most iteration steps for L.

The subsequent steps in the thermodynamic routine are as follows:

1. Assume that no fog forms: set y,, =0, ¥, =y, (@=1...,N),L;=0 (B =1,.,M). L=0 and

determine T,, from equation (5).

2. Initialise the outer iteration loop for evaluation of T_ (i is number of iterations, T ' is
estimate of T, after i iterations): i=0, T,'=T_.

3. Carry out the next outer iteration step i+1 for the temperature T, :

a) Order S[B;T,] in ascending order (§ = 1,..,.M): S[B,;T."] < S[B,;T,1 < .... < S[By:T..J-
According to equation (11) aerosol f; can only be present if the aerosols B,,.., B, are
also present (j = 1,..,M). Thus aerosol B, forms 'first' and aerosol f,, forms 'last'.

b) Initialise inner iteration loop for evaluation of L [aerosols B,, B,, .., Bj have been

established to be present at temperature T ', and L, is the value for L assuming the
presence of aerosols B,,.., B, only]: j=0,L, = 0.

¢) Establish if aerosol B, is present by carrying out the next inner iteration j+1 for the
liquid fraction L:

LIf S[BM;Tm‘] > L, than according to equation (11) aerosols B,.,..., By, do not form at
temperature T,' (Lg =0 for B =P, ,,.., B,): set L =L, and go to Step d)
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2. If S[B.;T,T < L, than according to equation (11) aerosol B, does form at
temperature T, calculate the aerosol formation (L., B,.., B_.,) assuming the

presence of aerosols f,..., ., only:
(a) Initialise the inner-most iteration loop: k =0, L* = L,L= Lk

(b) k = k+1; set L for B = B,,.., B, from Fy(Ly;L,T,)=1, which using equation (9)
can be transformed into a polynomial equation in L, of order (ng-n, ,).
In the general case this equation need not be transformed, but can be solved
directly using the NAESOL solver [3]. This method is followed in SPILL and
AEROPLUME.

(c) SetL from Ly (B = B,...,B,.,) using equation (4), IX=L.
(d) Check for convergence (three cases):

o Ifk <k_, and [L* - L*'| > g_(no convergence): go to (b) (carry out next inner-

most iteration for L).

+If k =k_, and |L* - L*'| > ¢ (no convergence within maximum number of
inner-most iterations): stop thermodynamic calculations and produce error

message.
o If |L*- L*'| <g,_(convergence): j=j+1,L, =L L=L,.
(e) If j <M establish if aerosol f,, is present: go to start of Step c).
d) Set Yo, Yo, from Ly (B = 1,.,M), L, T,' using Equations (7) and (8).
e) Set T, from y,,, ¥, using equation (5); i =i+1; T'=T,.
f) Check for convergence of temperature T, (three cases):

o Ifi<i_ and|T,'-T, "> €; (no convergence): go to Step a) (carry out next iteration

for temperature).

. If{T '- T "'| <g; (convergence): end of thermodynamic calculations.
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o Ifi=i_ and|T.'-T,"|> € (no convergence within i_,_ iterations). and if assuming
T, < 0 °C. equation (5) leads to T_ > 0 °C and if assuming T, > 0 °C. equation (3)
leads to T, < 0 °C. than ice is partially melted. Set for this case T, = 0 °C and set L.
Your You (@ = 1,..., N) as described in Steps a), b), ¢) and d): end of thermodynamic

calculations.

2.A.3.2. Case of separate one-compound aerosols

In this paragraph the special case is considered for the mixture consisting of non-interacting
one-compound aerosols (individual droplets).

This case is available in HEGADAS and HEGABOX. AEROPLUME and SPILL use the
general case as described in paragraph 2.A.3.1.

Following the notation of paragraph 2.A.2, M=N,L, =y, (@=1,..N),n; =B (B=1,... N).

Furthermore Raoult's law given by equation (2) reduces to Dalton's law,

Yo = nﬁh{yu,(l-L)-B—(PT—“”} (@=1,..N) (12)

and it follows from Equations (1), (12) and (4) that the total mole fraction of aerosol can be
expressed by

L=1-—— (13)

where A is the total mole fraction in the mixture of those compounds for which an aerosol
does not form (y,, = 0), and where B is total mole fraction in the vapour of those compounds
for which an aerosol does form (y,, > 0),

A=yo+ 2 Yo
0= NiYan =0
(14)
P (T,)
B X, P

a=)..Nyg>0

Solution to Thermodynamic Equations
The equations (1), (12), (13) and (5) for y,,, Yo (@ = 1,..., N), L, T are solved by means of the

following algorithmic steps in the thermodynamic routine (¢; = convergence tolerance for

mixture temperature T, i_, = maximum number of iterations for T ):

-1%5
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1. Assume that no fog forms: sety,, = 0.y, =y, (@ =1... N). L = 0 and determine T from

equation (5).

2. Initialise the outer iteration loop for evaluation of T, (i is number of iterations, T ' is

estimate of T after i iterations): 1=0,T_'=T,.
3. Carry out the next outer iteration i+1 for the temperature T :

a) Order S[o,; T, ] =1 - y,P/P.%T,") in ascending order (& = 1.....N): S[ot;T,)] < S[a,;T,,]

< < Sfona T, 1]
Note from equation (10) that aerosols 'first' form for compound «, and 'last’ form for

compound oy,

b) Initialise the inner iteration loop for evaluation of L [aerosols for compounds a,.....t; do

form at temperature T,
L, A and B are the values for L, A and B from Equations (13) and (14) assuming the
presence of aerosols for compounds @.,,...,o; only]: j=0.L =0,A=1,B=0.

c) Establish if aerosol ., is present at temperature T,' by carrying out the next inner

iteration j+1 for the liquid fraction L:

L If Sfo,;T,] > L, than aerosols for compounds o,,...,0 do not form (y,, = 0 for

o= )., 0 ): set L =L and go to Step d).
2. If S[aM;Tmi] <L, than aerosol for compound o, does form:
. incrementj:j=j+1,A=A-y,, B=B+P (T )P, L;=1-A/1-B),L=L,

« if j <N carry out next iteration: go to Step c).
d) Set Yoo, Yo (@ = 1,...,N) from L and T, ' using Equations (1) and (12)
e) Set T, from y,,, ¥, L using equation (5); i=1+1; T'=T_
f) Check for convergence of temperature T (three cases):
. Ifi<i and|T,' - T."|> € (no convergence): go to Step a) (carry out next iteration

for temperature).
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o If|T'- T, "' <& (convergence): end of thermodynamic calculations.

o Ifi=i_ and|T'-T_"'|> ¢, (no convergence within i, iterations), and if assuming
T,, < 0 °C equation (5) leads to T_ > 0 °C and if assuming T, > 0 °C equation (5)
leads to T, <0 °C , than ice is partially melted. Set for this case T, = 0 °C and set L.
Your Yon (@ =1,...N) as described in Steps a), b), ¢), and d): end of thermodynamic

calculations.

Order of Aerosol Formation During Mixture Cooling

Assume that during temperature cooling of a mixture with given constant composition y,. y,...,
¥y (0t = 0 corresponds to dry air) aerosols for compounds ¢ = 1,.., N form successively at the
temperatures T, T,,.., Ty (with T, > T, > .. > T)).

Thus compound 1 condenses first and compound N condenses last.

Consider a temperature T with T, > T> T, (j = 2...,N), i.e. aerosols o = 1,..,j-1 are present and
compounds o = j,..,.N occur in vapour phase only. Following Equations (13) and (14), L is
given by

)=1
-5
—1_ a=1
L=1 T T, >T>T, (15)
o P

At the temperature T, onset of formation of aerosol j starts.

Thus following equation (10), S{j;T;] =1 - yj-P/ij(T ;) = L, or equivalently, using the above
equation (15),

-1 pa j j~1
v p-E IR -

a=]

Above equation (16) defines the temperature T, at which aerosol j forms.

Note that for j=1, this equation reduces to Dalton's law y, = P '(T,)/P, defining the onset of
condensation of the first compound within the mixture (formation of first aerosol).

For j = N with absence of air (y, = 0), equation (16) reduces to
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N o
z P; lgT) =1 (for y, = 0. no dry air) (17)
a=]

defining the onset of condensation of the last compound within the mixture.

The temperature T will stay equal to the temperature T, until all vapour has been condensed

(L = 1). For temperature T < T, the mixture will be pure liquid.

Initial Pollutant State
Applying the above discussion to the initial pollutant (prior to mixing), it follows from
equation (17) and (14) that B = 1 in the expression (13) for the liquid fraction L at the

temperature T,,.

Thus the thermodynamic problem is ill conditioned if all compounds do occur in two phases.
To avoid associated numerical problems 0.01% of dry air is added to the initial pollutant in
order to force the presence of at least one compound in the pure vapour phase.

This holds for the general version of the algorithm (paragraph 2.A.3.1) as well. Dry air is
added in all HGSYSTEM modules using the aerosol thermodynamical model. In SPILL 0.1%

dry air is added for numerical reasons.

For HEGADAS and HEGABOX, input to the thermodynamic model is either the temperature
T,, or the enthalpy H,, of the pollutant prior to mixing with the air. If T, = T, the user is
advised not to prescribe T, but H .

The calculation of H,,; should be based on equation (6) using the known value of T, and the
amount of liquid present for each pollutant compound.

The latter liquid fractions could be derived either from flash calculations or by imposing
thermodynamic equilibrium to the initial pollutant state (i.e. by imposing equations (1-5), with
Yoo = L H, = 0,y,;=0).

Note that for AEROPLUME and SPILL, the user does not have to give this input to the
thermodynamical model as the data is calculated by the model from reservoir (or stack)

conditions as given by the user.

For a pollutant consisting of a single compound (N = 1) the above situation arises if the
temperature of the pollutant equals the boiling temperature of the pollutant. Thus in this case
the user needs to know the amount of liquid fraction in the pollutant, in order to evaluate the

pollutant enthalpy.
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2.A.3.3. Case of single two-compound aerosol

In this paragraph the special case is considered of the mixture consisting of one fwo-
compound aerosol (ideal solution; compounds o =1, 2). All other compounds occur in vapour
phase only (compounds & = 3,...N).

Thus following the notation of paragraph 2.A.32. M =1,L, =L.n =2, y,=0 («=3..N).
Yo=Y (@ =3,..N). '

This case is available in HEGADAS and HEGABOX. Note that SPILL and AEROPLUME
have the general case available as discussed in paragraph 2.A.3.1.

The 6 remaining unknowns to be evaluated are y,,, ¥, (&= 1,2), Land T,

The 6 governing equations for these unknowns are equations (7). (8), (11) and (5). Using
formula (9), equation (11) can be rewritten as a square equation for L,

q1q2L2_(r|Q2+r2Q1)L_(l+r\+r2)=0 (18)

where the auxiliary parameters q, r, (&t = 1,2) are given by

P
I = _1
%a(Tw) (P:’(Tm))

r“(T'")=y°.{P“fT ))—1

where -1 <r,<q,.

(19)

The root to equation (18) satisfying L — y,+y, for P%(T,) — 0 (i.e. compounds o = 1,2 are
100% liquid for very low temperatures), equals

([rxqz +0,q,]1+{[rq, +r2q|]2 +4[q,q, 1+ +1, ]}%)
[2q,9,]

or, written alternatively (20)

L= 2[1+1 +T1, ]
(g, +5,9,1+{(ra, + 5,0, +4[q,q, 1 +1, +5, %)
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Solution to Thermodvnamic Equations
The equations (7), (8), (20) and (5) fory,., ¥,, (@& = 1,2,...,.N), L, T are solved by means of the

following algorithmic steps in the thermodynamic routine (€, = convergence tolerance for

mixture temperature T, i_, 1s maximum number of iterations for T, ):

1. Assume that no fog forms: sety_ =0,y, =¥, (& =1,...N). L =0 and determine T from

equation (5).
If [141,41,] < 0 (aerosol does not form): end of thermodynamic calculations.

2. Initialise the iteration loop for the evaluation of T,, (i is number of iterations, T, is estimate

of T  afteriiterations): 1=0,T '=T_.
3. Cary out the iteration loop for the temperature T :
a. Set L =L(T ') from equation (20). Sety,., ¥,, (@ = 1,2) from Equations (7) and (8).
b. Set T, fromy,,, ¥, L using equation (5); i =1+1; T,'=T.
¢. Check for convergence of temperature T, (three cases):

« Ifi<i_ and|T,'-T,"'| > €, (no convergence): go to Step a. (carry out next iteration

for temperature).
« If|T '- T | <€, (convergence): end of thermodynamic calculations.

« Ifi=i, and (T - T, "'| > g; (no convergence within i, iterations), and if assuming
T, <0 °C, equation (5) leads to T, > 0 °C and if assuming T, > 0 °C, equation (5)
leads to T_ < 0 °C, than ice is partially melted. Set for this case T, = 0 °C and set L,
Your Yan (00 = 1,...,N) as described in Step a.

2.A.3.4. Implementation of thermodynamics into dispersion model

This paragraph discusses the implementation of the thermodynamics solution algorithm into
the HGSYSTEM dispersion models.

Paragraph 2.A.2.1 outlined the parameters required as input to the thermodynamic model.

These input parameters are obtained as follows:

1. User-specified parameters.
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The user is required to input to the dispersion model:
« the pollutant composition (mole fractions 1, & = 1,....N)
« pollutant temperature T, or alternatively, pollutant enthalpy H, (only for HEGADAS
and HEGABOX)
« ambient humidity r,,, ambient temperature T,, ambient pressure P
» ground temperature T, (only for HEGADAS and HEGABOX).

For model-specific information on input parameters, see the relevant chapter in the
HGSYSTEM User's Manual.

2. Properties generated by the property database program DATAPROP.
Based on the user-specified pollutant composition, the physical property database program

DATAPROP is used to calculate the required pollutant properties. See DATAPROP chapter
in the HGSYSTEM User's Manual for more information on how to use DATAPROP.

3. Solution parameters generated by dispersion program.

The pollutant molar fraction y,, the heat H, and the water vapour y,,, added from the substrate
are a function of downwind distance and are generated by the dispersion model as input to the
thermodynamic routine. The latter two apply only to HEGADAS and HEGABOX.

These variables are calculated internally by the dispersion model by solving ordinary
differential equations in the downwind direction, i.e. by solving empirical entrainment, heat-
transfer and water-vapour transfer equations.

For details on how AEROPLUME uses the thermodynamical model, see Chapter 5.A.,
paragraphs 5.A.3 and 5.A.7.

In the HEGADAS and HEGABOX dispersion model the thermodynamics model is required
to evaluate from the above input parameters the mixture temperature T_ (°C), the mixture
volume V_ (m’/kmole) and the mixture density p (kg/m’). V_ and p,, are set as follows

v =(R.&‘:_2§73-_15)).(1_L)

@2

1 & .
_\T_.E)(m y)

m

Pm =

where R is the universal gas constant.
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2.A.5. Notation

Ca

p

Fy(LyL,T,)
Hw

cond
a

I“I::om:l

H

e

w
I‘{fus
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specific heat at constant pressure of compound o (J/kmole/K)
- compound a = 0 (dry air): C*

- compound a = 1 (water): liquid, pr’, vapour, C ™

- compounds a = 2,..,N: liquid, Cp“', vapour C*

function defined by equation (9)

heat of condensation of water (J/kmole)

heat of condensation of compound (J/kmole)

heat added from the substrate (J/kmole)

heat of fusion of water (J/kmole)

pollutant enthalpy (J/kmole)

total mixture enthalpy (J/kmole)
enthalpy of moist air (J/kmole)

enthalpy of compound o after mixing of pollutant/moist air (J/kmole)

mole fraction of liquid in mixture (-)
mole fraction of liquid compound P in mixture (-)

total pressure (atm)

saturated vapour pressure of compound o at temperature T, (°C) (atm)
universal gas constant (= 0.082057 atm-m*/kmole/K)

relative humidity of the ambient air (-)

function defined by equation (10)

temperature (K)

ambient temperature (°C)

mixture temperature (°C)

pollutant temperature (°C)
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ypol
v

Yan
)

Yau
Ny
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mole fraction of pollutant in mixture (-)
mole fraction of compound o in mixture (-)

mole fraction of liquid (non-vapour) phase of compound a in mixture (-

mole fraction of vapour phase of compound ¢ in mixture (-)
mole fraction of compound o in (released, original} pollutant (-)
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2.B. THE HYDROGEN FLUORIDE MODEL

2.B.1. Introduction

The HGSYSTEM software package consists of a number of programs capable of modelling
the release and dispersion of hydrogen fluoride (HF). The thermodynamics and chemistry
adopted in these programs to describe the mixing of air with HF is based on a model
developed by Schotte [1,2]. This Schotte model assumes the pollutant to be 100% HF.

The thermodynamics and chemistry for HF is complex because of formation of HF polymers,
de-polymerisation of the gas to the monomer state HF (endothermic reaction), and exothermic

reaction of HF with water vapour.

In accidental HF releases, the released pollutant is often nor 100% pure HF, but may also

consist of water and/or a mixture of hydrocarbons.

This chapter 2.B describes a thermodynamics and chemistry model for mixing of moist air
with a pollutant consisting not only of HF, but also possibly water and possibly an additional
mixture of non-reactive chemicals. This additional inert mixture will be indicated by 'N-gas'.
N-gas is assumed to be in a pure vapour phase and is considered to be an ideal gas with
known specific heat and molecular weight; it may be, for example, nitrogen, air, hydrocarbon

or a mixture of ideal gases.

Following mixing of the pollutant with moist air a mixture forms at any downwind cross-

section, consisting of the following mixture components:

- A vapour mixture, consisting of HF monomer (HF), HF dimer (HF),, HF hexamer
(HF),, HF octamer (HF),, HF-H,O complex, water, N-gas and air.

- An aqueous HF fog, that is, a liquid fog consisting of water and HF monomer.

Although the model described in this chapter was formulated for a pollutant containing HF, it
can also be used to simulate the thermodynamics of a mixture of wet gas (ideal gas, water)

and moist air (water, dry air).

The thermodynamical model does not include the effects of ambient fog, rain or snow. Neither

does it take deposition of liquid fog from the cloud into account.
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2.B.2. Thermodynamics model

This paragraph describes the thermodynamics and chemistry model for the mixing of moist air
with a pollutant consisting of HF, water and N-gas. A set of thermodynamic equations for the
unknown thermodynamic quantities is derived.

2.B.2.1. Model Parameters

In the thermodynamic model the following data are assumed to be known quantities (input):

1. The mixture composition defined by

Pollutant mole fraction, Yool (mole/mole of mixture)

Water in pollutant, 1}, (mole/mole of pollutant)

N-gas in pollutant, 1y, (mole/mole of pollutant)

Relative ambient humidity, r,, (fraction; 0 <1, < 1)

Ambient temperature, T, (°C)

The mole fractions y,,, 1, Ty are defined to be equivalent mole fractions based on all HF
being in the monomer state.

The ambient data r,, T, are needed to determine the enthalpy of the air and the mole
fraction of water in the air.

The parameters y_, N, Ty, Ty, 1, uniquely define the equivalent molar flows Mz, M,, M,
M, of HF, water, N-gas and dry air respectively.

Without loss of generality, M,,, (M,,, = M + M,, + M, + M) is taken to be equal to 1.

2. Pollutant enthalpy, H_, (Joule/kmole of pollutant)

3. Heat added from the substrate, H, (Joule/kmole of mixture)
Heat transfer from the substrate to the dispersing cloud can be caused by both natural
convection and forced convection.

4. Specific heat C," (J/kmole/K) of N-gas

2.B.2.2. Thermodynamic unknowns and equations
The thermodynamic state after the mixing of pollutant with moist air is defined by the
following unknown quantities (output):
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- Molar fractions of HF-monomer. HF-dimer. HF-hexamer, HF-octamer. HF-complex.
water, N-gas, air in vapour mixture (¥,,, Y15 ¥is- Yip» Yer Yur Yao ¥,) and molar flow of

vapour (M___; kmole/s): 9 unknowns

vap

- Molar fraction HF in liquid H,O/HF fog (denoted by x, dimensionless) and molar flow
of fog (denoted by L; kmole/s): 2 unknowns (unknowns in presence of fog only)

- Mixture temperature T, (°C)
The above unknowns must satisfy the following equations:

1. Conservation of equivalent molar flow for HF, water, N-gas and dry air (equivalent molar

flow before mixing = equivalent molar flow after mixing):

MHP= (YII + 2yl2 + 6yl6 + 8y18 + yc)'Mvap + X'L

(1)

M, = (¥, +¥M,, + (1-x)L | )
My =ywM,, (3)
M, =y, M, )

2. Sum of molar fractions of all components in vapour mixture must be 1:

YntYntYetyYety Y.ty ty.=1 (5)

3. Peng-Robinson equations of state for HF dimer, HF hexamer, HF octamer, and HF.H,0O

complex (see [2])

Yilf,Tw) = Ky(T)(£,)A®, P) (6)
YislfpTa) = K(T)(£)/(P,P) (N
VisfTo) = Ke(T)(E)7(@,P) (8)
Y(£,.¥o To) = KT )£, P, /(P,-P) 9)
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where the fugacity f, = ®-y,-P (in atm), the (dimensionless) fugacity coefficient ®, = 1, the
total (ambient) vapour pressure P is taken to be 1 atm and P, = y -P is the true partial
pressure (excluding HF.H,O complex) of water in the vapour.

Ky(T,), K(T,), Ki(T,), K(T,) are equilibrium constants associated with the reactions for
the formation of (HF),, (HF),, (HF),, HF-H,O, respectively, and are defined as function of
the temperature T, by Schotte [2]. See paragraph 2.B.6 for the functional shape of these
constants.

4. In the presence of liquid fog (L > 0), the partial vapour pressures of HF (including HF.H,O
complex) and water (including HF.H,O complex) are set as a function of x and T, from
empirical expressions p,(x,T,,), p(X,T,,) given by equations (1) and (2) in Schotte [2].
These expressions consist of different formulae for x < 0.4738 and x > 0.4738. In the
HEGADAS formulation these expressions are smoothed (identical to the smoothing carried
out in the program HFPLUME) to arrive at functions p (x,T), p(x,T) which are
everywhere continuous and differentiable. See [3], figure 1 for these curves at 26 °C.

In the absence of fog and with all HF assumed to be HF monomer, the partial pressures of
the water and HF are given by (M,/M,)-P and (M,/M,.)-P, respectively.

In the presence of fog, the amounts of HF and water in the vapour are smaller than in the
absence of fog, and the partial vapour pressures must also be correspondingly smaller. Thus
the following equations apply in the presence of liquid fog (L > 0):

_ _ . pr.xT) M
+y =P /P= W me ¥ 10
Yoty =P/P mm{ b M (10)

tot

(1)

YutYetYetYisty.=PP= min{p"F(x’T"’) M“F}

P ’ Mlol
5. Conservation of energy: the total enthalpy H, following mixing of the pollutant with the

moist ambient air, equals the sum of the enthalpy of the pollutant, the enthalpy of the moist
air and the heat H, added from the substrate

Hml = HHF + Hw + I-IN + Ha = ypol'Hpol + (1 - ywl)'Hz:l + H‘ (12)

where the post-mixing enthalpies of HF (including water in fog and HF in HF.H,0), water
(excluding fog; including water in HF.H,0), N-gas, and air are given by

2-27
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H, = TERMI - TERM2

with
TERMI = M, - X L-{H* + C, (T, - T} - x L-{H!, + H,,} (13a)
TERM2 = (1 - x)-L-H,,, - LC* (T )T, - T")

cond

H, = [M,-(1-x)L]C™(T,-T) (13b)
Hy = MCM(T,-T) (13¢)
H, = M,CMT,-T) (13d)
with H", H, , the heats of condensation of HF and water, H_,, the heat of mixing liquid

HF with liquid water, C;™,CF¢,C",C,C; the specific heats of HF-vapour, fog, water-

vapour, N-gas and air, respectively.
In the equations above, it is assumed that the enthalpy is zero at the reference temperature

T’ with unmixed gaseous components (HF, water, N-gas, air) and all HF in the monomer
state; HF , HY , and H_, are taken at T". Following Schotte [2], T' = 25 °C is taken.

cond * cond

In equation (13a), the enthalpy departure H*™ of the HF vapour from the ideal monomeric
gas at the final temperature T, is given by

AHF=YIz’AH2+YI6'AH6+Y18‘AHs+yc'AHc (14)

H
Y +2yY,+6y,6+8y,+Y.

where AH,, AH,, AH, and AH, are the enthalpies of association of HF-dimer. hexamer.

octamer and complex, respectively (Joule/kmole) at the reference temperature T .

2.B.2.3. Enthalpy of Air
In equation (12), the enthalpy H}" of the moist air (Joule/kmole of moist air) is given by

H =]1- P:’“"/P]C;-(Ta -TY) + [PI™ /P}-C(T, - T) (15)

with P>™ the partial vapour pressure of water in the air and with P the total atmospheric

pressure (P is always 1 atm in HEGADAS, but can be user-specified in HFPLUME. For
consistency of the thermodynamical description, P should be taken (almost equal to) 1 atm).

P™ =r,.P,*(T,), with r,, the relative ambient humidity and with P,"(T,) the saturated vapour

pressure of water (atm) at temperature T,.
Note that the ratio P2™ /P equals the mole fraction of water in the moist air.
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2.B.2.4. Pollutant Enthalpy

For an evaporating liquid pool (unpressurised release), the pollutant enthalpy H_, in equation
(12) corresponds to 100% liquid with the pool temperature T
of 100% HF, this implies that H,, = C,™"(T,, - T) - H,
specific heat of HF liquid.

1g- Assuming the liquid to consist
s With T =25 °C and C*" the

For pressurised releases of pollutant containing HF, a flash occurs immediately upon release.
The following two cases are distinguished.

1. The pollutant contains no water. For this case the model requires as input the pollutant
temperature, T, and the equivalent mole fraction of liquid HF in the pollutant, 1,y . This
data should correspond to the post-flash state and are in HGSYSTEM derived from flash
calculations in either the HFPLUME model or the HFFLASH model. The composition of
the pollutant vapour is evaluated from equations (1) to (9).

2. The pollutant contains water. For this case the model adopts N, = 0 and the model
requires as input the pollutant temperature T, only. The pollutant is assumed to be in

thermodynamic equilibrium, and consists of a vapour mixture (HF with enthalpy departure
HZ" from monomer, N-gas, water) and an aqueous liquid fog (equivalent mole fraction

L,, of fog in pollutant; mole fraction x, of HF in fog). The pollutant composition is
evaluated from equations (1) to (11).

For pressurised releases the enthalpy H  must include the kinetic energy Ei’; (Joule/kmole of
pollutant) of the post-flash pollutant; E:’o'} given by

E;:; = l/2'1'1‘1,901'\15 with my, = gyMye + g, /M, + gyMy (16)

with m_,, the mean molecular weight (kg/kmole) of the pollutant, m, the molecular weight of
species o (ot can be: HF, w, N for HF, water and N-gas, respectively) and V,, the post-flash

velocity (m/s). The pollutant enthalpy is now given by the following formula (compare with
equations (12) and (13)),

H,= En+
+ N {Cy (T - T - Hogg} +
+ My {C (T - T} +
+m, - (1 - %)L €7 (T - T +
+ M - Mg, = Xpor Lpold {Hoet' +C7Y (T - T} + 7)
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- xpoI'LpoI'{H:.\Fnd +Hrmx} +

(1 -x,) L HE o+

cond

+ Lpol- { C;"S (xpol’Tpol)'(Tpol - T‘)}

2.B.3. Solution algorithm

In the previous paragraph the set of thermodynamic equations governing the thermodynamics
model has been derived, that is, the twelve equations (1-12) in the presence of a liquid fog and
the ten equations (1-9), (12) in the absence of a fog.

This paragraph describes the algorithm for solving these equations as it is used in HEGADAS
and HEGABOX. The algorithm used in HFPLUME is somewhat different but has been
checked to give identical results.

The HEGADAS/HEGABOX algorithm is used to determine the ten unknowns in the absence
of a fog (¥1), Y1z Yie» Yiss Ye/Yuor Y Yoo Yar My 1) @nd twelve unknowns in the presence of a
fog (additional unknowns x, L).

The calculations described below are carried out using the model parameters described in
B CPN).

Without loss of generality the total molar flow M, is taken equal to unity. The molar flows
before mixing of HF, water, N-gas and air (M,;, M, M, M,;; M, = M, +M+M+M, = 1)
can be expressed in terms of the input parameters as follows:

paragraph 2.B.2 (y,, M, T Ty T, H

Mg = (1 - My - M) Yoo Mo

M, = Ny VMg + [PI7 /P11 - y,0) My,

My = My Ypa M (18)
M [(P - Py™ YPI-(1 - Vo) M,,

a

with P2™ /P =r,-P,*(T,)/P and P the total atmospheric pressure.

2.B.2.1. Solving fhe eguations
The set of equations is reduced to a set of two (in the absence of liquid fog) or three (with fog)

equations for two or three basic unknowns. These unknowns are the molar fraction y,, of the
HF monomer, the mixture temperature T _, and (in case of fog) the molar fraction x of HF in
the fog. The algorithm for the derivation of the reduced set of equations is as follows.

1. Sety,,, ¥ie Yis» ¥c/Y. as function of y,, and T, from the Peng-Robinson equations of state
(6), (7), (8) and (9).
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2.SetM__.y,and L.
a In the presence of a liquid fog (L > 0), M, y,.. L are set as functions of y,,, T, x by
imposing conservation of the sum of molar flow of air and N-gas (see equations (10).

(11), (3-5)), the water vapour pressure relation (equation (10)) and conservation of
energy (equation (12)).

M,=M,+*MV[1-PP-P/P+y] (19)
: T,) M
=[1+vy/ -1, pHF(x’ m , HF 20
Yo = [1+yJy,] mm{ b M, (20)
_ TERMI an
TERM2 + TERM3
with

TERM1 = H, + Hy —H,, +M, -C*' (T, = T )+ My - {H¥ 4 C* .(T_ - T")}
TERM2 = (1-x)-{C (T, = T") + Hlp } - C*(x, T, ) (T, = T")
TERM3 = x-{H*" +C*"™ (T, - T")+H™, +H,, }

cond

o

In the absence of a liquid fog (L = 0), M,,,, y,, are set as functions of y,,, T,

For M,; > 0.5 conservation of HF molar flow (equation (1)) and conservation of water
molar flow (equation (2)) is imposed, while for M, < 0.5 conservation of the sum of
air, N-gas and water molar flow (see equations (2-5)) and conservation of water molar
flow (equation (2)) is imposed:

Myue /ly. + ¥, + 2y, + 6y, + 8] (Mg > 0.5)
M, = (19%)
M, + My + MJT/IL -y, - ¥y - Yig - Yis) My < 0.5)

( -1
M M
[1+(1—Mw )y} Y20 461 +8Yys ] —2 (M > 0.5)

e ) Yw My
Y, =3 (20%)
-l
1+ | M. (M, < 0.5)
L }{w DVIvap
L=0 (21%)
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3. Sety, and y,, from conservation of air and N-gas moles (equations (3-4)):

Y, = Ma/MVap

y N = MN/Mvzp

4. Formulate basic set of equations for basic unknowns: HF-monomer molar fraction y,,, the
final temperature T, and (in the presence of fog) the molar fraction x of HF in the fog.

a In the presence of a liquid fog (L > 0) the equations represent conservation of HF molar
flow (equation (1)), conservation of water molar flow (equation (2)), and the HF-vapour

pressure relation (equation (11)):

Mg =t yn t 2y, 6yt 8}’18)‘Mvap +xL (D

Mw = (y\,\ + yc)‘Mvap + (1 - X)L (II)
. x,T.) M

YutYntYit Yty = mm{pHF(P )v MHF} iy

The above set of equations is solved iteratively for y,,, T and x.

b In the absence of a liquid fog (L = 0) the equations represent conservation of energy
(equation (12)), and the consistency equation of all components in vapour mixture
(equation (5); for M; > 0.5) or conservation of HF molar flow (equation (1); for

M, <0.5),
H, = Hg + H, + Hy+ H =y, B H(1 - y,0)- Hi + H, I
M=t Y0+ 25+ 6Y16 + 8Y15)0 M, M <05
ar)
YH+YI2+y16+YI8+Yc+yW+yN+ya=1 Mz > 0.5

' The above set of equations is solved iteratively fory,, and T .

2.B.2.2. Evaluation of pollutant enthalpy
For given pollutant temperature T ,, one can evaluate the pollutant enthalpy H, from

equation (17), if one knows H’:}F, X Lpo- 1O this purpose the previous equations are
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considered for the special case of y,, = 1 (y, = 0) and the temperature T, = T, (H*" = H_[".

x=x_,,L=L_).

In the presence of fog (L > 0) the equations are solved as follows:

The unknowns y,,, ¥, ¥,; and y./y, are set as a function of y,, from equations (6). (7). (8)
and (9)

The unknown y, is determined as function of y,, and x from equation (20)

The unknowns M, and L are set from equations (1) and (2)

The unknown y, is set from equation (3)

The remaining two unknowns y,, and x are set by iteratively solving the equations (5) and

(11
In the absence of fog (L = 0) the equations are solved as follows:
- The unknowns y,,, ¥, ¥ and y//y, are set as a function of y, from equations (6), (7). (8)

and (9)
The unknowns M., y,, are determined from equations (19*) and (20*)

The unknown y, is set from equation (3)

The remaining unknown y,, is set by iteratively solving equation (5) for M, > 0.5 and
equation (1) for M,; <0.5.

2.B.2.3. Evaluation of molar mixture volume and mixture density

The algorithm described above has been implemented into the heavy gas dispersion program
HEGADAS and in the instantaneous heavy gas release model HEGABOX, to calculate
thermodynamic data for given pollutant molar fraction y,,, and added heat from the surface H..
These calculations are carried out by the routine THRMHF, which outputs data required for
further HEGADAS dispersion calculations, i.e. the mixture temperature T, the molar mixture
volume V_ and the molar mixture density p,. The temperature T, follows from the iterative
solution of the HF thermodynamic equations described above. The molar mixture volume V
and the molar mixture density p,, are set as follows.

1. The molar mixture volume V_, m*/kmole of mixture, is the ratio of the total volume flow
(m®/s; volume of liquid fog can be neglected) and the total molar flow (kmole/s; vapour and
fog). Thus it is seen that

v _[R(T, +273.15)/P]-M,,,
m M, +L

(23)
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with R = 0.0%_ atm-m’/K/kmole being the universal gas constant.
Note that the term between square brackets in the numerator of equation (23) signifies the
molar volume (m’/kmole) of an ideal gas at temperature T, and pressure P.

2. The mixture density is the ratio of the total mass flow (kg/s: vapour and fog) and total

volume flow (m*/s). Thus it is seen that

m M +my-My+m_ -M +m, M,

- 24
P [R-(T,+273.15)/P]-M,,, +[m,, -(I-x)+my-x]-L/p,, .

with m, = 28.95, my,, m; - 20.01, m, = 18.02 the molecular weights of dry air, N-gas, HF-
monomer and water, respectively and p;,, = 1200 kg/m’ the density of the fog.

3. The ratio p_/p,, of the mixture density p_, and the density of the ambient humid air p,,, is
output by the HEGADAS HF-thermodynamics routine. It is set from equation (24) and

Pamy = P-m, /[R(T, + 273.15)] (25)
with m,,, the molecular weight of the humid air (kg/kmole), given by
M, = m,[1 - P;"/P] + m, [P)™ /P] (26)

2.B.4. General trends of HF thermodynamics model
~ Following implementation of the algorithm as described in paragraph 2.B.2 into the heavy gas
- dispersion program HEGADAS, a sensitivity analysis has been carried out for a pollutant
-~ consisting of HF (liquid or vapour), propane and water. In this limited exercise, fully
 described in [3], the following results were obtained. These results are given here to give the
HGSYSTEM user some feeling for the thermodynamic and chemistry model described in this

chapter.

1. Upon mixing of dry HF vapour with moist air, initial cooling resulting from de-
polymerisation of HF is diminished because of formation of an aqueous fog and because of
heat convection from the ground. For increasing humidity, the fog formation and mixture
témperature increase, and the mixture density, molar entrainment and cloud width increase.
Dependence of peak concentration on humidity is complex. See [3] for more details.
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2. If a part of the HF in the pre-mixed pollutant is liquid. less additional liquid fog forms. the
mixture temperature decreases and the mixture density increases. For less than 5% initial

liquid, cloud widths and concentrations do not significantly depend on .he amount of initial
liquid HF.

3. If the pollutant contains an ideal gas in addition to HF, the pollutant will be less
polymerised, less additional de-polymerisation occurs upon mixing and the mixture
temperature increases. The precise effect of the presence of ideal gas in the pollutant on
mixture density depends both on the molecular weight of the ideal gas and the increase in
mixture density because of previous cooling. See [3] for more details.

4. If the pollutant contains water in addition to HF, the pollutant contains an initial aqueous
fog, less additional fog forms, the mixture temperature decreases and the mixture density
increases. For less than 4% initial water, cloud widths and concentrations do not
significantly depend on the amount of initial water.

2.B.5. References

1. Schotte, W., 'Fog formation of hydrogen fluoride in air', Ind. Eng. Chem. Res. vol 26, 300-
306, 1987.

2. Schotte, W., 'Thermodynamic model for HF fog formation', Letter from Schotte to Soczek,
E. I. Du Pont de Nemours & Company, Du Pont Experimental Station, Engineering
Department, Wilmington, Delawere 19898, 31 August 1988.

3. Witlox, H.W.M., 'Thermodynamics model for mixing of moist air with pollutant consisting
of HF, ideal gas and water, Shell Research Limited, Thomton Research Centre,
TNER.93.021, 1993.

2.B.6. Notation

C’ specific heat at constant pressure of species o, J/kmole/K
o = HFL: liquid HF
Cpm = Cpm('[*)) = 50260 + 68.6T°
HFV:gaseous HF, C "™ = 29120
fog: aqueous fog, C,*® is as a function of x and T (°C) (equation (24) in [2]),
Cp‘°g(x,T) =75519 + 1.661-T - (58475 - 63.6-T)x + (35686 + 7.83-T)-x’
wl:  water liquid, Cp"" = 75700
wv: water vapour, C,*" = 33690
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wet
}{an

HHF

cond

mix

pol

HW

cond

HAHF

pol

K(T)
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N: N-gas,
a: dry air, C* = 29120

fugacity of HF-monomer (after mixing; f, = ®-y,,-P) (atm)

heat added from the substrate to the pollutant/air mixture (Joule/equivalent kmole of

mixture)

enthalpy of moist air (Joule/kmole of moist air)

heat of condensation of HF monomer at 25 °C (J/kmole)
H =30258000

cond

heat of mixing of liquid HF and H,O at 25 °C (J/kmole of HF)
H,. =H_ (x)=18831000-(1 - x*)

enthalpy of pollutant (Joule/equivalent kmole of pollutant)

heat of condensation of water at 25 °C (J/kmole)
H*  =44017000

cond

enthalpy (J/kmole) of species o after mixing of pollutant and moist air
o can be: tot (total enthalpy), HF (HF; including water in fog and HF in HF.H,0), w
(water; excluding fog and including water in HFH,0), N (N-gas) or a (dry air)

enthalpy departure (J/equivalent kmole of HF vapour) of HF vapour in pollutant/air

mixture from the ideal monomeric gas

enthalpy departure (Joule/equivalent kmole of HF vapour) of HF vapour in the pre-

mixed pbl]utant from the ideal monomeric gas

K(D=1
For i > 1, K(T) is chemical equilibrium constant at temperature T (Kelvin) for the
dimer (i = 2), hexamer (i = 6), octamer (i = 8) formation at temperature T, (atm™").
K(T) (i > 1) is given by equation (5) in [2]:

In(K,) = [53458.697/T - 200.76387})/R

In(K,) = [175448.07/T - 579.77837)/R

In(K,) = [209734.20/T - 694.02013}/R
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K(T)

pol
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with the universal gas constant R given by R = 8.3143 J/K/mole

chemical equilibrium constant at temperature T (Kelvin) for the formation of the HF.
H,O complex at temperature T, (atm™)
K (T) is given by equation (5) in [2]:

In(K,) = [26220.445/T - 94.989486]/R

total molar flow of aqueous fog (after mixing) (kmole/s)
total molar flow of vapour (after mixing) (kmole/s)

the number of moles after mixing must be equal to the number of moles prior to
mixing, if all HF is based on HF-monomer:

(V1 + 27, +6Yi6 + 8y + 2Vt Yt Nt YI M, FL=M,,

equivalent molar flow of species a after mixing of pollutant and moist air (with all
HF based on HF monomer) (kmole/s)

o can be: tot (total molar flow), HF (HF), w (water), N (N-gas), a (dry air)
Mlot=MHF+Mw+MN+Ma

total (ambient or atmospheric) pressure (atm)

partial vapour pressure of HF (including HF.H,0) (atm)

vapour pressure of water in air at temperature T (atm)

partial vapour pressure of water (including HF.H,0) (atm)

partial vapour pressure of water in the ambient wet air (before mixing) (atm)
PI™ =1,P(T,)

relative humidity of the ambient air (-)
ambient temperature (°C)
mixture temperature (°C)

(post-flash) temperature of pre-mixed pollutant (°C)
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Y pol

Ya

AH

N

molar fraction of HF (monomer) in aqueous fog (after mixing) (-)
molar fraction of HF (monomer) in aqueous fog in pre-mixed pollutant (-)

equivalent molar fraction of pollutant (HF, water, N-gas) in final mixture; equivalent
fraction means that the fraction is calculated with a// HF based on HF monomer (-)

molar fraction of species « in vapour (after mixing) (-)
o 11,12,16,18,c, w, N or a (dry air)
the sum of these fractions mustbe 1: ¥, +y,, + ¥, T Yis F Y ¥ Vo TV T ¥, = 1

enthalpy of association of HF species a (J/kmole)
o can be: 2 (dimer, AH,= -53458000), 6 (hexamer, AH, = -175448000), 8 (octamer.
AH; = -209734000) or ¢ (HF-H,0, AH_ = -26220000)

equivalent molar fraction of species o in pre-mixed pollutant (-)
o can be: HF (total HF), w (water), N (N-gas), HFL (HF liquid; excluding HF in fog),
HFV (HF vapour, including HF in fog and in HF.H,0), N (N-gas)

MNer M T M= L M = N+ Ny

fugacity coefficient of HF in vapour phase; approximated by @, = 1 (-)
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3. THE SPILL MODEL

3.1. Introduction
HGSYSTEM version 1.0 (or NOV90 version) already contained a module HFSPILL to

simulate the transient release of liquid hydrogen fluoride (HF) from a pressurised reservoir.
This chapter describes the implementation of a new HGSYSTEM module, SPILL, a general
transient release model for two-phase multi-compound mixtures in a pressurised reservoir.
SPILL is available in HGSYSTEM version 3.0. HFSPILL is the HF-specific version of SPILL
and uses similar correlations to calculate discharge rates. HFSPILL is therefore not discussed

in the Technical Reference Manual.

Although SPILL's main use will be the simulation of pure /iquid phase releases. it can also
deal with releases that are pure vapour phase initially and SPILL will also simulate the
vapour-only discharge after liquid exhaustion has occurred in a reservoir that initially

contained a two-phase fluid.

A complication in describing a multi-compound release from a two-phase reservoir mixture, is
that as long as there is a multi-compound liquid in the reservoir, the composition of the liquid
and vapour phase changes with time. With decreasing reservoir pressure, the more volatile
components in the liquid will vaporise more easily than less volatile compounds. Once the
liquid is exhausted the reservoir mixture is vapour-only and the composi’tion will no longer
change with time. The SPILL program takes these effects into account, but to be able to do so
it has to calculate the number of kilomoles of each compound in the reservoir as a function of
time, which adds to the complexity of the model. Increasing the number of compounds in the

reservoir mixture will increase the model run-time accordingly.

SPILL uses the standard HGSYSTEM non-reactive, multi-compound, two-phase
thermodynamical model (AEROPLUME version) as described in Chapter 2.A. It is therefore
intended to be run in combination with the physical properties database program
DATAPROP, which will prepare a link file for SPILL containing all physical compound

properties.

SPILL can be used as a front-end to the HGSYSTEM model AEROPLUME and it will
generate the necessary link file.

The liquid discharge rates used in SPILL are based on literature correlations [2] and they are
completely identical to the one used in AEROPLUME.
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In this chapter. a detailed discussion of the SPILL model equations will be given. A detailed
discussion of SPILL input parameters is given in the SPILL chapter in the User's Manual.
A sensitivity analysis for the SPILL model is described in [4].

3.2. The model equations

The basic time-dependent variables that are used in the SPILL algorithm are: P(t) (in Pa), the
(absolute) pressure in the reservoir, M(t) (in kg). the total mass contained in the reservoir. E(t)
(in J), the (internal) energy of the reservoir mix.ure, h(t) (in J/kg), the enthalpy of the reservoir
mixture and N (t) (-), the number of kmoles of chemical compound & present in the reservoir
multi-compound mixture, o= 1, 2, ..., N, where N is the total number of compounds in the
mixture.

Thus there are N+4 variables which are all functions of time t (s) and N+4 equations are
needed to define the problem completely.

For given values of the mixture enthalpy h and the reservoir pressure P, the thermodynamical
state is fixed and using the thermodynamical model equations, values for the density p(t)
(kg/m?) and the temperature T(t) (K) of the reservoir mixture can.be calculated for every
time t. Thus p and T are not basic variables but they can be calculated from these at every
moment in time.

The thermodynamical model used in SPILL is the HGSYSTEM two-phase non-reactive multi-
compound model as described in Chapter 2.A.

The set of N+4 equations consists of 2 algebraic equations and N+2 first order ordinary

differential equations. These equations are solved as one set using the same numerical solver,
SPRINT [1], as employed in AEROPLUME and HFPLUME.

3.2.1. Algebraic equations
The two algebraic equations are given by:

V-p(t) = M(1) (1)
and

E(r)=(h<t)-—P‘—”]-M<t) @
p(1)
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where V is the (constant) user-specified reservoir volume (m?).
These two relations ensure physical consistency between the several model variables.

Please note that h, P and p also must satisfy the thermodynamical equations as dictated by the

thermodynamical model being used.

3.2.2. Conservation of total reservoir mass
The first differential equation expresses conservation of mass and it governs the rate of change

of the total reservoir mass content M:

MO - v )
dt

where m(t) (kg/s) is the (instantaneous) mass flow rate leaving the reservoir at time t, the

value of m (t) is taken negative here as it is an outflowing rate.
The value of m (t) is given by correlations from literature [2]. .
For a vapour-only release, the discharge rate used is simply the well-known (maximum)

discharge rate found for an ideal gas release, either choked or unchoked. For a choked vapour-

only release the result is

2 %Y'l) Y
rh=—Cf>-A~(——] '(—-—Y)-\/Zp(t)-P(t) 4

1+y 1+

and for unchoked vapour-only flow the result is

2 !
I =-CEt.A. _‘Y.._ . . . _Pal_m 7__ _P_a_tm_ Y
m(t)=-Cp-A 742 PP (P(t)) (P(t)) (5)

where P__ (Pa) is the atmospheric pressure, A (m?) is the area of the discharge opening. v (-) is
the ratio of specific heats (c/c,) and C} (-) is the vapour discharge coefficient. C}, has a
default value of 1.0, but the user of SPILL can override this value if necessary.

For a liquid release, first the mixture saturation pressure P_, is calculated as
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N

Z Yo Psal.u (T)
P, === (6)

N
D Va
a=I

where y,, is the molar fraction within the total mixture of liquid compound o and P (1) is

the saturation pressure of compound  at temperature T. Note that this definition of P, is
inspired by Raoult's law as discussed in Chapter 2.A.

If P, is less than P, then the liquid mixture is subcooled even at atmospheric conditions and
no flashing will occur at the exit. In SPILL the flow regime is then called unchoked liquid
Sflow. From Fauske and Epstein [2] a Bernoulli-like expression for the discharge rate is found

m(t) =-Cj-A-y2-p,(t)-(P()-P,,) )

where p, is the density of the liquid in the reservoir. The liquid discharge coefficient C}, has a

default value of 0.61 [2], but again the user can override this value by setting the relevant
SPILL input parameter (see the SPILL chapter in the User's Manual).

When P, exceeds P, , the flow regime is called choked liquid flow in SPILL. If this occurs,
i.e. the liquid mixture in the reservoir, which is subcooled at reservoir conditions, is nor
subcooled at atmospheric conditions, then a distinction must be made between reservoir
conditions that are near the saturation point and those that are not.

If [P(t)-P,|> 10-P_, (reservoir conditions far from the saturation point) then following [2]

m(t)=—Ch-A-2-p, [P(t) =P, (8)

If |P(t)-P,| <0.1-P, (reservoir conditions near the saturation point), [2] gives

. ¢ 1
= - B . 9
m(t)=-C.-A ldv/dP‘ 9

where v = 1/p (m3/kg) is the specific volume of the mixture. The term is estimated,

dv/dP

following [2], by

h 2
e

vap

Copyright American Petroleum Institute 3_5
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale



STD-API/PETRO PUBL 4b3L-ENGL 1995 WE 0732290 0L25029 890 mE
HGSYSTEM Technical Reference Manual

where h,, (J/kg) is the heat of vaporisation. Av,,, (m¥/kg) the change in specific volume going
from the liquid to the vapour state. C,, (J/(kg:K)) is the specific heat of the liquid mixture and

T (K) is the reservoir temperature.

For the intermediate stage, 0.1.P_ < |P(t) sM| <10-P_, linear interpolation between the two

previous cases is used. Let FACTOR, TERM1 and TERM2 be defined by

[P()-P,|
FACTOR = ————=4 (11)
TERM1=2-p, -[P(t)-P,| (12)
TERM2 = 1 ‘ (13)
dv/dP

Define the variable TERM3 by using linear interpolation between TERM1 and TERM2 using
FACTOR, that is
TERMI-TERM?2

TERM3 = TERM2 + (FACTOR -0.1)- (14)
10.0-0.1

and the reservoir mass discharge rate when 0.1-P, < [P(t)-P, | < 10-P_,, is given by

m(t) =—C} - A-J/TERM3 (13)

This linear interpolation procedure for the case where 0.1-P_, < |P(t)- P, | < 10-P_, is found to

give more satisfactory results than the recommendation in [2] , the latter being equivalent to
taking TERM3 = TERM1 + TERM2.

Please note that the mass discharge literature correlations and the definition of P used in
SPILL and AEROPLUME (HGSYSTEM version 3.0) are completely identical.

3.2.3. Conservation of energy
The second differential equation expresses conservation of energy

d—‘flii)=hm(t>-m<t>+o,.,,,(t> (16)

3-6
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where h,,, (J/kg) is the enthalpy of the discharged fluid and Q,, (W) is the total heat exchange

with the atmosphere surrounding the reservoir. For a pure liquid release h_, is equal to the

enthalpy of the liquid phase in the reservoir which is not equal to the mixture enthalpy h. For
vapour-only situations this difference does not occur.

exit

Q,., can be calculated as

Qllm = Aheat'(q)rad + (Dcon\' + (Dsohr) (1 7)

where A,,, (m?) is the user-specified total reservoir area over which heat transfer with the
surrounding atmosphere takes place, ®_, (W/m?) is the radiative heat flux given by

@, =0¢ (T, -T (18)

where G is the Stefan-Boltzmann constant (5.67-10° W/(m>K)), € (-) the user-specified

emissivity of the reservoir outside wall material and T, (K) the user-specified temperature of
the surrounding air.

®_... (W/m?) is the convective heat flux, given by [3]

@, =197 (T, -T)|T,. - T

'0.25

(19)
@ ... (W/m?) is a user-specified direct solar heat flux on the reservoir.

Note that a user-specified value for A,,, of 0.0, effectively sets the heat transfer between the
reservoir and the ambient atmosphere to 0.0.

3.2.4 Conservation of mixture compound o
The final N differential equations express conservation of each compound o. in the mixture.

For a vapour-only release (after liquid exhaustion or for a vapour-filled reservoir), the rotal
number of kmoles leaving the reservoir is equal to m/M, where M (kg/kmole) is the molar

mass of the reservoir vapour, which is constant once the release is vapour-only. The number
of kmoles of compound o leaving the reservoir per second is then simply y,-m(tyM

(kmole/s), where ¥, is the molar fraction of compound o in the mixture. Again, y, does not
change with time for vapour-only releases. So in this case for all compounds a the following
equation holds
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dN,_ (1) _
dt

S
z

Yo 1)/ M a=1,2, (20)

For a multi-compound liquid-only release, where the reservoir contains a real two-phase
multi-compound mixture, the situation is more complicated, as the mixture composition both

in the vapour and the liquid phase changes with time.

For a liquid-only release. the change per second in the number of kmoles of compound o.
dN
—=2 isgivenb
dt g y
dN, _N,, dN,

=1,2,.,N (21)
dt N, dt

+

. P . . . dN, .
where N, is the total number of kmoles of liquid in the reservoir. In this expression = 1s

equal to -A—T-, where M, is the (now time-dependent) molar mass (kg/kmole) of the total
2

liquid phase fluid.

N
The term —2* in (21) can be interpreted as the mole fraction of liquid compound o in the
f

total liquid phase of the reservoir mixture. The thermodynamic model uses as a basic variable
Yar> Which is the molar fraction of compound o within the total mixture. Let L denote the

N
total liquid mole fraction within the reservoir, then -NL' = -yi—'
f

Thus for a liguid-only release the equation expressing conservation of compound o will be

dNG (1) _ Ya (D) (1)

=1,2,.,N (22)
dt L(t) M, (1)

3.2.5. Initial conditions
Initial conditions for the N+2 first order differential equations are needed. The initial values

for the reservoir pressure P and temperature T are user-specified. The initial value for the
reservoir mass contents M is either user-specified or caiculated by SPILL as the maximum

reservoir contents for given P and T.
Based on the initial P and T and the initial mixture composition, all user-specified, SPILL

calculates the initial value for h, the reservoir enthalpy, p, the mixture density and the initial
values of N, for all compounds .. This is done using the thermodynamic model.

3-8
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There is a slight complication when the user has specified an initial reservoir mass contents.
M, lower than the maximum for the given initial P and T. In this case the value of p given by
relation (1) on one hand and the value of p following from the thermodynamical relations will
not be consistent. In other words, the correct value for P for the given mass M at the given
temperature would be lower than specified by the user. In this case SPILL changes the initial
mixture composition by adding dry air to the mixture. The needed amount is calculated using
the solver NAESOL in such a way that finally all relevant relations (relation (1) plus
thermodynamical relations) are satisfied. SPILL is actually pressurising the given amount of
material to the required pressured using dry air.

If the user specifies a value of M larger than the maximum possible for the given P and T,
SPILL simply resets M to the maximum value.

The input option of specifying the initial value of M is only effective if the SPECIES keyword
in the GASDATA input block is being used and if the initial reservoir mixture is more dense
than dry air. In all other cases, the initial value of M is calculated by the program based on
mixture composition and reservoir pressure, temperature and volume.

The initial value for the total energy E is simply calculated by using relation (2) in which all
other (initial) values are now known.

This completes the description of the N+4 equations of the SPILL mathematical model.

3.3. Notation
A surface area of release opening (m?)
Co discharge coefficient (-)
C, specific heat (J/(kg-K))
E reservoir mixture (internal) energy (J)
h reservoir mixture enthalpy (J/kg)
m mass flow rate out of reservoir (kg/s)
M reservoir total mass content (kg)
M molar mass (kg/kmole)
N total number of chemical compounds in reservoir mixture
N, number of kmoles of compound « in reservoir (-)
P reservoir pressure (Pa)
Q total heat transfer reservoir-ambient atmosphere (W)
T reservoir temperature (K)
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t time (s)

A" reservoir volume (m?)

\ fluid specific volume (m3/kg)

Yo molar fraction of compound o (-)

o chemical compound indicator

Av change in specific volume liquid-vapour (m3/kg)
Y ratio of specific heats (¢ /c,) for ideal gas (-)

p reservoir mixture density (kg/m?)

o heat flux (W/m?)

Subscripts and superscripts

atm ambient atmosphere

o chemical compound indicator
conv convective heat transfer

g vapour (gas) phase

4 liquid phase

rad radiative heat transfer

sat saturation

vap vaporisation

solar solar heat
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4. THE LPOOL MODEL

4.1. Introduction
The EVAP model describing the evaporation of liquid pools. as available in HGSYSTEM

version 1.0 (or NOV90), has been replaced by a completely new pool model called LPOOL.
LPOOL is based on the LSM90 model developed by Exxon Research and Engineering
Company (USA). Technical information on the LSM90 model is given in references [1.2].

LPOOL can calculate transient (time-dependent) evaporative fluxes coming from a mult-
compound liquid pool on ground or water. LPOOL can treat boiling and non-boiling pools. It
allows for the specification of a circular dike (dam or bund).

LPOOL allows the user to specify liquid spill rates, but it can also calculate spill rates from a
(pressurised) cylindrical vessel using either choked flow or liquid Bernoulli relations.

All basic technical information concerning the LPOOL/LSM90 model can be found in [1].
Here only the specific LPOOL features will be discussed.

4.2. Differences between LPOOL and LSM90
The LPOOL model is basically the same as the LSM90 model of the Exxon Research and

Engineering Company. However, it was necessary to modify some aspects of the LSM90

model. These differences are listed here.

4.2.1. Physical properties database
The LSM90 uses the proprietary physical properties database DIPPR. DIPPR is sponsored by

the American Institute of Chemical Engineers (AIChE).

To enable unrestricted public release of HGSYSTEM, the use of DIPPR had to be replaced by
the use of the HGSYSTEM database program DATAPROP.

DIPPR is used as an on-line database, however, DATAPROP can only be used as a separate
model prior to an LPOOL model run.

4.2.2. Updating physical properties
In the original LSM90 code, all compound properties were fully updated as a function of

temperature. In LPOOL, properties as generated by DATAPROP at a represcutative
temperature are used. The saturated pressures of all compounds are still evaluated as full

functions of fluid temperature.

Two properties, not available in DATAPROP, were given a constant value for all compounds
which is a good approximation as these properties are not very important in the simulation.

4-2
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These properties are: liquid surface tension (used value is 0.02 N/m* = 0.02 kg/s’) and liquid
thermal conductivity (used value is 0.15 W/(m-K)). These two properties are only used in the

(optional) auto-aerosol calculation and then only for single-compound mixtures.

Tests have shown that the differences caused by using DATAPROP rather than DIPPR are
smaller than 10 % in calculated average evaporative fluxes and pool properties.

4.2.3. Input parameters

The structure of the input file for LPOOL is the same as that of other HGSYSTEM modules
and quite different from the LSM90 input file format. However, almost all LSM90 input
parameters are still available to LPOOL users. The LSM90 parameters that are used in the
auto-aerosol algorithm (Weber number, N density etc.) are used with their default values and
cannot be changed by setting LPOOL input parameters.

Some LPOOL input parameters are not used by LSM90 directly, but are only relevant for the
specific HGSYSTEM implementation. For example DTLINK in the CONTROL input block,
which is used to write the HEGADAS-T file.

Using the LPOOL input data, a standard LSM90 input file (LSM90.IN) is written and then the
LSM90 model is invoked.

File names associated with an LPOOL run are completely in line with the HGSYSTEM file

naming conventions as explained in Chapter 3, paragraph 5 of the HGSYSTEM User's
Manual.

4.3. References

1. Cavanaugh II, T.A., Siegell, J.H., Steinberg, K.W., 'Simulation of vapor emissions from
liquid spills', ]. Hazardous Materials., vol 38, 41-63, 1994.

2. Cavanaugh II, T.A., Siegell, J.H., Steinberg, K.W., 'Simulation of vapor emissions from
liguid spills', Paper 92-155.09, Air & Waste Management Association, 85th Annual
Meeting & Exhibition, Kansas City, Missouri, USA, June 21-26, 1992
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5. PLUME OR JET MODELS IN HGSYSTEM

The HGSYSTEM package contains two models to describe the dispersion of a jet release from
a pressurised vessel. AEROPLUME can be applied to non-reactive, multi-compound two-
phase jets and HFPLUME describes jet dispersion using the full hydrogen fluoride (HF)
chemistry and thermodynamics. The two thermodynamical models used, are discussed in
detail in Chapter 2. Chapter 2.A. describes the thermodynamics as used in AEROPLUME and
Chapter 2.B. describes the hydrogen fluoride thermodynamical model as used in HFPLUME.

AEROPLUME and HFPLUME both have a similar discharge model to estimate release

(discharge) rates from a given pressurised vessel.

In the new HGSYSTEM version 3.0, AEROPLUME replaces the PLUME model which was
available in the first plublic domain release. HGSYSTEM version 1.0 (also called NOV90
version). PLUME could only deal with ideal gas releases.

In Chapter 5.A, the AEROPLUME implementation in HGSYSTEM version 3.0 is discussed in

considerable detail.

AEROPLUME, HFPLUME and the old PLUME model, all share the same basic plume
development description. This basic plume model is discussed in Chapter 5.B. In this chapter
also validation studies for the HGSYSTEM piume models are discussed.

The main difference between AEROPLUME and HFPLUME (and PLUME) is the thermo-
dynamical description of the released fluid. Also the way in which the thermodynamical
relations are solved is different in AEROPLUME and HFPLUME. This is discussed in
Chapter 5.A., paragraph 5.A.7.

As HFPLUME is very similar to AEROPLUME, apart from the thermodynamics, there is no
separate discussion of HFPLUME in this Technical Reference Manual.
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S.A. THE AEROPLUME MODEL

5.A.1. Introduction

The module in HGSYSTEM version 1.0 (or NOV90 version) describing steady-state
pressurised releases of a non-reactive pollutant, PLUME, has been updated considerably for
use in HGSYSTEM version 3.0, resulting in the newly named AEROPLUME model.

This chapter provides details about the implementation of the AEROPLUME (version 1.4)
module of HGSYSTEM version 3.0. AEROPLUME can be used to simulate the jet (plume)
development of a release, from a pressurised vessel or from a stack, of a mixture of several
non-reacting compounds, which can form one or more single or multi-compound aerosols.

AEROPLUME is in fact the result of combiring the multi-compound, two-phase thermo-
dynamical model as described in Chapter 2.A. with a PLUME (HFPLUME) jet description.

After a general introduction into the AEROPLUME code, the aerosol algorithms will be
summarised, then the reservoir and the post-flach calculations will be reviewed and finally a
summary of the equations describing the jet development will be given.

In Chapter 5.B, the general plume or jet description developed for the old PLUME model, is
given. This chapter gives more details on the plume relations as discussed in paragraph 5.A.7
of the current Chapter 5.A.

Detailed information on AEROPLUME input parameters can be found in the AEROPLUME
chapter of the HGSYSTEM 3.0 User's Manual.

Please note that the HFPLUME model in HGSYSTEM is simply an HF-specific version of the
AEROPLUME model. The basic discharge model and jet description are very similar to the
one described in the current chapter. For this reason, HFPLUME will not be described
separately in this Technical Reference Manual. HFPLUME input parameters are described in
the HGSYSTEM 3.0 User's Manual.

5.A.2. The AEROPLUME code
Within the AEROPLUME code several main program blocks can be distinguished.

First there are the specific thermodynamic routines which contain the multi-compound aerosol
model. These routines calculate the plume thermodynamic variables, the reservoir state and
the post-flash or stack conditions. The structure is completely modular in the sense that the
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thermodynamic routines are completely separated from the routines calculating the plume

development. The only communication is via the parameter lists.

The second main block consists of the routines to calculate the jet (plume) development. These
are basically the same routines as used in the old PLUME model (HGSYSTEM version 1.0)
and in HFPLUME. They contain, among other things, the entrainment models, the geometry
model and the plume integration routines which describe the position and composition (air
and pollutant) of the plume as it travels onward from its release point.

The original jet development description as used for the old PLUME model can be found in

Chapter 5.B.
In the current chapter the specific AEROPLUME implementation is discussed.

Two of the solved variables are the plume enthalpy H and the total mass flow rate (pollutant
plus mixed-in air) m (see paragraph 5.A.7). Together with the pollutant mass flow rate (or
discharge rate), which is a constant, these variables are communicated to the thermodynamic
routine in which the complete thermodynamic state of the plume at the current position is then
calculated. The plume density and temperature and the pollutant concentration are output from
the thermodynamic routine. Only the plume density is actually being used by the plume
integration routines as will be discussed in more detail in paragraph 5.A.7.

A third main block contains the routines describing the thermodynamic state of the ambient
atmosphere as a function of height, given the stability class and a set of reference values.

A last block that can be distinguished contains the input and output routines.

Because the thermodynamics is now built in a systematic, modular way, it should be a
straightforward task to replace the current thermodynamics model by another one if required.

Finally it should be noted that it is still possible to run AEROPLUME in the vapour-only
mode (i.e. the old PLUME model), but condensation of ambient water is now fully taken into

account.

5.A.3. Summary of the aerosol algorithm
A more detailed exposure of the HGSYSTEM multi-compound, two-phase acrosol model can

be found in Chapter 2. The formulation as given in this chapter is as used in HEGADAS and
HEGABOX. AEROPLUME uses a slightly different formulation as will be discussed below.

5-4
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onsider a mixture of N chemical compounds which in principle can form M aerosols. Aerosol
B(PB=1,2,.,M), when actually formed, will contain the compounds o where
o=nf+1,.., 08 (0=n°<n' <., <n*= N). See Chapter 2 for more details.

Thus any combination of single compound and multi-compound aerosols is possible.

A slightly modified version of the general solution algorithm for the aerosol equations as
given in Chapter 2.A.

The set of equations, occurring in the innermost iteration loop of the aerosol algorithm, from
which the mole fraction liquid LP of each aerosol f§ that forms is calculated, is solved using the
non-linear algebraic equation solver NAESOL [1]. The solver proves to be very robust: the
solutions for the L#'s are found without any convergence problems.

The modification made to the algorithm as proposed in Chapter 2, concerns the handling of
the singular point at T = 0° C (273.15 K) where a phase change of liquid water to ice takes
place, if any water is present in the mixture.

To prevent a discontinuity occurring in the enthalpy H at 0° C, because of the ice formation
term, a melting range [T,,T,) has been introduced, where T, < 0° C and T, > 0° C. Within this
melting range the enthalpy changes linearly from its value at T, to its value at T, and thus
effectively the sharp jump has been removed. This was necessary because during the jet
development calculations the former discontinuity gave rise to convergence problems of the
solver of the differential equations involved. In the present implementation T, = - 0.15° C and
T,=+0.15°C.

When calculating the overall aerosol mixture density, in the original formulation (Chapter
2.A.), the volume of the liquid phase is neglected. Within a pressurised release context
however, this is no longer a valid simplification as liquid mole fractions can be high.
Therefore the overall mixture density p in AEROPLUME is calculated as follows:

M

p= (1
< Mu'Yuf _ ROT
{Z-——+(1 L) b }

a=1 af

where M is the mixture molar mass, M, the molar mass of compound 0., y, the molar
fraction within the mixture of the liquid phase of compound @, p_, is the liquid density of
compound o, L is the overall liquid mole fraction of the mixture, R, the universal gas

constant, T the mixture temperature and P the mixture (vapour phase) pressure.

Copyright American Petroleum Institute 5-5
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS

Not for Resale



STD.API/PETRO PUBL 4kL3L-ENGL 1995 WM 0732290 0b25042 22y [ |
HGSYSTEM Technical Reference Manual

Of course the first term within the curly brackets is associated with the liquid volume and the
second term with the vapour volume, assuming ideal gas behaviour.

The mixture molar mass M is found from

M=Yy, M, @

o1

where y,, is the mixture mole fraction of compound c.

5.A.4. The reservoir state calculation

Within the context of two-phase fluid storage and discharge, it is important to emphasise that
the reservoir conditions being used should be representative of the fluid conditions in the
immediate neighbourhood of the discharge orifice. The aerosol model in fact uses a pseudo-
one-phase approach: liquid and vapour are assumed to be h=omogeneously distributed in terms
of the vapour-liquid ratios. Single liquid droplets can rot be distinguished and a droplet size

distribution is not being used.

For a given situation the user should realise that the location of the orifice can strongly
influence the liquid-vapour ratio of the discharged fluid. E.g. if in a reservoir filled with
propane half of the volume is occupied by liquid propane and the other half by propane
vapour, depending on the location of the discharge orifice either a pure liquid release or a pure
vapour release would occur. It is the user's responsibility to supply the correct reservoir
conditions. The code will give details on the reservoir state and on the post-flash state to
enable the user to check if the correct case is being simulated.

From the user-supplied reservoir conditions (temperature and pressure) and from the user-
supplied mixture composition (compound names and mole fractions) the equilibrium reservoir
state can be calculated using a simplified version of the aerosol algorithm as mentioned above.
The simplification lies in the fact that the temperature T is now given. Instead of a double
iteration loop to calculate T and the LP's, a single loop for the L¥'s only, is being used.

Again, the algorithm proves to be very robust.

When using the aerosol thermodynamics model, the user has the option not to specify the
reservoir pressure. In this case the AEROPLUME program will calculate the reservoir mixture
saturation pressure at the (user-supplied) reservoir temperature T, using Raoult's law as

follows

Psal.mix = Z Yoo Psax.a (Tres) (3)
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where y, is the mixture mole fraction of compound o and P_ (T) is the saturated vapour

sat.o
pressure of compound o. It is assumed in (3) that the sum of the molar fractions y,, is 1.

The reservoir pressure is then set to this saturation pressure.
It is thus assumed that all compounds o are in the liquid-only state. If this assumption is

reasonable, then relation (3) will give a reasonable reservoir pressure.

3.A.S. Calculation of post-flash conditions

To initiate the actual jet development calculations, the initial post-flash jet properties are
calculated from the reservoir state and the user-supplied orifice diameter and discharge mass
flow rate. These properties are: Uy, Hy,,, and Dy, which are velocity, enthalpy and diameter
of the jet respectively.

From these the thermodynamic (aerosol) model gives values for the temperature Ty, and
density pg,q.

The pollutant concentration is taken to be 100 % as air entrainment is assumed to be
negligible during this initial flashing process.

The calculation consists of two parts. First an adiabatic and frictionless acceleration of the
(stagnant) reservoir fluid to a point just outside the orifice is assumed. Vapour and liquid
velocities are assumed equal. There is no inter-phase heat exchange.

The maximum possible mass flow rate is calculated using choked flow relations and some
vapour is assumed to be present in all cases, because for a liquid only mixture (L = 1) there is
no limitation to the mass flow rate (frictionless flow). The vapour phase is assumed to behave
as an ideal gas.

It is also assumed that the mixture liquid-vapour composition does not change during this
(rapid) acceleration phase (frozen equilibrium). The fluid velocity and enthalpy just outside
the orifice or stack are denoted by U, and H,, respectively and the local fluid pressure there is
P,

The second part of the calculation is called the ‘'flashing' of the mixture: the new
thermodynamic state of the mixture is calculated using the full aerosol algorithm, assuming
that the pressure decreases from P, to the ambient atmospheric pressure P_. At this stage the
liquid-vapour composition does change and the post-flash fluid properties as mentioned above
are then calculated.

Copyright American Petroleum Institute 5-7
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale



STD.API/PETRO PUBL 4b3b-ENGL 1995 mm 0732290 0ObL250u44 OT7? =
HGSYSTEM Technical Reference Manual

More details about the actual relations being used will now be given below.
To describe the adiabatic and frictionless acceleration from the reservoir to the stack two basic

equations are used. Momentum conservation gives

dP/p+d(U*/2)=0 C)
and energy conservation gives

H_=H+U’/2 (5)
These relations are valid at every point between the reservoir and the orifice.

During the acceleration process the vapour phase of the mixture, assumed to be an ideal gas.

will experience adiabatic expansion and thus

P-pY =Cst (6)

where 7 is the ratio of the specific heats of the vapour, i.e. ¥ = ¢/c, and p, is the vapour

density.
The liquid density is nor affected by the change in pressure.

Integrating (4) and using (1) and (6), U?/2 at any point between reservoir and stack is found to

be equal to

N

zMu'Yul
v Pe 1-L ( 1 1) -

=2l o (P -P)+ _—
PP

as-res g

where the auxiliary variables a, and a, ., are given by

M
a = 8a
R (8a)
M .
a .= (8b)
& RO'Trcs

5-8

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



STD.API/PETRO PUBL 4b3b-ENGL 1995 mm 0732290 OkL25045 T33 W
HGSYSTEM Technical Reference Manual

To find the maximum mass discharge rate, it can be seen that this is equivalent to finding the
maximum of p-u (discharge area is constant) or (equivalently) the maximum of p*-u’, all as
function of p. Thus the equation to be solved is

—(p*-U*)=0 9)

When working out this constraint by using (7), it is found that for the maximum discharge rate
occurring at the choke pressure P and choke velocity U the condition

2
“‘L)'Ro‘T-l.(p'U) -1 (10)

M Yy \ P
holds, which is valid together with relation (7).

Note that for L = 1 (liquid-only mixture) this relation (10) no longer holds: for a frictionless
flow the liquid-only mass flow rate is not limited.

Using the NAESOL package[1], the set of equations (7) and (10) can be solved for P and U
when using the adiabatic expansion relation for an ideal gas to calculate T

1-ify
T (P
T—-[r) ah

res

It is the vapour phase of the mixture which can limit the mass flow rate to the choked flow
value, and equation (11) is used to take a temperature drop during expansion of the vapour
into account because this will significantly influence the value of the maximum (choked) mass
flow rate. Using (11), the heat exchange between the two phases (liquid and vapour) in the
mixture is being neglected.

Once U is found, the maximum mass flow (discharge) rate, m,,,, dictated by choked flow, is
equal to m_, = A, -U-p, where A, is the orifice surface area (= &t- D2, /4).

It is interesting to consider the alternative approach which replaces the condition of maximum
mass flow rate (9) by the condition that the maximum mass flow rate occurs when

U=C (12)

Copyright American Petroleum Institute 5'9
Provided by IHS under license with API

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



STD.API/PETRO PUBL 4b3L-ENGL 1995 mWE 0732290 0OL2504k 97T ]
HGSYSTEM Technical Reference Manual

where C is the local speed of sound in the two-phase mixture. An expression for C given by
Wallis ([2]. equation 2.51) is used

1 v I-v .
E:T=(V'Pg+(l—v)'9f)'( 'C2+p,~C$J (13)

g &

where v is the volumetric void fraction (volume fraction vapour in the mixture) and C, and C,
the speeds of sound in the gas and liquid phase respectively and p, and p, the respective

densities.

Now substitute for the speed of sound in the vapour phase, C,, the well-known expression

valid for ideal gases

2 P
C=y— (14)
Pe

To express v in mass fractions some auxiliary relations are needed, it can be seen after some

manipulation that

- p,(l—X)
T 1=X)+p, X (152)

where X is the mass fraction liquid in the mixture.
X can be expressed in terms of L by the relations

{;Mu Y
X =} p i
L o=t FPor (15b)
P M
and
1-X R, T
=(1-L)- =2 15¢c
o (1-L)-TH (15¢)

At this point (and not earlier!) the limit for C, going to infinity is

-P2-M
U2=C2= Y 16
(1-L)-R,-T-p’ (1)
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which is identical to (10).

Thus the maximum mass flow rate constriction is equivalent 1o the constriction U = C, which
is a well-known result for ideal gases but is shown here to hold for two-phase flow also.

However, given the fact that the whole concept of speed of sound for two-phase fluids is
unclear, this result should be considered to be merely a (nice) coincidence. The only correct.
unambiguous, way to derive equation (10) is to use the maximum mass flow rate argument.
i.e. start from equation (9).

For the special case of a vapour only mixture (L = 0, X = 0 and v = 1) the following relations

are valid
e
P=Pm-(——) (17a)
1+vy
and
2
E_ = Y Pres (1 7b)
2 1+ P

Thus for this case an analytical solution for the set of equations (7) and (10) is available and
the numerical code NAESOL is not needed to find U and P.

If the choke pressure turns out to be less than the ambient pressure P, , then the maximum
mass flow rate is calculated based on the assumption that P = P_. In fact unchoked flow
occurs in this case.

The AEROPLUME code checks if the user-specified mass flow rate is admissible (i.e. less
than the maximum mass flow rate as calculated above) and if it is, then the stack conditions
U, P, p., and D, are calculated by solving the mass conservation equation

Astk'pst.k'Ustk =m (18)

and equation (7) simultaneously.
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In general m is the plume mass flow rate, but before the actual plume calculations have
started m 1s equal to the pollutant release rate (in kg/s) because no ambient air has been

entrained into the plume yet.

If P, is less than the ambient pressure then the AEROPLUME code halts with an error

message and the user should modify either rh or the reservoir conditions.

The enthalpy H,, is calculated using (5)

2
H, =H, - (19)

res
2

st

From (19) it can be seen that for high orifice velocities H,, can become large negative. It even
can occur that H,, falls below a physically acceptable minimum value (dictated by T > 0 K).
The code calculates the minimum value of H for the current mixture composition and halts

execution if H, is less than this minimum value.

If H,, is acceptable then the actual flash calculation is started: the new thermodynamic state of
the mixture, when the pressure has dropped from P, (always > P, ) to P,_, is calculated. In

general, the liquid-vapour ratio will change during flashing.

The velocity after depressurisation is calculated to be

Ugan = Ui ML (20

P - Uslk

which follows from a control volume analysis, valid for (assumed) one-dimensional flow and
considering momentum-flux. It is not assumed that the cross-sectional area remains constant

during depressurisation.
The enthalpy of the post-flash mixture is then simply

2
Hﬂash =Hns—%£h- (2])

Again the code checks whether Hy,,, exceeds the minimum value.

The value of the enthalpy H,,, together with the fact that the jet is assumed to be pure
pollutant (no entrained air yet) completely determine the thermodynamic state of the post-
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flash jet and ‘this state is calculated using the standard aerosol thermodynamic routines.
Density, temperature and liquid mole fraction are thus calculated.

The diameter of the post-flash jet is calculated by

4-th

D} =— "
flash
T Pash * Upan

(22a)

This completes the post-flash jet state calculation.

Please note that instead of the release from a reservoir scenario, the user has the option of
simulating a vent stack problem using AEROPLUME (see information on input parameters in
Appendix A). In this case the reservoir and post-flash calculations, as discussed in paragraph
5.A.4 and 5.A.5, are skipped and the post-flash velocity U, is calculated directly from the
pollutant mass flow rate m, stack release temperature T, and the stack diameter D_, (all three
user-specified), by simply using

4-th

Uy, =—m
et n'pstk'Ditk

(22b)

The density of the stack release, p,,, is calculated by AEROPLUME using the full
thermodynamic model and assuming that the stack release mixture has the user-specified
temperature T, and is at the ambient atmospheric pressure P, . This also gives the value of
the pollutant stagnation enthalpy at the stack and Hg,, is found from relation (21) with H,
being replaced by the stack stagnation enthalpy.

This option was introduced to simplify the use of AEROPLUME for stack simulations where
the concept of a reservoir is not applicable (i.e. the old PLUME scenario).

5.A.6. Discharge rate specification

From the discussion above (paragraph 5.A.5), it follows that the user can specify any pollutant
discharge rate (mass flow rate) that does not exceed the maximum possible discharge rate as
dictated by the AEROPLUME discharge model.

However, it is not always easy to predict the discharge rate for given reservoir conditions and
orifice dimensions. Therefore the user of AEROPLUME has the option not to specify the
pollutant mass flow rate and in this case the code will use a literature correlation to fix its
value. Again it is noted that at the start of the plume calculation, the plume mass flow rate
is equal to the pollutant mass flow rate, as no ambient air has been entrained yet.

-
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A value of m that follows from AEROPLUME's own discharge model is also printed out to
give the user more information on the possible range of values and enable him to make a

reasonable choice for the actual value of m to be used in the simulations.
For a gas-only release the discharge rate used by the program is simply the (maximum)
discharge rate found for an ideal gas (either choked or unchoked) which the AEROPLUME

discharge model will calculate.

For choked vapour only flow, using relations given above, the discharge rate is

2 %‘1-1) Y '
Ii’l-:ch'Astk'( ) '(——J'Vz'pres'Pres (23a)

1+y 1+y

and for unchoked vapour only flow, using ideal gas relations

. } Y Pim v
m=CgD'Aslk' _'Y——'—l 2'pres‘Pms' (fes—)

The vapour discharge coefficient C§ has a default value of 1.0, but the user of the

AEROPLUME model can override this value if necessary.

—[E—"") ! (23b)

For a two-phase release, first the mixture saturation pressure P, is calculated as

N

Zyal 'Psat.u(T)
P, =2— (24)
éyuj

sat

where y,, is the molar fraction within the total mixture of liquid compound o and P (1) is

the saturation pressure of compound o at temperature T.
This relation is based on Raoult's law and should be compared with relation (3). Note that in
(3) the sum of the molar fractions is always 1, but in (24) the sum of the y, is not necessarily

equal to 1.

If P, is less than P, then the liquid mixture is subcooled even at atmospheric conditions and

no flashing will occur at the exit.
From Fauske and Epstein [3] a Bernoulli-like expression for the discharge rate is found
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m(t)=-Cp-A-y2-p,(1)-(P()=P,,) (25)

where p, is the density of the liguid in the reservoir. The liquid discharge coefficient C, has a

default value of 0.61 [3], but again the user can override this value by setting a SPILL input
parameter.

When P, exceeds P, i.e. the liquid mixture in the reservoir, which is subcooled at reservoir
conditions, is not subcooled at atmospheric conditions, then a distinction must be made
between reservoir conditions that are near the saturation point and those that are not.

If |P(t)-P,

> 10-P_, (reservoir conditions far from the saturation point) then following [3]

m(t)=-Cj-A-y/2-p, [P()-P,, (26)
If |P(t) s,'| <0.1-P_, (reservoir conditions near the saturation point), [3] gives

. p 1

fa(t)=-C. - A- | l @7)

dv/dpP

where v = 1/p (m¥kg) is the specific volume of the mixture. The term is estimated,

dv/dP

following [3], by

Idv/dl ( )/(T .C,,) (28)

where h,,, (J/kg) is the heat of vaporisation, Av,,, (m*/kg) the change in specific volume going
from the liquid to the vapour state, C_, (J/(kg-K)) is the specific heat of the liquid mixture and

T (K) s the reservoir temperature.

For the intermediate stage, 0.1-P, < [P(1)-P, | < 10-P,

previous cases is used. Let FACTOR, TERM1 and TERM2 be defined by

linear interpolation between the two

sat —

lP(t)—PmI

FACTOR = (29)

sat

TERM1=2-p,-[P(t)-P,| (30)
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TERM2 =

1
31
dv/dP‘ G

Define the variable TERM3 by using linear interpolation between TERM1 and TERM2 using
FACTOR, that is

TERM3 = TERM2 + (FACTOR — 0.1) LRt - TERM2 (32)
10.0-0.1

and the reservoir mass discharge rate when 0.1-P,, < |P(t)—P,,| < 10-P,,, is given by

m(t) =-Cj - A-JTERM3 (33)

This linear interpolation procedure for the case where 0.1-P,, < [P(1)-P,, | < 10-P, is found to

give more satisfactory results than the recommendation in [3] , the latter being equivalent.to
taking TERM3 = TERM1 + TERM2.

Please note that the mass discharge literature correlations and the definition of P, used in
SPILL and AEROPLUME are completely identical. The SPILL model is discussed in Chapter
3.

The AEROPLUME code will use the appropriate correlation to specify m if the user does not
specify m himself. However if the discharge rate given by the correlations exceeds the
maximum mass flow rate as calculated by the AEROPLUME discharge model, then m will be
set to the value of this maximum mass flow rate. All relevant calculated mass flow rates are

given in the AEROPLUME output messages.

Also note that when following the vent stack scenario (no specification of reservoir conditions
but specification of the stack release temperature instead) the user must specify a positive
value for the mass flow rate to completely prescribe the release conditions. In this case (no
reservoir and discharge calculations) any mass flow rate is acceptable as there is no choked-

flow mass flow rate restriction.

5.A.7. Plume development model
The development of the plume as it travels from its release point through the ambient

atmosphere, including touchdown with the ground surface, is described by a mathematical

model as given in Chapter 5.B.
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In the current AEROPLUME code, a set of 4 algebraic and 10 first order ordinary differential
equations is used to describe the plume development. This set of equations is different from
the one used in the old PLUME model or in HFPLUME. because the thermodynamic
equations are no longer solved coupled with the plume integration ones, but they have been
separated out into the specific thermodynamic routines as discussed earlier. See Chapter 5.B.
for more details on the general PLUME and HFPLUME jet formulation. Furthermore. the
temperature T is no longer being used as a basic variable, but the enthalpy H instead. And
finally, as the thermodynamic routine calculates the pollutant concentration, using the total
mass flow rate and the pollutant mass flow rate, it is no longer needed to have the pollutant

concentration as an explicit variable in the plume integration system, as was the case in
PLUME and HFPLUME.

For completeness sake the complete set of equations governing the plume development is
given below.

The fourteen basic plume variables used are: enthalpy H, velocity U, diameter D, inclination

with respect to the horizontal ¢, ambient velocity U, ambient pressure P, , ambient

atm*
_ temperature T,_, total mass flowrate m, excess energy flux E, excess horizontal momentum
~ flux Px, excess vertical momentum flux Pz, horizontal displacement X, plume centroid

height Z and finally time t.

All variables are plume-diameter-averaged. This is the 'top-hat' approach as mentioned in
Chapter 5.B.

The time t is not needed for the actual AEROPLUME calculations, but the total elapsed time
(release duration) is communicated to HEGADAS if a link between the two programs is being
made.

The fourteen equations are now given; first the four algebraic constraints, then the ten
ordinary differential equations.

Conservation of mass
m=A(D,Z,¢)-p-U @

where the plume surface area A(D,Z,9) depends on the plume state (airborne, touchdown or
slumped) as discussed in Chapter 5.B.
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Note that the plume density p is not one of the solved variables, but is calculated within the

thermodynamic routine which is called every time the thermodynamic state needs to be

updated.
Conservation of excess horizontal momentum

Px =m-(U-cos(g)-U,, ) (1)
Conservation of excess vertical momentum

Pz =rh-U-sin(®) (1IT)

Conservation of excess energy

2 2
E=r'n-(H+-g——Hm—-%‘-J Iv)

where H__ is given by a standard atmospheric correlation.

Next, three differential equations describe the change in atmospheric state variables as the

plume travels along.

—d[;;"“ = —d;jz’" -sin(@) )

dp .

—m — _p .g-sin(Q) (VD
ds

where U, s Pum and LY are given by standard atmospheric correlations. The parameter s

is the integration parameter along the plume axis. Finally, g is the acceleration of gravity.

Next, the differential equations describing the change of the four conserved physical quantities

(mass, horizontal and vertical momentum and energy) are given.

Als) (VIID)

idd? = Entr,
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where Entr,'? is the amount of ambient air entrained by the jet as given by the entrainment

model as described in Chapter 5.B.

dE (de du
w ot [ Bam
dz dz

— +U, -—am g g]- sin(®) (IX)
ds

dH__ . . .
where dé‘“‘ 1s again given by a correlation.

%P_x = —Shear — Drag, — Impact, (X)
s

* Shear, Drag and Impact are the forces working on the plume. For details see Chapter 5.B.

abx

= —Buoy - Foot — Drag, — Impact, XD

where again expressions for Buoy and Foot are given in Chapter 5.B.

Finally there are three simple differential equations describing displacement, height and time
development.

-d—X- =.cos(P) (X1I)
ds

“ = sin(®) (X1ID)
ds

d 1

— = XV
ds U (XIV)

This complete set of fourteen equations is solved using the SPRINT package [4] in the same
way as in PLUME and HFPLUME.
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5.A.9. Notation

surface area (m?)

speed of sound (m/s)

discharge coefficient (-)

diameter (m)

excess energy flux (J/s)

acceleration of gravity (m/s?)

enthalpy (J/kg)

mole fraction liquid in aerosol mixture (-)
molar mass of mixture (kg/mole)

number of aerosols in mixture

mass flow rate or discharge rate (kg/s)

total number of compounds

pressure (Pa)

excess horizonta]l momentum flux (kg-m/s?)
excess vertical momentum flux (kg-m/s?)
universal gas constant (8314 J/(kmole-K))
distance along plume axis (m)

temperature (K or °C)

time (s)

plume velocity in direction of plume axis (m/s)
specific volume (m3/kg)

mass fraction liquid (-)

horizontal plume displacement (m)

molar fraction (-)

plume centroid height (m)

ratio of specific heats (c/c,) for ideal gas (-)
plume inclination with respect to horizontal (°)
plume density (kg/m?)

-o.e-eN'~<><><<c;'-‘-—]w°7:;u-;:-"vzg.§§l—‘mﬂ° m o 0N o
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v volumetric void fraction (-)

Subscripts and superscripts

atm ambient atmosphere
o compound indicator
flash post-flash
g vapour (gas) phase of a two-phase mixture
{ liquid phase of a tvo-phase mixture
res reservoir
sat saturation
stk stack, orifice
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5.B. DEVELOPMENT OF PLUME AND JET RELEASE MODELS

5.B.1. Introduction
This chapter sets out the basic formulation and structure of the plume models PLUME.

AEROPLUME and HFPLUME. The model describes initial jet flow, elevated plume. plume
touchdown, and gravity-slumping following a pressurised release of an ideal gas (PLUME) or
a two-phase multi-compound mixture (AEROPLUME) or an anhydrous hydrogen fluoride
(HFPLUME).

PLUME and HFPLUME are available in version 1.0 of HGSYSTEM (NOV90 version). In
version 3.0 of HGSYSTEM, PLUME has been replaced by AEROPLUME.

The HGSYSTEM plume models are comprehensive models of dispersion in the near-field.
Prediction of far-field dispersion requires that these plume models be 'matched’ (linked) either
to a heavy gas dispersion model, such as HEGADAS-S, or else, for neutral or buoyant
releases, to a passive dispersion model PGPLUME. See relevant Chapters on these far-field
models in the HGSYSTEM documentation.

Previous work (Ooms 1972; Wheatley 1987a, 1987b); Forney and Droescher 1985; Birch and
Brown 1988; McFarlane 1988; Raj and Morris 1987) on dense and buoyant plumes, two-
phase and pressurised gas jets, reactive and ground-affected jets, supported the view that
predictions accurate in context could be obtained by means of an essentially simple, one-

dimensional, integral-averaged model.

The plume models have been validated against thermodynamic data for HF/moist-air systems
(Schotte 1987, 1988); their entrainment formulations have been checked against observed
dispersion of buoyant (Peterson 1987) and dense (Hoot, Meroney and Peterka 1973) (ideal)
gases, and against (atmospheric) releases of liquid propane gas (Cowley and Tam 1988,
McFarlane 1988).

The two-phase model AEROPLUME has been validated using data of liquid propane releases
(Post 1994).

In addition the model combination HFPLUME/HEGADAS-S has been used (Chapter 7.A.) to
simulate large-scale experimental releases of anhydrous hydrogen fluoride (Blewitt, Yohn,
Koopman and Brown 1987; Blewitt, Yohn and Ermak 1987; Blewitt 1988).

The indications are that the plume models are satisfactory predictors of the early dispersion
(plume rise, fall, touchdown, and early slumping) of a dense, neutral, or buoyant release.
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5.B.2. The Stages of Plume Development

Prior to the development of the HGSYSTEM plume models, specifically for the HFPLUME
model, we conducted a literature review in order to determine whether any existing model
could be adapted to simulate a jet of anhydrous hydrogen fluoride (HF). The following sub-
sections describe the results of that review for a number of models. The discussion is
presented for the various zones of importance: external flashing, flow establishment, airborne
plume, touchdown plume, slumped plume, and the far field.

From point of release to the far-field a dense plume passes through a series of
(phenomenological) stages. These stages form the basis of the computer based models
AEROPLUME, PLUME and HFPLUME: the identification, sequence, and characteristics of
these stages is therefore of considerable importance. This section should make clear the need
for a careful selection of literature available models, and for their extension to cover regions
not previously considered.

External Flashing

Consider a pressurised release of an evaporating liquid (say HF). Such a release forms at the
orifice a narrow zone in which take place pressure relaxation and violent 'flashing’. 'Flashing'
is the sudden and disruptive evaporation of superheated liquid in response to a sharp fall in
fluid pressure. This results in prompt atomisation of any residual liquid and in the
development of a two-phase flow. This stage of plume development is extremely complex.

Fortunately details of 'flashing' flow are not needed: it is sufficient to 'bridge’ this zone by
means of integral conservation laws and by assuming that air entrainment during flashing is
nfegligible (Wheatley 1987a, Raj and Morris 1987). The flashing zone ends when approximate
thermal equilibrium, ambient pressure, and negligible inter-phase slip between vapour and
liquid (droplet) phases are established. The velocity profile is roughly uniform; the cross-
section may be assumed circular; deflection due to ambient pressure in cross-flow is typically
negligible (Figure 5.1).

Flow Establishment

Immediately beyond the flashing zone there exists a second zone 'of flow establishment’: air
entrainment as the result of shear-induced turbulence results in the progressive dilution of the
evaporating liquid jet, and in the radial diffusion of air towards the plume centre-line.

The flow is described by an unperturbed 'core' region, which diffusion of air has not reached,
and by an axi-symmetric ‘outer’ region, in which turbulent diffusion has resulted in a near
Gaussian distribution of entrained air. This zone ends with the complete 'erosion' of the core
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region and with the establishment of approximately self-similar conditions within the flow.

The cross-section may be assumed circular (Figure 5.2).

Generally this region is either neglected (Raj and Morris 1987; Hoot, Meroney and Peterka
1973; Forney and Droescher 1985), or else considered in conjunction with such effects as
stack 'downwash' (Hanna 1982; Ooms 1972; Havens 1987) and represented by an empirically
derived correlation (Keffer and Baines 1963, Kanatani and Greber 1972). The discussion
follows an analysis of Albertson Dai, Jensen and Hunter Rouse (1948), and of Abramovich

(1963).

Airborne Plume
Following flow establishment, plume development is described by the interaction of plume,

ambient wind, and buoyancy effects: the influence of the ground, except as a generator of
ambient turbulence and of wind-shear is negligible.

This is the simplest of all the stages of plume development: nonetheless it is not without
controversy. Arguments exists over the level of description necessary: whether Gaussian
(Ooms 1972; Ooms and Duijm 1983; Petersen 1986; Schatzmann 1979) or 'top-hat' (Hoot,
Meroney and Peterka 1973; Forney and Droescher 1985; Davidson 1986) models are
preferable; whether the effects of gradients within the atmosphere need be considered
(Schatzmann and Policastro 1984); and whether or not significant 'drag’ forces act upon a
plume in cross-wind (Briggs 1984; Ooms 1972; Schatzmann 1979, Hoult, Fay and Forney
1969; Coelho and Hunt 1989). ’

Several different formulations for the crosswind entrainment have been proposed and checked
against experimental data (Peterson 1978, 1987; Schatzmann 1978, Spillane 1983).

Even the basic formulation of the equations of motion has resulted in discussion (Schatzmann
1978, 1979; McFarlane 1988), and in the use of special devices, such as plume 'truncation’ and
dilute gas thermodynamics (Ooms 1972, Petersen 1978).

The cross-section is generally assumed to be circular; the flow axi-symmetric. However the
presence of trailing vortices in cross-flow, and the cumulative effect of differences in vertical
and horizontal diffusivity in the undisturbed atmosphere, will result in asymmetry and
ultimately in an elliptic cross-section (Bloom 1980; Li, Leijdens and Ooms 1986). The role of
dilute plume asymptotics in allowing estimation of certain entrainment coefficients from
plume-rise and other data should be emphasised. Such early work as that of Briggs (1975) in
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the development of semi-empirical plume-rise correlations based on such analyses should not
be neglected. (Figure 5.3).

Touchdown Plume
Dense plumes must ultimately drift to ground or at any rate expand as the result of
entrainment so as to intersect the ground surface.

The ground interacts with a descending plume in several ways. First it acts as a geometrical
constraint resulting in the redistribution of plume material. Second the ground allows the
development of pressure forces as the result of pre-existing vertical momentum within the
plume. These are impact forces resulting in the conversion of vertical to horizontal
momentum. Third the ground permits the development of internal pressure within the plume
as the result of gravity-slumping, in which the transverse motion of a gravity current is driven
by an internally generated pressure acting at the ground surface. Finally drag forces must act at
the ground as the result of differences in horizontal speed between plume and ambient wind.

In this region a transition must be made between a circular cross-section appropriate to an
airborne plume, and a semi-elliptical (say) cross-section appropriate to an advected heavy-gas
plume resting upon the ground (Figure 5.4). The touchdown region is described by a cross-
section in the form of a circular segment. The region ends when a semi-circular cross-section
first develops.

This transition region is neglected by Havens (1987, 1988a) following Ooms (1972) and
Ooms and Duijm (1984), as well as (inter alia) by Bloom (1980), by Schatzmann (1979) and
by Raj and Morris (1987).

No previous model exists which attempts to make a smooth transition from airborne dense to
advected slumped plume. Limited experimental evidence does exist in the form of an
unpublished study of dense salt water plumes (Karman 1986). In addition photographic
evidence collected but not published by Hoot, Meroney and Peterka (1973) may form a useful
data set for model validation.

Slumped Plume

Following touchdown the plume cross-section may be assumed semi-elliptic. Changes in
plume eccentricity (aspect ratio) accommodate gravity slumping and the influence of residual
ground-drag and impact pressure-forces. Vertical motions will be small compared to
horizontal (Figure 5.5). An asymptotic approach, based on assumed horizontal flow,
prescribed air entrainment, and a representation of gravity-spreading, is therefore possible.
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Such a model is that proposed by Raj and Morris (1988) for dense plumes released
horizontally at or near ground-level. The model incorporates jet entrainment, ground drag, and
a formula for dense-gas gravity spreading. This model is (however) not valid for buoyant
slumped plumes; neither is an interface for initially vertical releases provided.

Havens (1988) does not attempt to deal rigorously with the transition zone, for which
horizontal momentum may be significant, but rather makes a simple transition from first
plume/ground contact to heavy-gas advection. It may be questioned whether such a transition

is physically appropriate.

The Far-Field

Ultimately differences in velocity between (heavy-gas) plume and ambient atmosphere must
become negligible, so that the representation of the HGSYSTEM plume models or that of Raj
and Morris (1988) must merge into a heavy gas dispersion model such as HEGADAS. This is
accomplished (Chapter 7.A, section 7.A.4.2.) by means of asymptotic matching.

Alternatively for asymptotically buoyant plumes a transition may be made directly to a passive
advection (Gaussian) model such as PGPLUME (Chapter 6, Hanna 1982). It is also possible
to incorporate the observed horizontal and vertical diffusion for a passive plume into the near-
field formalism (Bloom 1980, Disselhorst 1984). This procedure is computationally costly; its

advantage over simple matching unclear.

Curiously for horizontal slumped releases Raj and Morris (1988) are content to use their
grounded jet model throughout the heavy-gas advection region, matching ultimately with a
passive advection model (Figures 5.6, 5.7). This procedure fails to make use of well-validated

models for heavy-gas dispersion.

To summarise: a review of the literature revealed clear gaps in existing models of early plume
dispersion. These relate particularly to complex thermodynamics, to plume touchdown, and to
the dispersion on the ground of possibly buoyant possibly dense clouds, such as arise for
example from the interaction of HF and moist air. There was need of a consistent
fundamentally-based model capable of describing all of the stages of plume development. No
such formalism existed prior to the development of HFPLUME. It is to the development and
validation of such a comprehensive model that this Chapter is addressed.

5.B.3. Control Volume Analysis: Basic equations of Motion
Consider a steady plume or jet issuing from a pipe break at pressure and at an angle to the
horizontal. The atmosphere into which a release takes place is in a state of steady turbulent
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flow and has a mean wind-speed which is both horizontal and aligned with the horizontal

component of the released jet. This last assumption is inessential, and is introduced to

simplify the equations of plume motion.

We shall regard the jet and ambient atmosphere as a single fluid (of variable composition due

to entrainment of ambient air) occupying the upper half-plane above a horizontal ground-
surface. The jet and ambient atmosphere merge infinitesimally so that no jet 'boundary’ exists
at finite distance from the jet-axis; entrainment occurs therefore 'at infinity'. No slip occurs
amongst the constituent phases of the developing jet; mean-flow within both ambient
atmosphere and jet/plume is everywhere steady.

We begin by introducing a set of control-volumes 1(s), s > 0, an analysis of which results in an

integral-averaged description of jet development independent of detailed assumptions
regarding induced and ambient turbulence.

The Control-Volume 1(s): First construct a vertical surface at such distance upwind of the
release-point that ambient flow is negligibly nerturbed. Second, at arbitrary distance s > 0
downwind of the release-point, construct a ‘cross-section’ A(s) through the developing jet.
Third link these (semi-infinite) surfaces by skirting the ground and pipe-work surfaces and

passing through the jet at the plane of release. Finally construct a fourth bounding surface
A_ at great (notionally infinite) distance from the jet-axis such as to enclose the (infinite)

volume 1(s). [See Figure 5.1-5.3; Figure 5.8]

By a ‘cross-section’ A(s) we intend a curved surface locally perpendicular to the (turbulent
mean) flow-velocity u. We shall assume that these surfaces form a family parameterized by a
distance s > 0 measured along a (mean flow) stream-line (the plume-axis) originating at the
point of release. Such a cross-section is orthogonal to the plume centre-line and asymptotically
vertical at great off-axis distance. It reflects the progressive rotation of the mean pilume
velocity from centre-line to undisturbed atmospheric values.

We shall assume that the characteristic length-scales for plume development parallel and
perpendicular to the mean-flow are asymptotically ordered, at any rate in those regions of the
flow for which departures between the plume and undisturbed ambient flows are significant.
Specifically we shall take the parallel length-scale to be much greater than the perpendicular:
it is in this sense that the jet/plume may be described, following Hinze (1959), as 'thin'. Finally
we shall have regard to that part of the ground surface over which there exist significant
departures from the undisturbed ambient either in pollutant concentration, in pressure, or in

ground-shear. This area, the intersection of plume and ground, we term the plume 'footprint'
F(s).

Copyright American Petroleum Institute 5-27
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale



STD.API/PETRO PUBL Lil::?.ll:.-EN"(-QL 1995 WM 0732290 0L250bY4 995 =N
HGSYSTEM Technical Reference Manual

Integration of the basic equations of motion over such a control-volume results, given an

assumed 'thin' jet, in the integral forms (Hinze 1959):

Pollutant mass-flux

[[eu-da=(c,/p,)dm/dt, (1)

Als)
Entrained mass-flux

[[(pu-p.u.)-da=a,-(pyu,-p.u)- [[pu-da @)

A(S) A_(s)
Horizontal excess-momentum flux

[[Tputu, =u_)+(p=p.)e,]-dA = (u,, — u_)dm/dt, + A, cosd, (P, —P.) +

A(s)
(3)
~[[fou Vu_di-[[(z,, - Z2)dA
s) F(s)
Vertical momentum flux
[[1puu, +(p-p.)e,]-dA = u,; dm/dty + A, sin (P, — P..)
A(s)
(4)
~[[fe-prgdr+ [j(p-p.) dA
«s) F(s)
Total energy flux
[[tputh+ u* -h_-%u)]-dA = [[(@-@,)dA+
A(s) F(s)
(5)

+(hy+ 4 ui ~h_g - 4ul,)dm/dt, - [[[pu V(b +iul +g2) dr
os)

Notation: vectors are given in bold type and the ' denotes a vecior product, dm/dt,, mass
flow-rate issuing from the release-point; (p,c,u,p,h), density, pollutant mass-concentration,
velocity, absolute pressure, and specific enthalpy of the ensemble-averaged flow. ¢ angle to
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the horizontal of the plume-axis (co-ordinate stream-line). @ the surface to air heat-flux. X,
the Reynolds stress as the result (ultimately) of viscous drag at the ground. e, and e, denote
unit vectors in the horizontal (wind aligned) and vertical (upward) directions. The affix '0’
identifies conditions at the release-plane; the suffix '«' conditions within the unperturbed
atmosphere.

These equations express in integral form conservation of pollutant (e.g. HF) mass-flux, air
entrainment, conservation of the excess above ambient of momentum (both horizontal and
vertical), and conservation of energy.

The pollutant continuity equation (Pollutant mass-flux) expresses that the released pollutant
(for example HF), is merely transported and diluted by the atmosphere.

Total mass continuity (Entrained mass-flux) allows the identification of the entrained air
mass-flux with the integrated sum of mass-flows induced ‘at infinity’, that is at great distance
from the plume centre-line. The equation is formulated as a difference in mass-flux between
the undisturbed atmosphere and the system that exists following a sustained release of a
pollutant. This has advantages over conventional (total mass-flux) formulations (Ooms 1972,
Petersen 1987) in that it is not necessary to introduce a ‘cut-off' point in a Gaussian plume
model beyond which conditions revert (discontinuously) to atmosphere values (Schatzmann
1978). This permits true Gaussian profiles to be introduced in estimating concentrations and
temperatures within the developing plume or jet, with a consequent improvement in the
accuracy of predicted centre-line concentrations (Davidson 1986, McFarlane 1988).

The horizontal momentum equation (Horizontal excess-momentum flux) states that (in the
absence of ground drag and significant vertical wind-shear) the excess-flux of horizontal
momentum is conserved. Horizontal momentum excess is therefore a natural variable of the
jet/plume system (Hinze 1959, McFarlane 1988). Conventional plume models neglect
‘ground-effects' (have zero 'footprint’ area) and consider only the weak effect of vertical wind-
shear upon horizontal momentum flux. The present model, in dealing consistently with ‘jet’,
buoyant plume, and 'slumped' plume, necessarily incorporates a ground-drag force, acting over
the plume 'footprint', the effect of which is (substantially) to decelerate an ‘airborne’ plume at
first ground 'impact’. Note that the drag force is expressed over the 'footprint' area F(s), and in
terms of the difference between the ground-level stresses X, and X" in the presence or
absence of released material. Clearly drag forces exist even in the undisturbed atmosphere:
these, however, are balanced in steady atmosphere flow by (weak) horizontal gradients in the
ambient pressure field, and are therefore absent from the difference formulation adopted here.

Copyright American Petroleum Institute 5'29
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale



STD.API/PETRO PUBL 4b3b-ENGL 1995 M 0732290 Db250kb 7h8 HE
HGSYSTEM Technical Reference Manual

The vertical momentum equation (Vertical momentum-flux) expresses the variation in the
flux of vertical momentum in terms of forces arising from either buoyancy or pressures
developed at the ground surface at 'touchdown' and beyond. Conventional descriptions model
either buoyancy forces alone, or else buoyancy together with 'airborne’ plume drag, that is the
pressure force that arises over the cross-section A(s) as the result of small local differences
between undisturbed ambient and plume pressure (Frick 1984).

'Airborne' drag is a controversial element (Briggs 1984), being found necessary by some
(Ooms 1972, Petersen 1978, Schatzmann 1979) but not by others (Petersen 1987; Forney and
Droescher 1985; Hoot, Meroney and Peterka 1973). The present model necessarily includes
pressure forces developed over the plume 'footprint' in response to velocity changes implied
by air entrainment, buoyancy, ground-drag, and the geometrical constraint of an impermeable
(level) ground. Pressure forces at the ground develop in response to the interaction of 'top’
entrainment and 'gravity slumping', and hence are plausibly expressed in terms of the
spreading velocity and buoyancy force in a manner consistent with the gravity current
spreading (van Ulden 1984, Raj and Morris 1987).

Finally consider the energy equation (Total energy flux), which expresses the near constancy
of the excess flux above ambient values of the plume total energy (essentially enthalpy). This
flux is altered by small vertical gradients in atmospheric enthalpy and wind-speed, and by the
potential energy changes associated with vertical motion under terrestrial gravity The
'airborne’ plume is assumed to exert negligible influence on the heat transfer from ground to
atmosphere. In addition for a touchdown plume whose temperature differs substantially from
that of the ground the heat flux at the ground surface may become important. The heat-flux
from the ground is mediated via a heat transfer coefficient the magnitude of which is related to
the vertical turbulent transport of heat from ground surface into the overlying plume. For the
unperturbed atmosphere such fluxes are also present but are balanced by vertical temperature
gradients and by (typically small) systematic variation in temperature downwind. This
unperturbed heat flux is therefore absent from the difference model here developed, except
inasmuch as it determines the Monin-Obukhov length, wind-speed and temperature profiles
within the undisturbed atmosphere (Plate 1982, Colenbrander 1985). No provision has been
made for this enhanced ground/plume heat transfer in the current model formulation. Such
provision is however encoded within the heavy-gas advection module HEGADAS.

Inasmuch as the HGSYSTEM plume models are intended as a 'front-end’ to a heavy-gas
advection model such as HEGADAS, the neglect of heat transfer from the ground at
touchdown and beyond was judged insignificant.
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5.B.4. External flashing; Flow Establishment; Gaussian profiles

This section 'bridges' the external flash (depressurisation) and flow-establishment zones prior
to the development within a released plume/jet of (approximately) self-similar conditions. The
discussion of flow establishment relates particularly to the prediction of point-local from
sectionally averaged concentrations within the early jet, and to the prediction of the zone
length. This analysis is not incorporated within the (integral averaged) HGSYSTEM plume
models. Such detailed formulation (as it affects air entrainment) requires careful experimental
validation and exerts a modest influence upon predictions in the range of greatest interest,
perhaps 10 to 500 m downwind of release; it has, however, clear implications for a purely
Gaussian plume model.

External Flashing

Having set up the basic equations of motion in integral form, we specialise in order to 'bridge’
the external flashing zone, or for a gas-jet the depressurisation zone, that occurs immediately
beyond the breakpoint in choked flow. In the absence of choked flow this transitional region
may still be present. For example, for a purely liquid release, pressure at the orifice may be an
appreciable fraction of the storage (reservoir) pressure; this pressure, however, rapidly relaxes
within the vena contracta to an essentially ambient value. During flashing radial and axial
velocities within the developing jet are of co-magnitude so that the 'thin jet' approximation is
invalid. In addition interphase slip and thermal disequilibrium are likely to occur.

Nonetheless depressurisation occurs so quickly, within a few (perhaps 5) diameters of the
release plane, that 'thin jet, equilibrated conditions may be presumed to exist everywhere
except within a narrow transition zone adjacent to the release point. We shall assume further,
in view of the strongly expanding flow of a flashing jet, or the very large density differences
between jet and ambient of a liquid jet, that negligible air entrainment occurs within this
depressurisation zone. The length of the zone will in the context of evaporating liquid jets or
plumes ordinarily be negligible and will hereafter be ignored: the models have initial
conditions defined 'immediately post flash' at (axial) displacement zero.

Neglecting further the influence of gravity and of wind-shear upon the integral conservation
laws, we deduce, for the conditions 'immediately post flash’, the elementary forms (Figure 5.1)

u= u0+——A°(p° —P.)
dm/dt,
c=p
d=¢, (6)
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Acu=dm/dt,

[h+%u2 -h) —%uf_'o] = [ho +1u}-h —%uf.,‘o]
The notation is that ¢ is the angle of inclination to the horizontal, and that A, is the (true) area
of the release orifice. The values of velocity u, density p, and area A are averaged values, that
is they assume an essentially uniform velocity or density within the jet as it emerges from the

depressurisation zone.

This is approximately valid for a liquid jet, (Albertson, Dai, Jensen, and Hunter Rouse 1948)
and is at any rate plausible for a gaseous or two-phase jet. Certainly drag forces at the jet edge
and the momentum redistribution associated with the entrainment of air are for consistency

necessarily small.

Flow Establishment
Beyond the zone of depressurisation there exists a second transitional zone, a zone of 'flow

establishment', in which the interaction of jet and ambient result in the progressive turbulent
diffusion of air towards, and of jet momentum away from, the jet centre-line. This zone is
characterised by a progressive change from a 'top-hat' velocity profile to an essentially
Gaussian profile (Hinze 1959, Abramovich 1963) in the asymptotic far-field. Within this
zone, neither 'top-hat' nor Gaussian profiles properly describe the cross-sectional variation in
jet velocity and pollutant concentration (Figure 5.2).

What is needed is a transitional profile (Albertson, Dai, Jensen, and Hunter Rouse 1948) in
which an inner 'core' jet (of uniform velocity and pollutant concentration of 100 %) is ‘eroded’
by a spreading Gaussian profile coupling inner 'core' and outer ambient flows. An order of
magnitude analysis yield that this zone is of typical length ¢/D= 1/e,,, in which D is a
representative diameter 'immediately post flash’, and in which e, is a (dimensionless)
coefficient whose magnitude measures the effectiveness of jet/ambient shear in causing air

entrainment.

For gas jets this magnitude is most probably comparable to that seen following the
establishment of self-similar flow (Ricou and Spalding 1961), which for a 'top-hat' model
yields a value e, = 0.08. This is certainly reduced for a two-phase system (McFarlane 1988),
and may be much smaller for a liquid jet for which dynamical break-up, rather than flashing
'atomisation’, may dictate the entrainment rate (Wheatley 1987a, Ohnesorge 1936, van de
Sande and Smith 1976, McCarthy and Molloy 1973).
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We shall assume that all modelled releases result in prompt atomisation rather than gradual
break-up, as is consistent with the earlier assumptions of negligible interphase slip and
thermodynamic equilibrium. This results in a zone of flow establishment whose length is
perhaps 20 orifice diameters. This zone is therefore also of a negligible length compared with
downwind displacements of orders ten or hundred metres.

More complex models are possible and have been suggested (Jones 1988, Ianello and Rothe
1988): they require further and uncertain dctails regarding jet and droplet break-up and
evaporation.

This zone ends with the diffusion of air to the jet centre-line, the elimination o the undisturbed
'core’ zone, and the establishment of simple Gaussian profiles for jet velocity and pollutant
concentration. Given estimates of the fluxes of mass, momentum, and energy, we may locate
the zone boundary at least to moderate precision simply by requiring that these principal
fluxes be invariable whatever self-similar 'profiles' are assumed to describe the cross-sectional
variation in velocity and pollutant concentration.

The zone boundary is then located at that displacement s > 0 for which the centre-line
concentration first differs from 100 % pollutant. Let therefore the profiles of jet velocity and
pollutant mass concentration be described by the Gaussian forms:

¢/c.=0,(t/ Do)

u-u_

=¢,(r/D.)
u.—u

)
2
¢,(r/D,)= exp(—%)

4r?
¢c (1‘ / D.;'Yz) = exp(—-_y—zﬁ-\]

where r is the off-axis displacement, ¥ the turbulent Schmidt number (Hinze 1959), u.(s) the
centre-line velocity and c.(s) the centre-line concentration. D.(t) is an-effective jet 'diameter’.
Invariance of the principal fluxes results in a set of (non-linear) integral equations for the
parameters u.,c. and D., namely (Figure 5.2),

[[euda =dm/dt,

A(s)
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[[(pu=p_u_)da=dm/dt

A(s)

[[pu(u—u.)da =dp, /dt-u_dm/dt

A(s)

where dm/dt, is the pollutant mass flux coming from the orifice and dm/dt is the total plume
mass flux at any location (pollutant plus entrained air).

The above non-linear system has a solution space which properly contains the set of physically
admissible 'self-similar’ profiles. Additionally a-physical solutions exist for which ¢. > p., that
is for which the pollutant mass-concentration exceeds the total mixture density; for which u. >
U, s that is for which the centre-line velocity is greater than the velocity immediately post
flash; and finally for which c, > Cpost flash thaL is for which the centre-line concentration,
consistent with an assumed Gaussian profile, actually exceeds that found at the jet-axis

immediately following jet depressurisation.

The correct diagnosis from these symptoms is that the set of principal fluxes (dm/dt,, dm/dt.
dP /dt) and the atmosphere properties (p_, u_) correspond not to Gaussian self-similarity, but
rather to a cross-section located within the zone of flow development. The zone boundary is

therefore defined by the simultaneous solution of the above integral equations, together with
the 'boundary equation’, ¢, = ¢, g.q,

5.B.5. The Airborne Plume: geometry and shear entrainment

We consider in this section the representation of the ‘airborne’ plume, that is the plume from a
point 'immediately post flashing' to the point of first plume 'touchdown'. We have chosen to
represent the plume development in terms of a simple, integral-averaged, or 'top-hat' model in
which is tracked the plume 'centre-line'. The plume consists of a set of circular cross-sections,
each of defined diameter, mean density, temperature, and mass concentration of pollutant.
Within each cross-section the velocity is assumed uniform; outside conditions are those of the

undisturbed atmosphere.

We seek to introduce a (global) co-ordinate system the level surfaces of which are everywhere
orthogonal to the turbulent-mean flow. Such co-ordinates, however, cannot be found without
detailed knowledge of the turbulent flow in the presence of a dense-gas plume. In the
circumstances we must be content with an approximate co-ordinate description valid in the
neighbourhood of the plume-axis. We begin by introducing a local (‘canonical’) co-ordinate
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system (s,r,0) defined in the neighbourhood of the plume centre-line (Figures 5.8. 3.9.
Schatzmann 1978):

r=(x,y.z)=r,+ (J.cosq) ds,O.Isincp ds) + r(—sin¢sinB.cos8.cosdsin @) (8
0 Q
3n

with I, =(X0,Y0-Z0): (57,0):0<5<00,0<r<oo,~ S¢ST.056S2n

(NN

The co-ordinate s marks the distance along the plume centre-line from release point to a
general plume cross-section A(s). The co-ordinate pair (r.0) defines a set of plane polar co-
ordinates in the cross-section A(s). The angle ¢(s) is the inclination of the plume centre-line at
displacement s from the release point (Figure 5.3).

Such co-ordinates are not and cannot be globally defined. Neither do the level surfaces ds = 0
coincide precisely with the surface A(s) in the sense of the original control-volumes 1(s) of
section 5.B.3. In particular the level surface ds = 0 are not asymptotically vertical as are the
original surfaces A(s). They do nonetheless approximate such cross-sections A(s) in the
vicinity of the plume centre-line, that is in that region of the plume for which the differences
between plume and ambient are most pronounced. This certainly suggests, though it cannot
confirm that it is legitimate to cast the equations of plume motion in terms of a 'top-hat’ model
and its associated, 'canonical’, co-ordinate system.

Differentiation of the integral equations of section 5.B.3. then yields, for the canonical co-
ordinates (s,r,8), the basic differential equations;

d/ds(dmv/dt) = Entri®:
d/ds(dP /dt) = -Dragil) .e, - Shear,""

d/ds(dP /dt) = -Dragi® e - Buoy,");
Amb **¥z Amb

%)
d/ds(dE/dt) = -Ener,?
dx/ds = cos¢
dz/ds = sin¢

together with the algebraic constraints
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A = (/4) D?
dm/dt=Apu
dm/dt,=Acu
(10)
dP/dt = dm/dt u sin¢
dP /dt =dm/dt (u cos¢ - u,_)

dE/dt = dm/dt (h + Y’ - h,_ - 4u_?)

Notation: A cross-section area, D plume diameter (circle), x horizontal axis-displacement, z
axis height above level ground, dm/dt released and entrained mass-flux, (dP/dt, dP/dt) excess
(horizontal, vertical) momentum flux, dE/dt excess energy flux, dm/dt, pollutant mass-flux; u
mean flow-speed, ¢ axis inclination, p mean plume-density, ¢ mean pollutant mass-
concentration, h(p,c,P.) specific enthalpy the suffix 'ec' denotes ambient conditions at the

centroid height z > 0.

The quantities Drag, Shear, Entr, Buoy, and Ener have the formal definitions,

Drag) = (d/ds) [[ (p-p.)dA (1n)
A(s)
Sheary®y = [[ p sin¢ (du./dz) |J]/r da (12)
Als)
Entrf = [[ pudA (13)
A
Buoyhl = JI ©-poeldlmda (14)
(5)
Enerhs = [[ pusing (@dz) (h. + ¥ +g2) [3]/rdA (15)
A(s}

Notation: s displacement along plume centre-line, z height above ground, ¢ plume centre-line
inclination, p local (turbulent averaged) density, u flow-speed, p (ab>olute) pressure, h specific
enthalpy, | J = r-r sin® d¢ /ds Jacobian determinant, g acceleration due to gravity, dA = rdrd

0 (scalar) area element.
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They represent (respectively) the 'drag’ force Dragh'® acting on the plume in cross-flow as the

result of vortex formation in the plume wake (Ooms 1972, Schatzmann 1979), the shear force
Shearj's) associated with the vertical gradient of wind-speed, the total entrainment rate
Entr4"®) per unit axis length, the section-averaged buoyancy force Buoy4y,, and the variation
in plume total energy Ener,'®) resulting from vertical gradients of temperature (enthalpy) and

wind-speed.

The pressure is that deduced for hydrostatic equilibrium, except insofar as departures result in
" the (airborne) drag force.

These integrals are in actual practice replaced by empirical formulae chosen for compatibility
with existing plume models and literature available data. These formulae express, for
example, the contribution to air entrainment within the plume of the difference in velocity
between mean cross-sectional velocity and the ambient wind-speed. Model closure is
therefore in terms solely of mean cross-sectional and local atmospheric ambient parameters.

The above 'algebraic constraints' can be viewed as definitions of, for example, the total mass-
flux within the plume, or the area of a circle. It is algebraically convenient to regard these as
algebraic equations forming part of a differential/algebraic system. Such a system is then
solved by means of the differential/algebraic package SPRINT (Berzins, Dew, and Furzeland
1983; Berzins and Furzeland 1985). Such a formulation allows the somewhat different
descriptions of ‘'touchdown' and 'slumped’ plumes to be incorporated within the same
formalism.

5.B.6. The Touchdown and Slumped Plume

Consider next the representation of the plume following first 'touchdown'. Touchdown occurs
at that axial displacement s > 0 for which an assumed circular cross-section just touches the
horizontal ground surface z = 0.

It is also the point beyond which the plume footprint width first assumes a non-zero value.
The cross-section of a plume following touchdown is modelled not by a circle but rather by a
circular segment. This centroid location will, for a dense plume, continue to fall, so that after
some time a semicircular cross section is certain to arise. At this point the plume has passed
through a transitional region between circular ‘airborne’ and semi-elliptic 'slumped’ cross-
sections. Further development will, at least initially, be characterised by (transverse) gravity
spreading (van Ulden 1974, Raj and Morris 1987), and by air entrainment principally through
the 'upper’ plume surface.
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These elements may be assembled within the framework of a 'top-hat' model as the differential
system:

d/ds(dm/dt) = Entrht)

d/ds(dP,/dt) = -Dragy,, .e, - Shear,,

d/ds(dP /dt) = -Draght e, - Buoyias, + Foot,i

(16)

d/ds(dE/dt) = Eners")

dx/ds = cos®

dz/ds = sin¢

together with the algebraic constraints

'Touchdown' Plume

2
A= DT[cos" (-n.)+y1-1 ]
dm/dt=Apu
dm/dt;=Acu
dP/dt = dm/dt u sin¢
dP /dt = dm/dt (u cos¢ - u.) an

dE/dt = dm/dt (h + Y4u’ - h_ - You?)

n —1']—-2- (l_nc)%
: 3| cos™ (-m,) + My 1-7

2z

b |cos¢|
_ 2z
Nle= D|cos¢|
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Notation: A cross-section area (circular segment). D circle diameter. x centroid horizontal
displacement. z centroid height, z. centre height; dm/dt total (released plus entrained) mass-
flux, (dP/dt, dP/dt) excess (horizontal, vertical) momentum flux, dE/dt excess energy flux.
dm/dt, pollutant mass-flux, u mean flow-speed, ¢ axis inclination, p mean plume density, ¢
mean pollutant mass-concentration, h specific enthalpy; the suffix 'ss' denotes ambient
conditions at the centroid height. (See Figure 5.4).

Note that the centroid is the centre-of-mass of the plume and the centre is the centre of the
circle of which the plume is a cut-off segment. The maximum width of the plume is D. at
ground level it is Dm . The plume height is given by D/2 (1+n_)cosé¢.

In the plume calculations 1 will be known and n_ has to be calculated using the non-linear
equation for 1, as given above. This equation can be solved using a simple iterative method.

'Slumped' Plume
A=(en/8)D* withe=(3n/2) D)|coso|
dm/dt=A p u

dm/dt;=Acu

(18)
dP/dt = dm/dt u sind

dP /dt= dm/dt (u cos¢ - u_)
dE/dt = dm/dt (h + %4u® - h_ - Y4u_?)

Notation: A cross-section area (semi-cllipse), D ellipse major-axis length, e ellipse
eccentricity (ratio minor to major ellipse axis), x centroid horizontal displacement, z centroid
height; dm/dt total (released plus entrained) mass-flux, (dP/dt, dP/dt) excess (horizontal,
vertical) momentum flux, dE/dt excess energy flux, dm/dt, pollutant mass-flux; u mean flow-
speed, ¢ axis inclination, p mean plume density, ¢ mean pollutant mass-concentration, h
specific enthalpy; the suffix '=<' denotes ambient conditions at the centroid height. (See Figure
5.5).

For the slumped plume the width is equal to D and the height is given by %n z.
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Note that the differential system is modified in that, in addition to any 'airborne’ drag forces.
we have (generally significant) 'ground' drag associated with the strong shear layer at the
ground-surface following plume touchdown. A further (pressure) force Foot!!, is exerted at
the ground surface as the result either of the destruction of vertical momentum impacting the
ground, or in response to a pressure build-up associated with the limited (gravity-slumping)
rate of transverse plume expansion. These additional forces exist following touchdown and in

the slumped plume regime. They have the formal definitions:

Footys = (d/ds) [[ (p-p.)da (19)
F(s)

Dragfs, = (d/ds) [[ (2. - Z5)dA (20)
F(s)

and are replaced in the actual plume models by intuitively derived functions which reflect

known spreading and impact behaviour.

For the circular cut-off segment the cross-sectional area A and centroid height z are not
explicitly related but coupled via a single non-linear equation for the geometric centre z.. In
the case of the slumped plume both the area A and centroid height z are related to the
eccentricity e of the semi-ellipse; however the eccentricity is given explicitly in terms of
known parameters z, ¢, and D.

5.B.7. Closure Assumptions for the "Top-Hat' Model

In this section are considered the assumptions, arguments, and simplifications that enable
closure of the 'top-hat' model: We shall ask: "Which expressions and what coefficient values
are appropriate for the formulation of impact forces, drag forces, and buoyancy in each of the
three plume regions; airborne, touchdown, and slumped plume?'.

Atmosphere-Gradient Induced Forces: Plume Buoyancy:
We begin by considering the simplest of these functions, Shear4, Ener,", and Buoy4%,, and

take first of all the buoyancy force Buoy4®® . This has the formal definition,

Buoy4® = _U (p-p.)g 1J]/rdA 2n

A(s)
in which the Jacobian determinant has the value

|J|=r-rsind do/ds, |J] >0 (22)
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The buoyancy term is well approximated by the simple expression,

A(s) —

Buoy,m, =A(p-p.) g (23)

a result which extends for expansion about the plume centroid (centre-of-mass) for both
touchdown and slumped plume.

Analyses and order of magnitude arguments yield analogous results for the functions
Shear4"), and Ener}® . It follows that

Sheart® = dm/dt sind du_/dz (24)
Ener,’® = dm/dt sin¢ (d/dz)[h,_ + 4u_’ + gz] (25)

Airborne Drag

Consider next the 'drag' function associated with an airborne plume in cross-flow. This
function represents the force acting upon the plume as the result of pressure forces created by
trailing (wake) vortices. The term 'drag’ is by analogy to the drag force exerted upon a rigid
body immersed in a uniform stream.

There are, however, major differences between the pressure field of a fluid jet and of a
(geometrically similar) rigid body. Firstly there is no sharply defined boundary at which the
'no slip' condition may be applied. Secondly the external flow, and hence the boundary
integral of pressure, may differ substantially between plume and body.

The analogy is therefore weak, so that not only the coefficient magnitudes but also the
functional form appropriate to a rigid body may be questioned when applied to a plume in
cross-flow. The form and magnitude of this airborne drag force is therefore particularly
uncertain. It is found necessary by some (Ooms 1972, Petersen 1978, Schatzmann 1978), but
not by others (Hoot, Meroney and Peterka 1973; Hoult, Fay and Forney 1969; Petersen 1987).
A recent study (Coelho and Hunt 1989) of the near-field following release orthogonal to a
steady flow found no evidence either experimental or theoretical for a significant 'drag' force.
Plume deflection was satisfactorily explained by air entrainment alone.

We assume that
Dragi® =0 (26)

Plume impact Forces
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Consider next the pressure forces exerted over the plume ‘footprint' for a touchdown or
slumped plume. These forces arise from two distinct physical mechanisms: the destruction of
momentum associated with the impact of a dense plume upon the ground surface; and the
pressurisation associated with the gravity-limited rate of lateral plume spreading.

Take first the case of a plume impacting the ground surface (Figure 5.10). The assumption of
an elastic collision applied to the plume as a whole requires that the impact pressure force be
at right angles to the momentary orientation of the centroid axis. This ensures conservation of
kinetic energy for a system without entrainment or other disturbing influences such as gravity.
Focus next upon that proportion of the descending plume impinging upon level ground in time
dt> 0. _

If the footprint is of width £ then the impinging momentum flux is correspondingly,

dP = dA p u(cosd, 0, sind); dA = ¢ u| tan¢ | dt 27)

in which dA is the sectional area 'absorbed’ into the ground surface.
We assume further that the magnitude of the impact force is such as to destroy completely the
momentum-flux impinging at any instant upon the ground. The impact pressure force is

therefore,
Impact™ = ¢ p u*|tano | (sing, 0, -cos); sing > 0 (28)

This formula differs somewhat from that expected from the control-volume analysis, in that
both horizontal and vertical moments undergo continuous change. The pressure force integral
implies a change solely in the vertical momentum. Additionally consideration of the
destruction of horizontal momentum yields that flows in the negative x-direction are induced
for impact angles in excess of 45°.

Certainly, for vertical incidence, the spreading pattern is axi-symmetric about the point of
impact except inasmuch as this is modified by the ambient wind. For steeply descending
plumes, therefofe, upwind spreading, vortex formation, and flow separation make a simple
transition described in terms of a continuous mean-flow at least difficuit. However, for
shallow incidence, such upwind spreading is typically absent, so that a ‘top-hat' transition
remains entirely feasible.

The form of the impact force Impact}, implies a transition between 'steeply descending' and
'shallow incidence' plumes at an angle of descent ¢ = 45°. This is precisely the value observed
experimentally by Karman (1986). We restrict attention, therefore, to plume touchdown at
angles ¢ less than 45°, Steeply descending plumes will require either empirical matching of

5-42

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




STD.API/PETRO PUBL 4b3bL-ENGL 1995 WM 07322490 025079 31t mm
HGSYSTEM Technical Reference Manual

airborne and slumped plumes (Karman 1986), or else matching to a 'spreading pool' model.
possibly analogous to the HGSYSTEM area source slumping model HEXABOX.

In addition. in the absence of air entrainment or drag forces. such as would describe shallow
incidence impact of a liquid jet, the above impact force implies that the mean jet/plume speed
remains constant throughout the impact process. This is consistent with a direct application of
Bernoulli's theorem, gravity and ground drag being negligible, and is consistent witii the
impact of a liquid jet on a curved vane (Fox 1974). For this case the horizontal impact force
evidently arises from pressure components developed along the curved surface of the
deflecting vane. For the actual case of ground impact we may 'square the above circle' by
regarding the jet/plume as existing above a recirculating flow the common interface of which
is the analogue of the physical vane. In the immediate vicinity of first ground impact,
therefore, the top-hat model represents not the complete flow but only the non-recirculating
portion. Plume impact may then be modelled as a simple (elastic) collision.

Gravity-Slumping Pressure Forces

Consider next the pressure force induced over the plume 'footprint' by the interaction of (‘top")
entrainment and gravity-'slumping'. This pressure arises from the fact that entrainment may
increase the cross-sectional mass-flux at a rate incompatible with a prescribed gravity-
spreading unless the centre of mass is also raised. Such a raising of the centre of mass against
gravity can be accomplished only by means of a pressure force acting over the plume
footprint. The absolute magnitude of this pressure is small; its integrated effect significant. Let
us begin (refer Figure 5.11) with the gravity-spreading relation (van Ulden 1983, Raj and
Morris 1987) for a rectangular, 'slumped’ jet

v,dD/ds = (k/u) g h(1 - p_ /p) (29)

Notation: h plume height, D plume width, g acceleration due to gravity, (p,u) mean density
and flow-speed, p_ ambient density, k (0.85-1.20) empirical coefficient, s centre-line

displacement.

We seek a formulation for the vertical momentum equation such that this gravity-slumping
behaviour is asymptotically recovered for dense, advected plumes. For such a plume the
spatial rate of change of vertical momentum is undoubtedly small, that is the sum of vertical
forces is approximately zero. We interpret Raj's formula for gravity spreading as a statement
of the approximate balance of a buoyancy force, and the reactive pressure force driven by the
interaction of slumping and entrainment. Given, therefore, that the buoyancy force has the
form,
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Buoyt® =hDg(p-p.) (30)
we propose a reactive pressure force,
Foot!® = (1/k%) D p v’ [2adD/ds]? (31)

proportional to the local footprint width, and to the square of the lateral spreading velocity.

In the case of a semi-elliptic cross-section we must reinterpret the lateral spreading velocity.
and effective plume height h in terms of the plume width D and centroid height z.

The height h is for a rectangular section exactly twice the centroid height which allows the
identification h = 2z. Additionally the rectangular section has area hD equal to that of a semi-
ellipse (3n%/16)zD of centroid z and footprint width D. |

This results in the final expression, modified for the semi-elliptic geometry
Foot[¥) = (3n%/32)’(1/K%) £ p v’ [Y%dD/ds)’, k = 1.15 - (32)

We follow van Ulden (1983), rather than Raj and Morris (1988) in the choice of the gravity-
spreading coefficient. Further work is, however, necessary in order optimally to determine the

coefficient value for a semi-elliptic, slumped plume.

This revised formulation will evidently reproduce the gravity spreading behaviour 'hard-wired'
by Raj and Morris (1988). It is, moreover, physically meaningful for an asymptotically neutral
or buoyant plume/jet for which significant departures from gravity-spreading must be
expected. In particular the original spreading formula is not defined for a buoyant plume.
Initially dense, subsequently buoyant, plumes occur frequently for the release of pressurised
liquid HF or other liquid gases, to ambient atmospheres of moderate humidity (> 50 %) and
temperature (perhaps 20 °C).

Gravity Current Collapse

Gravity spreading as formulated by van Ulden (1983) and Puttock (1988) assumes the
existence of a (relatively) sharp interface between plume and undisturbed air. Recent
experiments by Linden and Simpson (1988) indicate that the leading vortex of such a gravity
current is not unconditionally stable but may be disrupted by locally enhanced turbulence.
Following gravity current collapse the cloud edge is more diffuse; lateral spreading much

reduced.
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Study of the HTAG (‘'Heavier than Air Gas') data set (Petersen and Ratcliff 1989). reveals
evidence for the existence of such gravity current collapse for uniform ambient turbulence and

increasingly weak gravity-head. We propose a collapse criterion and post-collapse spreading
rate (essentially) as follows:

1%dD/ds = (2 p_ u. hY/(3 k C, u D) Ri. ®(Ri.) (33)

Jp./ p— > -J—¢(Rx) (34)

1

S R Ri. <0
1-3Ri. /5

d(Ri.) =<1 0<Ri. <% (35)
ax(ik‘ai,:—g,hmm. 75) R ngsog

with Ri.=gh(p-p.)and h =2z

Notation: h plume height, D plume width, g acceleration due to gravity, (p,u) mean density
and flow-speed, p_ ambient density, x is the Von Karman constant, C, (with value 5.0)

empirical (spreading) coefficient, s centre-line displacement, u. friction velocity, Ri, (bulk)
‘Richardson number ; ®(Ri.) heavy gas entrainment function.

Spreading, 'post collapse', is represented in the HGSYSTEM plume models by the limit of the
vertical momentum equation for which the corresponding 'footprint' force is simply

Foot®) = (3n%/64)’ (3 k Cy/®(Ri.)) £ p u u, (D/z) dD/ds (36)
‘;? 1024J—¢(R1 )/x 37)

with C,= 5.0 and Ri, =2 g z (p/p_ - 1)/u.’

The possibility exists that a gravity current may reform following initial turbulent collapse.
Intuition suggests that such reformation may occur, but that the collapsed state is 'metastable’,
that is vortex (re-) formation may be considerably delayed. In the absence of detailed
experimental evidence, we may presume gravity current collapse irreversible.
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Ground-surface Drag
Finally we consider the drag force exerted at the ground surface by an impacting or slumped

plume. This force has the formal definition

Dragls, = (d/ds) [[ (2, -27)dA (38)

F(s)

and results from differences in the mean horizontal and undisturbed wind speeds in the
neighbourhood of the ground surface. The surface stress associated with the wind profile is
p.u.’%, in which u, is the friction velocity.

Equivalently X7, is proportional to the square of the velocity gradient du,/dz at the roughness

height z > 0.

Profile information regarding the vertical variation in flow-speed within the impacting or
slumped plume is therefore necessary in order to estimate the drag force. For an assumed
neutrally buoyant plume and a logarithmic velocity profile the friction velocity associated with
a plume of velocity at centroid height z is wu_ times that of the unperturbed wind. This

suggests (for a neutral plume) the drag function

Dragi® =¢p_u.? [(wu_)cosd - 1][(w/u_)coso + 1], withu_ >0 (39)

Amb
in which £ is the footprint width.

For high speed flows we expect the (established) shear profile within a dense gas plume to be
governed by surface roughness analogously to that in a neutral boundary layer. The surface
stress is simply pu.?, in which u, is set by the known (mean) jet velocity at the centroid height.
Substitution then yields the drag function in the presence of dense gas effects

Dragf®) = £ p_ ul[p/p. (W )cosd - 1][4/p/p.. (Wuw)cosp+ 1] (40)
Density stratification damps turbulence and affects both friction velocity and plume drag. The
drag force might be presumed proportional to some power of the Richardson number
correction ®(Ri.) proposed by Witlox (1988) in the context of heavy-gas entrainmert. Now
the suppression of entrainment at a dense gas interface is largely due to gravity-driven
'recapture’ of disturbed dense gas rather than to a lowering of turbulent energies within the
system as a whole. This suggests that the influence of density stratification upon ground drag
is rather small. We presume the effect negligible.
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5.B.8. The Entrainment Function

We consider in this section the form of the entrainment function appropriate to each of the
plume regions; airborne, touchdown, and slumped plume. The entrainment function is taken
(barring interactions) to be the sum of contributions arising from different physical
mechanisms; jet entrainment, cross-wind entrainment, gravity-slumping entrainment, and
airborne or heavy-gas passive entrainment. These mechanisms are present to varying degree in
each of the plume regions.

Jet Entrainment

For the discharge of (neutrally buoyant) gas jets to quiescent of co-flowing ambient the form
and magnitude of the entrainment function is well established (Briggs 1984; Morton, Taylor
and Turner 1956). It assumes for the 'top-hat' formulation the symbolic form

Entr,, = e, 7D poo|u-u_| withe, ~0.08 (41)
This form (or related variants) has been found satisfactory in addition for the early release of

two-phase propane jets (McFarlane 1988, Cow'=y and Tam 1988), and for ammonia releases
(Wheatley 1987a, 1987b).

For dense two-phase jets in cross-flow, we propose the correlation
Entr = ¢, N(p/p.) L™, peo |u-u_coso| (42)
with n(p/p.) = [1 + (4/3)(p/p.. - DV[1 + (5/3)(p/p.. - 1)]

Jet entrainment is thus proportional to the absolute difference between the jet speed and the
aligned component of the ambient wind.

Entrainment takes place over that part of the plume perimeter exposed to the ambient air. The
form, excepting the small density correction, has been found satisfactory by several authors
(Petersen 1978; Ooms 1972; Hoot, Meroney and Peterka 1973) in combination with various
cross-wind formulations for the description of buoyant and dense gas plumes released
orthogonal to an imposed wind.

It, other than the densimetric correction, is used by Raj and Morris (1987) for their gravity-
slumping jet. It is closely analogous (asymptotically equivalent) to a 'shear’ entrainment
formulation based upon Prandtl closure of the turbulent kinetic equation proposed by
McFarlane (1988). This formulation showed good agreement with large scale experimental
data gathered by Cowley and Tam (1988).
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Cross-wind Entrainment:
Crosswind entrainment is associated with the formation in the wake of a rising or falling

plume of trailing vortices in response to the deflection by the release plume of ambient air.
This mechanism is absent for release to a quiescent atmosphere, or for a wind aligned release.
and is assumed to be maximum for releases at right angles to the ambient wind. This suggests
immediately the functional form,

Entrcross - ecross Lfree

wind wind * surface

p.u_lsin¢| (43)

(Morton, Taylor and Turner 1956; Hoot, Meroney and Peterka 1973; Hoult, Fay and Forney
1969).

By contrast Ooms (1972). and later Petersen (1978,1987) have found good agreement for
Gaussian models with the modified form

Entrs™ = o= L::;“e p.u_ I cosd sind) I (44)

wind wind
when used in conjunction with non-zero airborne drag correlation

Draghl? =ed® [ 5 y_? sin’¢ (sin¢,0,-cosd) (45)
This formulation is reported by Li, Leijdens and Ooms (1986), and by Havens (1988) to be a
successful predictor not only of buoyant and neutral plumes, but of dense emissions as well.
Several other formulations have been tried (Schatzmann 1979, Spillane 1983, Frick 1984) and
are reported as satisfactory in predicting plume rise and lateral spread (Schatzmann and
Policastro 1984a, 1984b).

We have encoded various cross-wind entrainment terms within the (ideal-gas) plume model
PLUME, and find, following Briggs (1984). that the cases of neutral and buoyant plume rise
are adequately rebresented by the | sind | correlation and a coefficient value €ong 0f 0.60.

By contrast, the dense plume data-base of Hoot, Meroney and Peterka is incompatible with
any uniform choice for the crosswind entrainment coefficient.

Except in the immediate vicinity of the source, plume development is well represented by the
Boussinesq approximation (Schatzmann and Policastro 1984b). It follows that rising dense
plumes, and descending buoyant plumes should exhibit essentially the same behaviour in
response to an imposed cross-wind. This suggests strongly that the same functional form be
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chosen to rep:resent both dense and buoyant plumes, and that in the limit of great dilution the
simple \ sind \ dependence be recovered.

We find that cross-wind entrainment is weakened by high exit velocities and for rising dense
plumes by density excess. Analysis of buoyant (Petersen 1978), and dense (Hoot. Meroney
and Peterka 197/3) gas-plume data suggests the functional form

Entr > = Cuj . n(p/p...0) Lf:;m p_n_ ,/u_ /u |sin¢| (46)

with n(p/p_.0)=[1 + Cp<*= max(0,(p/p.. - 1) sind)]" and the coefficients Cul®: = 0.60. Cp iy
=17.50.

The coefficient Cpo~ is matched to dense gas maximum rise-height, and the release velocity
correction is suggested by an analysis of (early) buoyant plume rise. This expression, when
used in conjunction with the above jet entrainment, is a satisfactory predictor of buoyant
(Petersen 1978), and of dense plume-rise (both maximum rise-height and its downwind
displacement).

Plume 'touchdown' is also satisfactory, though the validation is complicated by differences
between the plume width of a 'top-hat' model, and the 'visible edge' data presented by Hoot,
Meroney and Peterka (1973). The model adequately reproduces the downward releases of
buoyant gas conducted by Li, Leijdens and Ooms (1986), and is of comparable accuracy to the
truncated Gaussian model of Ooms and Duijm (1984), and to the similar model proposed by
Havens (1988) after Morrow and co-workers (1982).

It should be emphasised that this entrainment term is empirical. It is a satisfactory predictor of
both dense and buoyant plumes released orthogonal to a laminar cross-wind. Nonetheless it is
rather likely that an improved correlation can be developed should plume centre-line
touchdown data become available.

Gravity Slumping Entrainment

By 'gravity-slumping' entrainment we intend the absorption of ambient air within a 'slumped’
plume as the result of lateral expansion in response to density differences between (dense)
plume and ambient. This phenomenon was studied by van Ulden (1974) in the context of the
initial development of a cylindrical (area) source of dense gas. Van Ulden (1974) proposed the
entrainment relation,

Entr® = Y%e® 5 D p_h (dD/dt), with e5,, = 0.05 (47)

slump slump slump
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Notation: h plume height, D plume diameter, dD/dt slumping rate.

Entrainment is proportional to the spreading velocity (/2dD/dt), to the ambient density (p_) .

and to the area (thD) of the plume 'edge’.

Almost all of the adjacent air is, for such cylindrical slumping, displaced by rather than
entrained within the expanding cloud 'edge’. The analogue of van Ulden's entrainment relation
for the (steady) state geometry of the slumped plume is

Entr® =ef™ zu | cosd | (dD/ds) (48)

slump slump p oo

in which we have assumed an equivalent cloud height which is twice that of the plume

centroid.
We have also adopted this formula for the siumped plume.

Puttock (1988), in the model HEGABOX (available in HGSYSTEM version 3.0), proposed an
entrainment coefficient e = (.85, this in accordance with observations on cylindrical

slump

collapse conducted at Thorney Island (McQuaid 1984).

The coefficient value, eg; = 0.85, may reflect a contribution to entrainment associated with

turbulence generated in the cylindrical collapse, turbulence which must decay as the plume is

advected downwind. This suggests that the entrainment coefficient e, appropriate to a semi-

elliptic plume may have a value considerably less than 0.85.

Alternatively some dependence of €% upon such flow parameters as the local (bulk)

slump

Richardson number or upon the local versus initial spreading-rate (Eidsvik 1978) might be

investigated.

Conventionally (Ooms 1972, Petersen 1987, Schatzmann 1978, Briggs 1984) such lateral
entrainment is absent from the airborne plume: indeed its inclusion results for the approximate
equations of motion in an exponential growth in plume width. The touchdown plume is
physically and geometrically intermediate between airborne and slumped plume. In this region
forces are first developed whose interaction with buoyancy results in the subsequent (slumped
plume) gravity current. Plausibly gravity current entrainment is weak in this intermediate
zone. Certainly this is consistent with the observations of Puttock (1988) who found it
necessary to ‘switch off gravity-current entrainment for an interval following initial
(cylindrical source) release. This delay is required for the formation of a vortex system at the
cloud leading 'edge’.

For the touchdown plume, therefore, we propose the interpolated form
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e™ =[1-22/D/|cosp|]ef™ p_zulcoso|(dDids) (49)
in which z, and D denote centre and diameter of the circular segment cross-section. This

formulation is of necessity preliminary, and may require modification of 'tuning' in the light of
subsequent validation of analysis.

Slumped Plume: Heavy Gas Entrainment

The dilution of a 'severely slumped plume' is dominated by 'top' entrainment of ambient air in
response to ambient turbulence when modified by density stratification. The circumstances of
such 'severely slumped' plumes are precisely those for which the heavy-gas advection model
HEGADAS was designed.

As the HGSYSTEM plume models are required to merge smoothly with the far-field
HEGADAS model, it is appropriate to take the 'top' entrainment formulation used by the
latter, modified to allow for the different cross-sectional geometry's.

We are led immediately to the entrainment relation,

Entrp2” = [O(Ri)]" Li,. kp.u, (50)
( 1 .
—_— Ri. <0
1-3Ri. /S
with $(Ri.) =11 0<Ri. <1—8—?- (50a)
80
(_; -—,/1 4Ri./5) Ri. >%

and Ri, =2 g z (p - p.). Relation (50a) is of course equal to relation (35).

The Richardson number correction to the turbulent entrainment is a modification to the
HEGADAS formulation suggested by Witlox (1988) following a critical analysis of
McQuaid's wind-tunnel data.

Airborne Plume: Passive Entrainment

In addition to 'jet' and 'crosswind’' mechanisms, entrainment within the airborne plume is
influenced by the state of ambient turbulence. Asymptotically it is this mechanism which is
predominant, and which results in the far field in the Pasquill/Gifford correlations for the
Gaussian standard deviations (Plate 1982; Stern, Boubel, Turner and Fox 1984) 6,(x,z), and
6,(x,z), as functions of the distance x downwind of release and (Pasquill 1976) of the
(effective) plume height z. Additionally the ambient turbulence in the surface layer (Plate
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1982; Stern, Boubel, Turner and Fox 1984) is governed (at any rate approximately) by Monin-
Obukhov similarity theory, so that the entrainment function should be expressible in terms of
the surface roughness, Monin-Obukhov length, and the plume centroid height above the

ground surface.

Three approaches seem possible in formulating the passive entrainment function for the
airborne plume. First we may attempt direct 'matching’ from a plume-rise model in which
passive entrainment is neglected to a Gaussian Pasquill-Gifford model for the far-field.
Conservation of the fluxes of entrained mass, pollutant mass, horizontal momentum excess.
prescribe the location of a virtual point source needed by the Gaussian model. This approach
has clear computational advantages; it removes the need for the 'step by step' downwind
integration of a set of ordinary differential equations describing plume motion. It takes
advantage of well established empirical correlations for the far-field.

Notwithstanding, we may attempt to introduce within the range of plume rise and fall an
approximate passive entrainment function, the effect of which will be to correct somewhat the
predictions made in the absence of turbulent diffusion. The range of application will be such
that the passive entrainment term is at most of co-magnitude with contributions from ‘jet’ and
from 'crosswind'. Reference to the literature reveals essentially two procedures for the
determination of the passive entrainment function; procedures based upon 'matching' to the
Pasquill/Gifford correlations (Bloom 1980), and methods based upon an analysis of Monin-
Obukhov similarity (Ooms 1972). Of these methods the former class may be criticised in that
they relv on function forms constructed from far-field data, yet they are used in the near field
when effects of buoyancy and release momentum are yet significant. We prefer the latter class.
and in particular propose a (previously unpublished) formulation developed by Disselhorst

(1987).
Entryp =(1-¢/D) ey p.e” [¢,7+L,] (51)
¢,=min[D/2, 0.88(z + 2X(1 - 7.4 k{1 - 5kL)], P/G = {'A"/B',/C"}
min[D/2, 0.88(z + z,)] P/G = {'D"} (52)
min[D/2, 0.88(z + z)/(1 + 0.18)] _ P/G = {'E',F"}

£,=min[D/2, 0.88(z + z)(1 - 7.4 k{)/(1 - 5k{)] P/G = {'A"'B','C'}
min[D/2, 0.88(z + z,)] P/G = {'D'} (53)
min[D/2, 0.88(z + z)/(1 + 4%)] P/G = {E',F"}
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e= (1-5xQuk/(z+z) P/G = {'A'/B.'C'}

w'/x/(z +z) P/G={D} (54)
(1+ 4’ /x/(z +2,) P/G = {'E\'F}}

ande™® =1.0,{=(z+z)L, L= u'/k/(g/T (u.T.).

Notation: z, surface roughness, L Monin/Obukhov length, u, friction velocity, Kk Von Karmén
constant, T, ground (absolute) temperature, v.T. surface/air heat-flux, € dissipation rate of
turbulent kinetic energy, (£, £,) turbulent (transverse horizontal, vertical) eddy length-scales; ¢
plume 'base'-length, D plume 'diameter’, z centroid height; P/G Pasquill/Gifford atmospheric
stability class.

This formulation differs from that proposed ty Disselhorst in three ways. First the cross-
section of an airborne plume is circular and not elliptic: nonetheless the different horizontal
and vertical length scales within the atmosphere are represented. Second the atmospheric
boundary layer is presumed effectively infinite: this should prove unproblematical for near
ground releases of dense gas. Third the entrainment term is in the touchdown region given a
linear scaling in 1-/D in order to vanish identically at (and beyond) the point of first plume
slumping.

Interactions

Heavy-gas and jet entrainment are not independent mechanisms; each modifies the level of
turbulence by inducing vertical gradients of velocity. These velocity gradients are (in general)
antagonistic; the presence of dense gas requires a positive, of a (strong) jet a negative, gradient
at the cloud surface.

We take the combined effect of jet and heavy-gas entrainment as the greater of the two
contributions when acting in isolation. Further, pursuing the analogy with HEGADAS, we
regard the heavy-gas entrainment as taking place across the plume 'top’, with jet entrainment
acting over both 'top' and 'side’. This maximum entrainment is (for reasons of continuity)

partitioned amongst heavy-gas and jet mechanisms in the same proportion as would have
arisen from the addition of the contributions Entrje; and Entr)2":

Entr,, = (¢/LE,..) max(Entr, Entrye”) + (1 - ¢/L3%,..) Entr,, (55)
gas
Entrie, = [Entr,/(Entr, + Entr>”)] Entr}s, (56)
gas gs
ey Entré}s‘aw=[Entr:::"y/(Entrm +Entr2")] Entrg:':w (57)
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The concepts of ‘top’ and 'side' require elucidation: we take the 'top' to have a length equal to
the length ¢ of intersection between cross-section and level ground; the 'side’ we identify with
the balance L™ - ¢ > 0 of the 'free surface' or perimetric length. |
The interaction between passive and gravity-slumping entrainment is treated similarly;
interaction arises inasmuch as the contribution of passive entrainment induces lateral
expansion which itself induces entrainment represented by gravity slumping. Such 'feedback’
of entrainment is clearly a-physical, and results, for an 'airborne' plume, in the exponential
increase of plume diameter and dilution. The assumptions are summarised below

Entr?s = max(Entr,, .Entr ) (58)

slump

PaSsEntr:raas: = [Entrpass/ (Entrpass + Entrflmm;p )] Entr:::f (5 9)
slump slump
o Entre = [Entrf /(Entr,,, + Entrf )] Entrpo: (60)
slump slump

5.B.9. The atmosphere model.

In the HGSYSTEM version 3.0 plume models, the same profiles for ambient wind speed and
temperature are used as in the HEGADAS model. See Appendix 7.A.A for a description of
these profiles.

5.B.10. Plume cross-sectional over-lap: curvature limited entrainment

The co-ordinate system used in formulating the 'top-hat’ model of plume development
determines and is determined by the physical interaction of the released jet and the ambient
wind. A
The co-ordinate system is not universal but exists only within a limited distance from the
plume axis. Circumstances may arise in which plume curvature, whether in response to strong
cross-winds, or to ground impact, results in the predicted 'over-lap' of successive plume cross-
sections. Such behaviour is certainly rare for gas (including heavy gas) releases, and is largely
absent from the wind-tunnel data sets of Hoot, Meroney and Peterka (1973) (dense gases), and
of Petersen (1978) (buoyant plumes). Nevertheless, in view of the higher density and lower
velocity to be expected in the near-field following release of pressurised dense jets, it seemed
expedient to include provision for such plume 'overlap’ within the HGSYSTEM plume

models.
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This section outlines the method employed by the HGSYSTEM plume models in treating such
behaviour: the method adopted is nor universally effective. but is successful in the clear
majority of cases.

We begin by analysing the conditions under which plume overlap occurs in each of the three
regions; airborne. touchdown, and slumped plume. Incipient overlap is defined by a
geometrical relation in which a representative plume 'width' is compared with the axis
curvature d¢/ds. The results are as follows:
'Airbome Plume

D2 |de/ds| =1 (66)

Touchdown Plume

2| cosd | déo/ds = 1, for ddp/ds <0

67
[D12 - (z-z.) | cosd | ] ddvds = 1, for dg/ds < 0 )
Slumped Plume
-2/ | coso | dd/ds = 1, for de/ds < 0
[max(1,e) D/2 - z/ | cosd | ] d¢/ds =1, for d¢/ds<0 (68)

e = (31/2) (D) | coso |

Notation: D plume (effective) 'diameter’, z centroid height, e eccentricity (ratio minor to major
axis for semi-ellipse), z, centre height (circular segment), ¢ axis-inclination, s centre-line
displacement, d¢/ds centre-line curvature.

These conditions define the limits imposed by cross-section geometry upon the integration of
the pollutant source and ambient atmosphere implied by the conservation laws, and by the
(empirically determined) entrainment function. Should these limits be exceeded we are faced
with two alternatives: alter the geometry of the cross-section, or modify the entrainment
function itself.
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Modification of the sectional geometry is the more complex option: we must simultaneously
satisfy the original entrainment equation and a consistency relation requiring that plume
'overlap’, while incipient, does not actually occur within the zone of high axis-curvature.
Introduction of variable geometry (within the three plume regions already recognised)
substantially increases the number and complexity of geometrical transitions that must be
represented within a computer based model. Such high curvature regions are, in any case.
quite rare, or have quite limited geometrical extent, so that the need for such an increase in

complexity did not seem, a priori, justified.

As an alternative to the modification of plume geometry, we may alter the entrainment
function in regions of high curvature so as t(; prevent the occurrence of plume overlap.
Concretely we replace the entrainment relation, d/ds(dm/dt) = Entr, by whichever of the
geometrical constraints for incipient plume overlap is appropriate for the present cross-
sectional shape. This revised equation system is of necessity geometrically consistent, and
may be matched by continuity arguments to the previously existing plume structure. In
addition the entrainment rate implied by the geometrical constraint may be calculated as the
derivative d/ds(dm/dt). This parameter is then compared with the entrainment rate that would
have occurred for the same plume description in terms of sectional mean velocity, density, and
the like, from the empirically determined entrainment function Entr.

The model reverts to this usual description, should the 'curvature limited' entrainment exceed
that calculated from the empirical entrainment function. This procedure introduces a minimal
change into the basic model consistent with the existence of 'curvature limited' behaviour. The
procedure rests upon the idea that excessive plume curvature is the result of too rapid air
entrainment, and that the reduction of air entrainment to the maximum value compatible with
plume geometry will permit integration to continue through the high curvature zone and to

recover the basic model at some greater downwind displacement.

The success of this device of 'curvature limited' entrainment rests on the ability of the
curvature limited model to recover normal entrainment rates. However it may occur that the
corollary entrainment rate d/ds(dm/dt) inferred from a curvature limited model actually
decreases more rapidly than does the associated empirically determined entrainment rate
(Entr) for the same plume description.

Should this occur termination of the curvature limited zone will occur following detection of
the a-physical entrainment step d/ds(dm/dt) < 0. The plume models will terminates with an

error message.
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5.B.11. The HGSYSTEM plume models: algorithmic structure.

In order to solve the set of ordinary differential equations and non-linear algebraic which
result from our plume modelling. a numerical solver capable of treating systems of this
complexity is required.

SPRINT (Software for PRoblems IN Time) is such a solver: it was developed by Shell
Research and by Leeds university (Berzins, Dew, and Furzeland 1983; Berzins and Furzeland
1985). SPRINT is effective for the solution of the differential/algebraic system in each plume
region. It employs, for the solution of the algebraic constraints, a technique which is efficient
for starting values near to the solution (values as are typically found for successive ODE
steps). It may, however, prove inadequate for the determination of the 'initial conditions’
needed at the release orifice, post flash, at touchdown, or at first plume slumping. Initial
values are needed not only for the variables themselves, but also and equally importantly, for
the first derivatives d/ds of all variables. These derivatives are typically discontinuous at the
several model region boundaries, boundaries at which the assumed geometrical shape or phase
composition of the developing plume change abruptly.

This difficulty with initial conditions is well known (Berzins, Furzeland and Scales 1988) and,
for the HFPLUME model, it is made even more difficult due to the severe non-linearity
introduced by the complex thermodynamic interaction of hydrogen fluoride and moist air.

The ‘'starting’ problem, and in particular the calculation of initial derivative values
‘immediately post transition' may be formulated as a non-linear algebraic problem for which
we may employ a 'state of the art' non-linear equation solver. Such a solver, NAESOL (Non-
LineAr Equation SOLver), has recently been developed at Thornton Research Centre (Scales
1994). This solver, which incorporates advanced search strategies, and provision for the
solution of ill-conditioned or locally singular problems, typically succeeds where SPRINT
would fail.

5.B.12. Validation studies, entrainment formulae

Several components of the model encoded in the HGSYSTEM plume models have been
subject to independent experimental test. This section summaries the results of these
validation studies, noting successes and limitations. Suggestions are made for further work in
this area. The plume models as available in HGSYSTEM have nor been tailored to data
arising from the Goldfish experiments (Blewitt, Yohn, Koopman and Brown 1987; Blewitt,
Yohn and Ermak 1987; Blewitt 1988), or other prototypical data: they have rather been
assembled of separately validated models for plume entrainment and thermodynamics. Its
success , when coupled with HEGADAS, in predicting the Goldfish experiments should be
viewed in that light.
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Buoyant plumes: crosswind entrainment and plume-path

Petersen (1978) carried out an extensive set of wind tunnel tests in which plume-path and
concentration decay were examined as a function of distance downwind of a vertical release
into a (near uniform) cross-wind. We consider those (19) experiments conducted for 'low’
ambient turbulence in the Meteorological (boundary layer) Wind Tunnel at Colorado State
University. High temperature air releases were simulated by the (isothermal) release of
helium/air mixtures. The plumes were made visible by passing the stack gases over TiCl,

(titanium tetrachloride) prior to release.

We have compared the experimental results obtained by Petersen with mode! runs in the limit
of negligible ambient turbulence and with the entrainment formulation

Entr = (7D) [e;,, N, P lu- u_coso | + Cuel noe=p_u_./u./u I sing |]

N,lp/pI=[1+(473)(p/p.. - DI +(5/3) (p/p.. - )]
(69)
Mo (P/Ps$) = [1 + Cpelin max{0, p/p,. - 1) sin}]

with coefficents ejet = 0.08, Cue 7y = 0.60, Cpe g = 7.5

We compare the experimental rise-heights z, with those z(x,) predicted to occur at the
experimental (horizontal) displacement x, downwind of release. The results are summarised in
Figure 5.12. Agreement is satisfactory, with the predicted values almost always within 15% of
those observed. The function form, and coefficient values for jet and crosswind entrainment
are essentially those (0.08 and 0.60) recommended by Briggs (1984) on the basis of extensive
data concerning neutral and buoyant plumes released at right angles to an imposed wind.

Dense plumes: crosswind entrainment and plume-path

Hoot, Meroney and Peterka (1973) conducted experiments in the (boundary layer) wind tunnel
at Colorado State University the purpose of which was the characterisation of dense plume
dispersion. Dense gas was formed by mixing air and Freon 12; releases were directed upwards
and at right angles to the ambient wind; plumes were made visible by impinging the premixed
(dense gas) jet on the surface of titanium tetrachloride (TiCl,).

We consider a series of releases into a laminar crosswind, for which the velocity profile (Hoot,
Meroney and Peterka (1973) Figure 4) is essentially constant above 3 inch from the tunnel

floor.
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We have compared the experimental results obtained by Hoot, Meroney and Peterka (1973)
with predictions obtained in the limit of negligible ambient turbulence. The entrainment
formulation are as above.

Comparison is made between observed and predicted maximum (centre-line) rise-height, and
between (visible leading edge) touchdown and the impact of 'top-hat' leading-edge. or
extrapolated plume centre-line, the tunnel floor. Initial conditions and observed rise heights
and touchdown distances are as recorded in HMP (Hoot, Meroney and Peterka (1973))
(Report: Figure 2). In addition, comparison is made with horizontal displacement of
maximum plume rise correlated by HMP's formula

X/Dy = (u_u)(gDp)(py/P.. - 1) (70)

The results of a comparison between the predictions of the PLUME model and HMP date are
presented in Figures 5.13 through 5.16. Generally the agreement is good, with (maximum)
rise-height fitted to within perhaps 10%, maximum-rise displacement.

As regards plume 'touchdown' the situation is more complex. HMP measured the horizontal
displacement from release of the point of 'visible plume edge' touchdown. This differs
significantly from (extrapolated) plume centre-line touchdown, and with the touchdown of the
integral averaged plume width. It is well known (Briggs 1984) that the 'momentum’ and
'concentration’' widths of plume differ significantly. A 'top-hat' model, which represents mass
and momentum entrainment with a single plume width, cannot accurately predict
concentration width. Neither is it possible to identify the 'visible plume edge’ with any fixed
proportion of the equivalent Gaussian (concentration) width. The systematic dilution on the
plume centre-line must imply that the 'visible edge' is an increasingly small proportion of the
Gaussian width. Ultimately, of course, the visible plume must dissipate entirely. In the
circumstances we are content to compare 'visible edge' data with predicted centre-line (Figure
5.15) and ‘'top-hat' edge displacements at 'touchdown' (Figure 5.16). The centre-line
displacement is systematically larger, the 'top-hat' edge smaller, than visible edge touchdown
observed by HMP.

Considerable scatter is evident: this reflects the sensitivity of plume touchdown to small
variations in entrainment taking place in weakly descending (marginally dense) plumes. We
consider this comparison satisfactory. Further improvements in the modelled entrainment
must await more accurate experimental data on (extrapolated) centre-line touchdown. This
latter could be deducible from photographs of visible plume-path taken (but not published) by
Hoot, Meroney and Peterka.
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In addition a comparison has been made with the small but well instrumented data set of Li.
Leijdens and Ooms (1986). These authors measured the detailed vertical profiles that resulted
from the downward release of heated air into an essentially uniform air stream. Differences
between air and plume density are everywhere small, so that these experiments should be
analogous to weakly dense plumes released upwards. The results are presented in Figure 5.17.
Agreement is satisfactory, as regards both plume path and width. Accuracy is comparable or
better to that achieved by Havens (1988), but is inferior to that of Li, Leijdens and Ooms using
their elliptic sectioned Gaussian model. Nevertheless the overall predicative accuracy of the
entrainment formulation advanced here is judged sufficient for purpose. Certainly the very
large experimental scatter, and range of correlation based predictions should be borne in mind
(Petersen 1987).

AEROPLUME validation
Post (1994) describes several validation test done with the HGSYSTEM 3.0 plume model

AEROPLUME. Comparison with data is favourable including measurements for the distance
to Lower Flammability Limit (LFL) for pressurised liquid propane releases.

5.B.13. Comparison with models of Wheatley, Raj and Morris, and Havens

It is useful to contrast the models of Morris and Raj (1987) for grounded jet, Wheatley (1986)
for a two-phase jet, and Havens and Spicer (1988) for a dense gas plume with that here
proposed for the representation of two-phase/dense gas releases (AEROPLUME) or HF
releases (HFPLUME). Each of these models have limitations which restrict, more or less
severely, the range of applicability. Certainly none will span the range of release conditions
encompassed by AEROPLUME/HFPLUME.

The free jet model of Wheatley

This model (Wheatley 1987a, 1987b) was developed in order to predict the downwind
distribution of concentration and temperature resulting from a pressurised release of liquid
ammonia. The model structure is: steady state, no atmosphere gradients, (isobaric) thermal
equilibrium, entrainment dominated by jet/ambient shear, negligible gravity slumping.

Though the model (TRAUMA) was originally ‘tailored’ for liquid ammonia releases, its
thermodynamic structure permits the release of several reactive liquids and in particular
anhydrous HF. No provision is made for the impact of jet upon the ground, either in respect of
induced drag, or of geometrical distortions. Model applicability is thus limited under
prototypical conditions to a downwind range of perhaps 10m, and to HF concentrations in
excess of some 1% by volume HF.

The model differs from HFPLUME in that complete 'atomisation' of the released liquid is not
assumed, but is rather checked against a criterion first developed by Ohnesorge (1936) for
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thermodynamically stable liquid jets. Maximum stable droplet size and gravitational
settlement of droplets (Clift. Grace and Weber 1978) are considered in the context of droplet
'rain-out’; a cimple (inequality) condition is developed for the absence of droplet rain-out. The
analysis takes no account of droplet evaporation. The restricted downwind range of
Wheatley's model make it suitable for the near-field prior to plume touchdown. No provision
is made for other than horizontal releases. Overall the accuracy and range of validity of this
model (comparable to HFPLUME) is, we judge, insufficient for a confident 'matching’ to
either heavy gas or passive dispersion models ir. the far field.

The grounded jet model of Morris and Raj:

Raj and Morris (1987) proposed a 'top-hat’ (sectionally averaged) model for a ground affected
(rectangular) jet. The range of validity extends from (plume) touchdown through momentum
dominated jet, towards heavy gas dispersion. The model structure takes account of wind shear
and atmospheric stability, and incorporates ground drag and gravity slumping effects. The
cross-section is vertical. The equation system comprises horizontal momentum, conservation
of pollutant mass-flux, a (differential) entrainment relation, and a gravity spreading law.
Thermal equilibrium is assumed throughout. The entrainment relation is proportional to the
mean difference (over 'top’ or 'side') between ambient wind-speed and jet velocity.
Entrainment is further proportional to the ambient density and to a dimensionless entrainment
coefficient which on the basis of gas jets has an anticipated magnitude e = 0.08. This is
analogous to the formulations in the HGSYSTEM plume models, except that all parameters
are referred in these latter cases to the centroid height. The drag force comprises two parts, a
shear force exerted at the 'top' surface, and a ‘drag' at the ground. Drag on either surface is
assumed proportional to the square of the difference at the bounding surfaces between jet
velocity and wind speed. Account is taken of density differences inasmuch as the drag at the
jet 'top' is assumed proportional to the ambient density, whereas that at the ground is linear in
the jet mean density.

This model is strongly empirical, however, in that both ground and atmosphere drag are
assigned adjustable coefficients for matching with experimental data. Additional entrainment
terms, representing ambient atmosphere entrainment, and lateral spreading entrainment
(Puttock 1988) are entirely absent. The several empirically adjustable coefficients are obtained
(and the model tuned) by comparison of model predictions against an extremely small data
set, the Desert Tortoise 4 Ammonia Release (Ermak, Chapman, Goldwise, Gouveia and
Rodean 1987).

Copyright American Petroleum Institute 5'61
Provided by IHS under license with API

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



STD.API/PETRO PUBL HL3L-ENGL 1995 WR 0732240 IjhESD‘lB 278 N
HGSYSTEM Technical Reference Manual

In spite of these limitations it seems likely that the model of Raj and Morris represents a
significant improvement on that of Wheatley for a free jet. The key difference rests in the

explicit representation of gravity slumping in the formula

Q=—]£\/§lm:—_l),withk= 115 (71)
ds u

This permits a reasonable description of gravity slumping for a near horizontal release in
which horizontal and vertical motions are largely decoupled. Entrainment is dominated by
jet/atmosphere shear. The structure is, however, incompatible with existing integral-averaged
plume models, and cannot represent the early interaction between impacting plume and
ground that accompanies 'touchdown'. Neither can the early (airborne) jet be followed, so that
for predictions near the source a 'free' jet model, such as AEROPLUME, HFPLUME or
TRAUMA, must be matched to that of Raj and Morris (1988).

The problem, mathematically, is that a gravity slumping formula has replaced the vertical
momentum equation in the limit of horizontal jet flow: the solution (section 5.B.7) is to
introduce pressure forces, acting at the ground surface, such as allow recovery of gravity
slumping and plume descent in the appropriate asymptotic limits. Such a formulation we
expect to be of compaiable or greater accuracy for horizontal pressurised releases, whilst
permitting extrapolation to vertical releases, and releases inclined to the ambient wind. The
formulation of the drag forces at upper and lower jet edge is complex, and highly empirical.
Formulations based on an analysis of the turbulent averaged equations of motion lead rather
directly (section 5.B.7) to a drag force expressed in terms of ambient parameters at the
centroid height, the form of which introduces no empiricism beyond that required for heavy
gas (ambient) entrainment. The formulation of the HGSYSTEM plume models is therefore
consistent throughout the free jet, touchdown, and slumped plume regions, and contains
entrainment mechanisms relevant to all. The HGSYSTEM plume models is uniformly valid
from point of release to far within the heavy gas advection regime.

The atmosphere plume model of Havens and Spicer:

Havens and Spicer (Havens 1988) have proposed that the model of Ooms, Mahieu, and Zelis
(1974) be used for the representation of dense gas releases prior to plume touchdown. The
model is a variant of the simple integral average models in that a truncated Gaussian
(‘similarity’) profile is imposed upon velocity, density, and concentration within the
developing plume. The model also includes an initial zone model, in which are adopted
empirical correlations spanning the region prior to the establishment within the plume of
(approximately) Gaussian conditions. This initial zone model is uncertain, even in the context
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of gaseous releases (Keffer and Baines 1963. Kanotani and Greber 1972); it is doubtful
whether this additional complexity is necessary or desirable.

Specific comments may be made regarding such (truncated Gaussian) formulations. The
centre-line concentration is artificially heightened by the process of profile ‘cut-off' whereby
the mass in the Gaussian 'tail' is redistributed toward the plume centre. The use of a cut-off is
not necessary for such a self-similarity theory and may be eliminated by a reformulation o the
integral equations of motion (Schatzmann 1978. McFarlane 1988).

Li, Leijdens and Ooms (1986) employed a 'drag' force in order to reproduce the observed
plume path for a set of 3 buoyant jets released downwards: the use of such a drag force is
controversial (Briggs 1984); the data set severely limited. Coefficient values and the
functional form of the entrainment function are uncertain (Petersen 1978, Schatzmann 1978);
there is considerable scatter in the experimental data (Petersen 1987).

The benefits of truncated Gaussian over simpler 'top-hat' models seem to us unproved, even in
the context of gas plumes. For reactive, initially two-phase releases, solution of such models
requires numerical integration of the energy equation at each downwind advance of the
discretized differential system for plume motion; it is not possible to introduce the several
simplifications to the system thermodynamics that allow explicit integration of the enthalpy
excess over the plume cross-section (Havens 1987). For complex reactive flows, and in
particular for pressurised releases of anhydrous HF, the computational cost of a Gaussian
model seems prohibitive. Additionally the model requires initial zone information appropriate
to pressurised gas or two-phase, or atomised liquid phase releases.

In practical terms what is required is a model prior to plume touchdown passing integral
averaged information to a grounded jet model (Raj and Morris 1987), a slumping pool model
(Raj and Morris 1987), or (perhaps) a heavy gas advection model (Colenbrander and Puttock
1988). Details of concentration behaviour off-axis cannot readily be passed from model to
model; nor is this information likely to be accurate. 4 sectionally-averaged or 'top-hat' model
seems to be a reasonable compromise between computational complexity and predicative
accuracy. Development of the energy equation for such a model presents no difficulty
(Davidson 1986); neither are problems found with the inclusion of reaction chemistry (Forney
and Droescher 1985).

The touchdown model of Havens and Spicer has the merit of simplicity:

t

‘The Ooms model' .. ' is terminated when the lower edge of the plume impinges the

ground. The resulting downwind distance, plume centre line concentration and
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temperature, and plume radius (bj\/2) are used as input to DEGADIS. The ground level gas
source input to DEGADIS is a circular area source with radius (bJ\/Z) and concentration
and temperature equal to the centre-line values output from Ooms model.' (Havens 1988a.
1988b)

Insufficient detail is given to permit full consideration of the touchdown ass‘umptions. We
presume however that the DEGADIS circular source has an 'evaporation rate' such as to
conserve mass- and excess-enthalpy flux at the plane of transition. No account is taken of the
momentum excess in either horizontal or vertical direction developed in the course of plume
rise and fall. Substantial vertical velocities must imply enhanced (impact) spreading;
differences in horizontal velocity between plume and wind imply transition to a grounded jet
model, or to some intermediate touchdown model. It seems essential to take some account of
these velocity (momentum) differences in the vicinity of plume touchdown. We suggest
transition to a spreading pool model (fed from above) or to a slumped plume model in the
manner of the HGSYSTEM plume models. Alternatively some empirical correlation between

plume and heavy-gas advection might be developed.

For releases which result in much delayed plume touchdown, (> 1 km, say) we agree with
Havens that the use of Ooms model is compromised by the much earlier touchdown of the
leading plume edge. A possible solution is to include an 'image' plume as a model of the
(horizontal) ground. However dilution is likely to be such that plume behaviour more closely
approximates passive dispersion than that appropriate to heavy-gas advection models such as
DEGADIS or HEGADAS. We suggest that for these cases transition should be made to a
Gaussian far-field dispersion model (Hanna 1982) based upon asymptotic matching of plume
and Pasquill/Gifford standard deviations 0, and ©,. Discussion of 'image’ plume dynamics
illustrates the additional complexity imported with Gaussian rather than ‘'top-hat' models in

plume touchdown.
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FIG. 5.1 — The zone of external flashing. On release, fluid expands to ambient pressure. Thermal
equilibrium assumed. Entrainment and interphase slip taken to be negligible.
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FIG. 5.2 — The zone of flow establishment. Transition region in which initially ““top-hat*
profiles are eroded by entrainment into outer region. Zone ends when undisturbed
inner core region disappears to leave Gaussian profiles and self-similar flow.
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FIG. 5.3. — The airborne {established) plume. Negligible ground effect. Radial symmetry
about plume centre-line.
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FIG.5.4- The touchdown plume. Transition of plume from circular X-section to semi-circular X-section
in the touchdown region
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FiG.5.5- The slumped plume. Semi-elliptic X-section due to lateral gravity spreading
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FIG.5.6- Transition to advected dense gas plume (HEGADAS). Criteria for transition are small
plume excess velocity over ambient, and small jet entrainment
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FIG. 5.7. — Transition to passive dispersion as an elevated Gaussian plume, when velocity excess
over ambient is small and buoyancy/shear entrainment weak compared with passive
entrainment.
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F1G. 5.9. — The plume coordinate system.
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MOMENTUM FLUX IMPACT FORCE
dP =dm u (cos ¢, O, Sin ¢) = Ipw? ftan ¢| (Sin ¢, O, -Cos 0)

FiG. 5.10 - Plume impact Pressure Forces. Fluid momentum impacting the ground is destroyed,
exterting force per unit axis length of | L2 |tang|. Kinetic energy conserved in elastic

impact
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FIG.5.11 - Gravity slumping and footprint area pressure forces. Lateral gravity spreading of
heavy gas dominates slumping of plume
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FIG. 5.12. — Comparison of the predicted plume rise height of buoyant plumes with the
experimental data of Petersen (1978).
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FIG. 5.13. — Comparison of the predicted plume rise height with experimental dense gas wind-
tunnel data of Hoot, Meroney and Peterka {1973).
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FiG. 5.14. — Comparison of the predicted location of ‘maximum plume rise with experimental
dense gas wind-tunnel data of Hoot, Meroney and Peterka {1973).
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F1G. 5.15. — Comparison of the predicted point of plume touchdown with experimental {visible
edge) touchdown of Hoot, Meroney and Peterka (1973).
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FIG. 5.16. — Comparison of predicted Centre-line touchdown with experimental Visible Edge
touchdown data of Hoot, Meroney and-Peterka (1973).
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Measured and predicted plume paths
{A: experiments; — :prediction).

Experimental conditions (T,: tunnel temperature; T stack plume exit temperature)

Dm U,msh Umsh T,K) T.(K) Re Fr

Experiment1 = 0.025 0.92 5.16 293 353 8600 3.45
Experiment 2 0.025 0.97 5.75 292 393 9580 3.84
Experiment 3 C.020 0.85 3.68 291 393 4900 3.68
D orifice diameter x horiz. distance

U, ambient wind speed z (downward) vertical distance

U, centre-line speed

FI1G. 5.17. — Comparison of predicted centre-line plume trajectory and plume width with data
from experimants 1, 2 and 3 of Li Leijdens and Ooms (1986).
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6. THE PGPLUME MODEL FOR FAR-FIELD DISPERSION

6.1. Introduction
The influence upon plume dispersion of release conditions and of complex reaction dynamics

decreases with increasing downwind distance, and becomes negligible when compared with
ambient turbulence in the far-field. Inasmuch as the formulation of ambient turbulence within
the HGSYSTEM plume models (AEROPLUME/HFPLUME for HGSYSTEM version 3.0 and
PLUME/HFPLUME for HGSYSTEM version 1.0) is rather uncertain, it is inappropriate to
extrapolate these plume models far downwind of release.

For the regime of passive advection considerable (empirical) success has been obtained by
means of a Gaussian plume/image’-plume model. Local concentrations are prescribed in terms
of horizontal and vertical standard deviations, each expressed as a function of distance
downwind of the source. Atmosphere stability is described by the familiar Pasquill/Gifford
classes 'A' through 'F;'. The correlations apply properly to extended and level terrain (Pasquill
1961, Gifford 1975). More recent developments allow correction of the standard correlations
for surface roughness (Hanna 1982), for concentration averaging time (plume meander)
(Hanna, Briggs and Hosker 1982), for release duration (Blewitt, Yohn, and Ermak 1987), and
for the influence of the nearby ground (Pasquill 1976).

We may choose either to modify the entrainment function within the HGSYSTEM plume
models, or else to link these models to the well established Pasquill/Gifford Gaussian plume
model.

Modifications might incorporate the Pasquill/Gifford standard deviations into the entrainment
function (Bloom 1980; Petersen and Cermak 1980); or else represent surface layer structure
implied by observation and Monin-Obukhov similarity (Ooms 1972; Schatzmann 1978;
Disselhorst 1984) in such a way as to reproduce observed far-field behaviour.

The choice of method is governed by computational efficiency and by the need to ensure
accurate reproduction of well-known far-field effects. We link HFPLUME to a
Pasquill/Gifford model by asymptotic matching, in which a virtual source for a
Pasquill/Gifford model is located by requiring the continuity of mass, momentum, and energy
fluxes between near and far-field descriptions at a (given) matching plane. Subsequent
dispersion is then obtained by function evaluation, rather than by the numerical solution of a
set of ordinary differential equations. The matching procedures are broadly analogous to those
proposed in the context of heavy gas dispersion by Raj and Morris (1987).

The HGSYSTEM model which can describe the far field passive dispersion is called
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PGPLUME. All HGSYSTEM plume models (AEROPLUME and HFPLUME in version 3.0
of HGSYSTEM) can make a transition (link) to PGPLUME if appropriate.

6.2. Far-field Dispersion: Pasquill/Gifford Models
The dispersion of a trace contaminant from a ground or an elevated point source over flat
homogeneous terrain is well described by an (essentially empirical) plume/image'-plume

model of the general form (Stern, Boubel, Turner and Fox 1984; Hanna 1982; Briggs and
Hosker 1982):

Point-local concentration

c(Ax,y,2)/c, = w(y,z;cy,oz,zm) ¢}

c.=dm/dt/[2 T u_0,0,] 2

where Y(y,2;0,,0,,2y;) = exp(-y/(26,)) [exp(-(z - 2p6)/(20,)) + exXp((z + 2,6)/(26,7))]  (3)

and Gy’oz = (cv’oz)(Ax = xPG - <X>’ZPG;1:’zcm’zr)
z20;Ax 20
-0 <y < oo

Zmr Zpi» §,, G, 20

Notation: Ax displacement downwind of a (virtual) point-source of pollutant mass-flux dm/dt,
at co-ordinates (Xpg,0,Zp); €. 'centre-line' mass-concentration at displacement Ax; (Xp; +
Ax,y,z) co-ordinates of a general point within the Pasquill/Gifford plume a distance z above
ground, and a (horizontal) distance y off-axis; (6,,6,) standard deviations in horizontal and
vertical directions (m); u_ mean wind-speed (m/s); z, plume centre-of-mass (centroid) height

(m).

Pollutant is advected at the (vertical-mean) wind-speed u_. Cross-wind dispersion is described
by vertical and horizontal standard deviations ©, and 6, respectively. Each standard deviation
depends on the atmosphere stability (class), distance downwind of the source (Gifford 1976),
the chosen concentration averaging time (Pasquill 1976), Hanna 1982), the surface roughness
(Hanna and Briggs 1984), and the mean plume (centroid) ‘height' (Pasquill 1976).

The standard Pasquill/Gifford standard deviations based upon a (reference) surface roughness
z'% = 3cm, ground-level source, and a (reference) averaging time 1,; = 10 minutes (Hanna,
Briggs and Hosker 1982) were given graphically for distances less than some 10-50 km
downwind of release. These correlations were given numerical form by Turner and Busse
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(1973), who proposed for 0:6 the dimensioned form (Stern, Boubel, Turner and Fox 1984),

Horizontal Standard Deviation

07° =465.116 (Ax/10%) tan(6 n/180)

6(ax,PG) =

24.167 - 2.5334 In(Ax/10°) PG="A'
18.333 - 1.8096 In(Ax/10%) PG="B'
12.500 - 1.0857 In(Ax/10°) PG='C
8.3333 - 0.72382 In(Ax/10%) PG="D'
6.2500 - 0.54287 In(Ax/10%) PG="E
4.1667 - 0.36191 In(Ax/10%) PG="F

with 0 < Ax < 100 km and PG = {'A",'B/C",D','E','F'}

4

&)

Notation: Ax downwind distance (m); PG Pasquill/Gifford stability class; ch standard

(Pasquill/Gifford) horizontal standard deviation (m).

In addition the vertical standard deviation 6° is assigned for each stability class a piece-wise

power-law form (Turner and Busse 1973; Stern, Boubel, Turner and Fox 1984).

Vertical Standard Deviation

ol =122.804x"°%
158.08Ax" %54
170.22Ax' %
179.52Ax' 122
217.41Ax! 2%
258.89Ax' 4
346.75Ax" ™
453.85Ax> "1
5000

Ax <100 m G, =90.673Ax*7"*
100 m < Ax < 150 m 98.483Ax"*%%
150 m < Ax <200 m 109.30Ax"#"10
200 m <Ax €250 m 5000m
250 m <Ax <300 m oF =61.141Ax*71
300 m < Ax <400 m o) =34.459Ax*%"
400 m < Ax £ 500 m 32.093Ax"81%¢
500 m <Ax<3.11km 32.093Ax"64
Ax>3.11km 33.504Ax" 648
36.650Ax"*5¥
44.053AX0'5“79

where the ¢'s are in m.
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or =24.260Ax°%*" Ax <100 m o) =15.209Ax"55% Ax>200m

23.331Ax°¥%% 100 m < Ax <300 m 14.457Ax°79 200m < Ax <700 m
21.628Ax°7* 300 m<Ax<1km 13.953Ax"%* 700 m < Ax £1 km
21.628Ax°%"" 1km < Ax <2 km 13.953Ax%4?" | km < Ax <2 km
22.534Ax"™"* 2km< Ax <4 km 14.823Ax**%® 2 km < Ax € 3 km
24.703Ax*?7 4km < Ax < 10 km 16.187Ax***° 3 km < Ax £ 7km
26.970Ax"*™ 10 km € Ax £20 km 17.836Ax**"® 7km<Ax < 15km
35.420Ax%*" 20 km < Ax <40 km 22.651Ax"*#" 15 km < Ax <30 km
47.618Ax**? Ax > 40 km 27.074Ax*7** 30 km < Ax < 60 km

34.219Ax%¥""¢  Ax > 60 km

(6)

where the 6's are in m
In (5) and (6) 0 £ Ax < 100 km and PG = {'A",'B",/C','D','E','F'}

Notation: Ax downwind distance (m or km); PG Pasquill/Gifford stability class; 6'° standard
(Pasquill/Gifford) horizontal standard deviation (m).

Plume standard deviations derive ultimately from the spectrum of turbulence within the
ambient atmosphere. Short averaging times correspond to diffusion associated with small
scale eddies: long averaging times are dominated by plume meander. The distribution of
vertical and horizontal turbulence differ, with the vertical turbulence materially influenced by
the proximity of the ground. Turbulent kinetic energy is further influenced surface roughness:
greater roughness implies greater turbulent energy, and greater eddy diffusivity.

Hanna (1982), following Smith (1973, 1977) and McDonald (1978), suggested for o, a surface
roughness effect (z/zfo)o’z. Now surface roughness govemns the friction velocity u’ (say), and
the Monin-Obukhov length L, with the distribution of turbulence in horizontal (cu/u’, and
6,/u’) and vertical (G, /u’) directions universal functions of the scaled height /L. (Arya 1982).
Plausibly the influence of surface roughness applies equally and proportionately to the
horizontal standard deviation 6, of a dispersing plume.

However, Roberts (Chapter 5.B), analysing extensive meteorological data (Draxler 1984),
discerned no significant effect of surface roughness upon 6, . Certainly for longer averaging
times the dominant influence upon @, is plume meander, which is essentially uncorrelated
with (local) surface roughness; we follow observation and take ©, independent of the surface
roughness.
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The influence upon horizontal standard deviation of plume meander and concentration
averaging time effect has the form of the power law (1/1,;)** (Hanna 1982). Vertical spectra
differ from horizontal as the result of the geometrical influence of the ground, so that for long
averaging times no further increase in &, with averaging time is to expected. For such times
the vertical spectrum is fully active in determining turbulent diffusion. Equally for very short
averaging times turbulent diffusion is dominated by small-scale eddies, the distribution of
which is roughly homogeneous. This suggests that for short averaging times the functional
dependence of both o, and ©, on averaging time T should be identical, whereas, near the
ground, or for long averaging times, 6, should be independent of 1. We propose, following
Hanna (1982) and Pasquill (1976), the dimensioned forms

Effects of surface roughness, plume centroid height, and concentration averaging-time
G, =0,° (T/T,0)" (7
6, =650 (z/27°)"? {min[T, 1)/ Tpg}°? (8)
withz>0;2,>20;T27,,,>0

Notation: z,, plume-section centroid (centre-of-mass) height (m); T concentration averaging
time (S); T = 18.75 s, effectively 'instantaneous' averaging time (TNO 1990); z, > 0, ground
surface roughness; T, reference averaging time (taken to be 600 s in PGPLUME); 2"
reference surface roughness height (taken to be 0.03 m (3 cm) in PGPLUME).

6.3. Local versus Integral Average Properties: Near/Far field Matching

The near-field models AEROPLUME and HFPLUME are idealised particularly in respect of
the shape of the cross-wind profiles of concentration and temperature. Predictions are made
not of point-local but of average behaviour within each plume cross-section, and take
properly into account the several effects of source momentum, orientation, and dense gas
dispersion in determining air entrainment and the development of the plume trajectory.
Far-field dispersion is similarly idealised. Predictions are made of local (particularly ground-
level) concentrations; no account is taken of near source effects influencing plume trajectory.
The far-field dispersion of plumes is independent of release conditions except inasmuch as
they determine the downwind displacement, height above ground, and strength of an
equivalent point source.

Consider an asymptotically neutral or marginally buoyant release downwind of release. In the
near-field predictions are available of entrained air mass-flux, released pollutant mass-flux,
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and the excess (above ambient) fluxes of momentum and total energy. Sufficiently far from
the source the conditions for passive dispersion of an inert pollutant are well met: chemical
reaction (if pollutant is HF) has all but ceased ; the influences of release buoyancy and initial
momentum largely spent.

At such distances the sectional-average predictions supplied by HFPLUME or AEROPLUME
correspond closely to those of a matched Pasquill/Gifford (Gaussian) plume. Equating fluxes
deduced from Gaussian far-field and 'top-hat' near-field models will then furnish a set of non-
linear integral equations for the virtual source location, and will define the Pasquill/Gifford

plume at the transitional or 'matching' plane and at greater distances downwind of release.

Matching Equations
<dm/dt >0=:[I'cu dydz | ®
<dm/dt >_,,=ﬁ((p-c)u-p,u_) dydz (10)
<dPx/dt>=IIpu(u—u_) dydz | (1)
<dE/dt>=I-]ipu(h+}éu2—h_—%u_z_) dydz (12)

Notation: <dm/dt>;, mass-flux of pollutant; <dm/dt>,, mass-flux of entrained air, <dP /dt>
mass-flux excess (horizontal) momentum; <dE/dt> mass-flux excess above ambient total-

energy; (c,p,h,u) point-local mass-concentration pollutant, total density, specific enthalpy, and
(horizontal) velocity; (p_,b.,u.) ambient air density, ambient air specific enthalpy, and wind

speed.

The notation '<...$‘ refers to a sectional-average value such as is predicted by the
HGSYSTEM near-field models AEROPLUME and HFPLUME.

The equation express the invariance between plume descriptions of <dm/dt>,, the pollutant
mass-flux, <dm/dt>_, the entrained air mass-flux, <dP /dt>, the excess horizontal momentum,
and <dE/dt>, the excess above ambient of total energy.

The pressure P_ within the plume is essentially that (hydrostatic) value within the undisturbed

atmosphere.
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Pasquill/Gifford Profiles
The assumption of a Gaussian plume/image’-plume description of the far-field dispersion

yields for the mass-concentration, and for the excess velocity the explicit profiles:

C/Ct = w(yQZ;Gy’GZ’ZPG)

(u-u )(u - u,) = Y(y,Z;EC ,€0,,Zp;) (13)
V(Y,2:0,,0,,Z) = €xp(-y/(20,7)) [eXD(Z - Zp6)/(20,)) + €XP(-(Z + 26)/(26,))]

with 6,6, = (6,,6,)(AX = Xp; = <X>y = 0,2,6,T = TepeZem = <22.Z)
and 0<z,x 20, - <y < and <z>, 0,,0,2 0.

Notation: € turbulent Schmidt number; u, - u_ 'centre-line' excess of horizontal velocity; <z>
near-field centroid height; 1., 'instantaneous' (concentration) averaging-time; z, ground

surface roughness.

The averaging time appropriate to the standard deviations ¢, and o, must be chosen for
comparability with the near-field description underlying the entrainment assumptions of
HFPLUME and AEROPLUME.

Such an averaging time is certainly short, and may be regarded as effectively 'instantaneous’.
Reference to TNO(1990) yields for and 'instantaneous' average the effective averaging time
T = 18.75 s.

match

Note that in addition to the expected profile for the mass concentration c(x,y,z), a second
related profile has been introduced for the excess-velocity (u(x,y,z) - u_(x,y,z)). This reflects
the broad comparability of density and velocity differences in the near-field, and the desire to
assign both influences equal weight in the criteria of matching.

The velocity profile is identical in form to the Gaussian image system proposed for
concentration; the standard deviations are scaled by the far-field turbulent Schmidt number
(2=135)to reflect the different rates of mass and momentum diffusion (Rouse, Yih and

Humphreys 1952; Ooms 1972).

Local Thermal Equilibrium
The assumption of thermal equilibrium the point-local thermodynamic relation

(h+ s’ - h_ - Y4u ?) = (¢/p) (<dE/dt>/<dm/dt>g) (14)

6-8
Copyright American Petroleum Institute

Provided by IHS under license with API

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



STD.API/PETRO PUBL Y4k3b-ENGL 1995 WR 0732290 0L25131 32T mm
HGSYSTEM Technical Reference Manual

to be developed.

This equation may be motivated as follows: First consider the integral-averaged plume
description, and in particular the total energy-flux <dE/dt> passing a given cross-section. The
mean-flow may be assumed to result from the uniform mixing of a pure pollutant stream of
mass-flux <dm/dt>; with an ambient air stream of mass-flux <dm/dt>_,..

The pure pollutant stream has therefore the specific enthalpy <dE/dt>/<dm/dt>, above
ambient values.

Next abstract a unit mass of pollutant/moist-air mixture from within a plume cross-section.
The sample possesses a definite mass-fraction c¢/p of pollutant: it results from the intimate
mixing of two parcels of material; the one (pure pollutant) of mass c/p, the specific energy
content of which (relative to the ambient air) is (<c>/<p>)(<dE/dt>/<dm/dt>); the other air of
mass 1 - ¢/p and zero specific energy (because we define the energy relative to the ambient
air).

The mixture specific total energy is correspondingly h - h_ + Yau’ - Y4u_%.

The point local relationship follows from energy conservation. The non-linear equation

<dE/dt>=]]:pu(h+}/2uz—h_—}/zui) dydz (15)

0 ~=

is then satisfied identically.

The equation system for near/far-field matching then provides a set of three non linear
equations in the 'centre-line’ concentration c., the centre-line velocity-excess u. - u_, and in the

virtual origin location (Xpg,Zpg 2 0).

An additional equation is therefore needed to close the equation system.

Model Closure: Centroid, Buoyant Potential Energy, and Angular Momentum

Recall the importance of the plume centroid of 'centre of mass' in model formulation: this
suggests that the plume centroid height be invariable between the near and far-field
descriptions. The matching equation then becomes

[2(p-p.) dydz
= (16)
f(p-p..)dydz

<Z>=

ot © Gy £

This equation is straightforward; it accurately reflects the systematic rise in the
Pasquill/Gifford centroid height with increasing downwind distance, a variation not followed
by the virtual source.
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It differs significantly in functional form from the other matching conditions, which represent
the invariance between near and far-field descriptions of the material fluxes whether of
pollutant, entrained air, excess (horizontal) momentum, or excess total-energy.

It is suggested that the final (closure) equation should express the invariance of some
physically based flux. Such considerations lead, rather naturally, to the invariance of the

buoyancy potential-energy flux

<dB/dt>= [ [pugz(1-p. /p) dydz (17)

0 -

Equally some account should be taken of residual differences between plume and ambient
velocities at the plane of matching; this in addition to the (hydrostatic) ‘centre of gravity'
effects governed by density differences alone. We suggest that the excess above ambient
values of plume angular momentum be conserved.

Taking moments from the point of the matching plane of maximum ground-level

concentration yields the equation

<dL, /dt >=jjpuz(u—u_,)dydz (18)
0 —oo

Matching is not influenced by the choice of origin for L,. This equation has the form of a
physically derived flux, and is, in the limit of negligible velocity difference, equivalent to
centroid invariance. Account is now taken of velocity differences on an equal footing with
density differences analogously to the remaining conservation equations.

It is, however, impossible to satisfy buoyant-energy and angular-momentum flux conservation
simultaneously.

This illustrates a general problem of matching, that only a limited number of physical
invariants can be transferred between matched models, the limit being set by the
Pasquill/Gifford far-field.

Introducing a velocity profile allows a rather better transfer of momentum related information
than would otherwise have been possible; however it does not seem possible to introduce
sufficient degrees of freedom to encompass <dL./dt> and <dB/dt> invariance.

In the circumstances we must choose which invariant will be conserved. Inasmuch as the
buoyancy flux occurs explicitly as a major determinant of near-field behaviour, whereas the
angular momentum is only implicitly calculated, we prefer <dB/dt> invariance for the
calculation of the far-field.
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Existence of Matched (Far-field) Solutions

It is a general feature of non-linear equations that physically appropriate solutions may not
exist for certain ranges of the input parameters. Certainly, circumstances may arise under
which the matching of a near-field description and a far-field Pasquill/Gifford model may be
inappropriate: source momentum may be significant; heavy gas effects may predominate.
Even under near passive conditions sufficient ‘'memory’ of earlier (heavy gas, say) dispersion
may be retained to prevent physically sensible matching: the solution space, in terms of the
matching variables <dm/dt>,, <dm/dt>,,, <dP /dt>, <dB/dt> needs to be examined.

This discussion is deferred until an appropriate asymptotic analysis of the non-linear system
has been carried out.

6.4. System Asymptotics: the Limit of Great Dilution

Inasmuch as the Pasquill/Gifford formulation applies to passive dispersion, significant
departures between plume and ambient atmosphere at the plane of transition are inappropriate.
It is not necessary to solve the matching equations in full generality; it suffices to examine the
solution space in the limit of great plume dilution.

First order expansion about the ambient state (p_,T_;P_) yields estimates of the enthalpy and
temperature excess above ambient, together with estimates of the centre-line concentration

and velocity-excess. Vertical variation within the plume is neglected, with the wind-speed and
ambient density assigned (mean) values <u_> and <p_> evaluated at the (near-field) centroid

height <z>.

First Order Approximation

(h- h_,)/(cp" T)=(TT_-1) (19)
1-TT =(p/p.- 1)+ WS- 1 c/p.. (20)
c./p.= (B{(zn)) (<c>/p.) with B = <A>/(6,6,) @2n
w/u, - 1 = (Be/(2m)) (<u>/u_ - 1) with B = <A>/(0,0,) (22)
<z> = 6,V2{(1"r) exp(-n?) + nerf(n)}; with N = 2,/(6,V2) (23)

with | <p>/p_ - 1]<<1, <c>lp_|<< 1, |<u>hu_ - 1]<<1, lu_z/(2cp" T)| <<1

n
Notation: erf(n) = (2 N )J exp(—«‘;z) dE the standard error function (Abramowitz and Stegun

0
1972); ¢,” ambient (moist) air (isobaric) specific heat; |1, ambient air molecular mass; p,
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molecular mass pollutant; (<z>,<A>) near-field plume centroid height and cross-sectional
area; (<c>,<p>) near-field (internal-average) pollutant mass-concentration and total-density;
<u> near-field (mean) flow-velocity; (u_,p_,T..) mean wind-speed, atmosphere density and
(absolute) temperature; (p,c,h,T) point-local density, concentration, specific enthalpy and
absolute temperature; h_ atmosphere specific enthalpy.

Note that the virtual origin is not located by first order matching; the quantity <A>/(0,0,)
being undetermined. Second order asymptotic analysis yields the required equation:

Second Order Closure
<A>/(0,0,) = 4n[A%h + 2h‘,5u(5945u)]/[1(1 DA™ +2h §,(1(1,6)5, + 1(£,£)5,)] (24)
where Ah=h5+2h 838 +h, 8’ +2h35’+2hJ.5,
Ieu) = 282u%/(e + u?) {1 + exp[-2e0*/(€* + 1?) (2p6/0,)]}
h,=p./(c,” T.) 8h - h)ydp |, _.
h,=p/(c," T.) dth - h_)dcl _,
h,, = p.7(e,” T.) #h - b )op* | ..
h, = p.c,” T.) ¥ -h)ac|,_,
h, =p.%/(c,"T.) &(h - h_)/dpdc
8, = <p>/p.-1;8 = <c>/p_; §,= <u>/u_- 1
together with the éonsistency constraints
|<u>tu_- 1] |4 - Bell(1,6)| << am, B=<A>/(0,0))
| ((<u>ru_ - 1) [4n - BEI(LE)]} + {(<p>/p..- 1) [4m - Bl(e.e)]} | <<4m
The virtual origin is then located relative to the matching plane x= <x> at such height z,;

above ground, and such horizontal displacement Ax = x,; - <x> that the (leading order) area

and centroid matching satisfies the equation set:
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Virtual Origin Location
<z> = o N2{(1r) exp(-n?) + nerf(n)} with N = z,c/(V2-6,) (25)
<A>/(0,0,) = 4n[A%h + 2h §,(8,+8))/[1(1,1)A’h + 2h,8,(I(1.€)5, + I(e.,€)3,)]

with  Ah=h_ §7+2h 835 +h82+2h 57 +2h 85,

pepe
e w)=2n/(E + p)){1 + exp[-28’W(E’ + P*)(2p6/0,)1}
o)"oz = (Gy’oz)(Ax = xPG - <X>’Zl"(l'v;‘t = Tmalch’zcm = <Z>’Zr)

Notation: <x> downwind distance from release of the plane of matching; <z> near-field plume
centroid at matching; 1, instantaneous' matching time; € turbulent Schmidt number; <u>
near-field (mean horizontal) velocity.

This non-linear system, though complex, has a wnigque solution for assumed monotone
increasing standard deviations 6, and 6, and for x,; < <x>, provided only that <z>/6, 2 N(2/r);
otherwise no solution exists.

In the absence of a solution we presume a ground-level (virtual) source, and solve for the
unique root of the second order equation in <A>/(G,,0,), Zy; = 0.

The solution is regular in the limit of passive dispersion, and where matching is dominated by
densimetric or velocity differences; second order matching then yield the results

<A>/(0,,0,) = 4n/I(1,1) when <u> — u_
<A>/(6,,0,) — 4n/I(1,£) when <p> = p_

<A>/(6,,0,) = 4n/I(1,1)

<p>=p.
<u>=u_
<c>#0
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Certain consistency conditions need be imposed on the quantities <p> and <u> at matching.
The empirical form of o, is severely 'pathological' for 0 < (<X> - X,g) << 10 km, that is,
outside the correlated range 10 m < (<x> - X,;) <10 km, say.

Aphysical solutions so arising are very unlikely to intrude upon asymptotic matching.

6.5. Prediction of (Steady) Far-field Dispersion

Having located the virtual origin, it remains only to evaluate for each downwind displacement
x 2 <x> the Pasquill/Gifford standard deviations ©, and o, associated with the required
concentration averaging-time =1 .

Note that the vertical standard deviation 6, depends implicitly upon the local centroid (centre-

of-mass) height z_ via the equation
z, = 6.N2{(1N) exp(-n?) + Nerf(n)}; with N = z,./(5,2) (@6)

The solution for the pair (6,,z_,) is unigue.

Note that for displacements for which z_, > 100 m the dependence of G, upon z_, is ended,
and explicit calculation recovers first 6, and then (if required) z,. _
Armed with the 'width' parameters G, and G, the Jocal concentration at downwind distance x
> <x>, height z 20, and (horizontal) off-axis distance y is to leading order

c(x,y,2)/c. = Y(¥,2;0,:0,,Zp;) With ¢, = dm/dt/[2 T u_ 0, ] 27
where  W(¥,2;0,,0,2y) = exp(-y/(26,%)) [eXp(-(Z - Zp5)"/(25,))) + exp((z + 2p5)"/(26,))]
and OSz;xm<(<x>)Sx;-oo<y<°o;z,,6,0'y,0'220

The local velocity excess is calculated similarly.

6.6. Transient Effects: Releases of Limited Duration

Thus far we have presumed that steady state conditions either exist or will develop throughout
the asymptotic far-field. In practice, however, spill duration may be a few minutes; whereas
the establishment of steady conditions at kilometre distances requires tens of minutes or even
hours. Such different time scales are especially significant for high consequence, low
probability events, for example catastrophic storage vessel failure: steady-state predictions are
in such cases not merely conservative, but impossibly large. There is, therefore, a practical
need for 'best estimate' values reflecting (more or less accurately) the influence of release

duration upon peak concentrations in the far-field.
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Downwind Diffusion

Limited duration 'puff, releases disperse both perpendicular and parallel to the ambient wind:
dispersion occurs in response not only to eddy diffusion, but also (Hanna 1982) to the
cumulative effect of wind-shear. We follow Ermak (1986, 1989), and Blewitt, Yohn, and
Ermak (1987), in representing downwind dispersion (in the context of a Gaussian plume
model) in terms of the plume standard deviation ©,. The (time/meander-averaged) standard
deviation attributable to downwind diffusion is taken to be (essentially) equal to the standard
deviation G, horizontal and perpendicular to the ambient wind. The effect of wind-shear is
represented after Smith (1965), except that attention has been given to elevated as well as
ground-level sources. The proposed formulation is as follows:

6} =02+[2Gm] o {([dusdz)|,_(axu)l, ) (28)

Note that the gradient du_/dz is evaluated at the plume centroid height z_ rather than at
Smith's (1965) reference height of 6,/2. This choice is representative of the (mean) wind-shear
not only for grounded but also for elevated plumes. The coefficient [2/(31)] multiplying the

wind-shear term ensures predictions identical to Smith (1965) for grounded plumes and
neutra] stability.

Prediction of Peak Concentrations

Gaussian plume modelling is based upon the (steady-state) solution of the diffusion equation
for a fixed point-source, uniform wind, and constant (eddy-)diffusivities. This formulation
suggests the Gaussian form upon which the highly successful Pasquill/Gifford model is
constructed.

Perhaps encouraged by this success, Ermak (1986) formulated a transient release model based
upon the general solution of the above diffusion equation in the (Green's function) form:

c(x,y,z;t) = T(dm/dt)(t) G(x,y,z;t—1) dt 29

with  G(x,y,z;T) = G (x;T) G,(¥) G(2)

G,(x;7) = [V(2/m)/G,] exp[-(X - Xpg, - u.T)/(26,2)]
G,(y) = 1/[N(2m)o,] exp[-y*/(26,7)]

G,(z) = V/[V(21)6,] {exp[-(z - 2,5)/(26,1)] + exp[-(z + 2,,)/(26,))1}
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and  ©(1)=V(2K1); 6,(1) = V(2K,1); 0,(1) = V(2K,7)

Notation: dm/dt (momentary) mass release-rate (kg/s); (Xpg,0,¥p5) location of the fixed (point)
source; (K,,K..K,) eddy diffusivities parallel and perpendicular to the ambient wind; (x,y,z.t)
co-ordinates and time following first release at which the (mass-) concentration ¢ is to be

evaluated.

Formally the plume standard deviations (0,, 0,, 6,) are functions of the elapsed fime from the
moment of release. We nevertheless follow Ermak (1986) in interpreting ©,, ©,, and G, as
known (above specified) functions of the distance (x) downwind of a fixed source.

The (reinterpreted) solution c(x,y,zt) forms a 'template’ for a transient (Pasquill/Gifford)
model or far-field diffusion. The solution c(x,y,zt) is further simplified by presuming a sready
source of limited duration. The source function dm/dt(t) assumes the form

0 —-e0<t<0
dm/dt(t)=4{(dm/dt)|,, 0<t<T_ (30)
0 T.<t<oo

with corresponding far-field concentration
c(x.y,z)/[G, G, (dm/dt)l. 1= Yoerf{M/(0,N2) it 0scey (31)
Notation: AX = X - X, distance downwind of the (virtual) point source; dm/dt|_ (sustained)
n
mass release-rate; erf(n) = (2/ Jn )j exp(—éz)dﬁ standard error function (Abramowitz and
0

Stegun 1972).

For each downwind distance (x) the time (t) at which occurs the maximum concentration
corresponds to the (unique) root of the (turning point) equation dc/dt = 0.
The maximum concentration at distance x downwind of release is therefore (Ermak 1986)

Cone(X:Y,2)/[G, G, (dm/dt)| ] = Yaerf {(1~2) [min(Ax,%u_t.) + n)/o,} Ino™™ (32)

with the steady-state value recovered in the limit of infinite release duration.
Release maximum and steady-state concentrations are then related by the (dimensionless)

factor

O/ €2 = erf{\2{min(Ax,%u_t.) + NVo,} 11" /{1 + erf[Ax/(5,V2)]} (33)

max’ ™ state

6-16
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which provides an approximate correction for the combined effects of downwind diffusion
and of release duration. The correction acts upon steady-state values estimated from
asymptotic matching and by the straight forward use of standard Pasquill/Gifford formulae.

6.7. Conclusions

In the far-field the calculation of plume dispersion by means of an entrainment based
(integral-averaged) description is both highly uncertain and seriously inefficient. Such models
as exist currently (Bloom 1980) derive entrainment from an analysis of observed dispersion
behaviour summarised in the Pasquill/Gifford curves; any satisfactory formulation of
entrainment must, in the far-field, recover the observed results.

Such far-field performance is best achieved by means of (asymptotic) 'matching'; that is by
preserving at some matching plane a set of physically derived fluxes generated in the near-
field by an integral-averaged model. This results in the identification of a virtual (point)
source, such that a Pasquill/Gifford plume at the matching plane is, as regards several physical
fluxes, identical to that predicted near the actual source. Beyond the matching plane,
dispersion behaviour is taken to be that derived for a Pasquill/Gifford model. Approximate
correction may be made for limited duration releases and for downwind diffusion using an
(error function) correction suggested by Ermak (1986). The formulation, though tentative,
should provide an estimate of the 'conservatism' inherent in assigning steady-state predictions
to high consequence, short duration releases.

Matching is achieved in the limit of large dilution, for which buoyancy effects, mis-alignment
of plume and wind, and the influence of release momentum are negligible.

Matching takes proper account of differences in vertical and horizontal diffusion, and of the
influence upon these of concentration averaging times, and the proximity of the ground. Once
the virtual source is located concentrations, may be predicted for any required averaging time,
and for any point downwind of the plane of matching.

In HGSYSTEM, the far-field passive dispersion is simulated using the PGPLUME model.
PGPLUME is, in effect, a 'post-processor’ to AEROPLUME and HFPLUME to be used
beyond the limits of AEROPLUME/HFPLUME when the near-field dispersion remains
‘airborne’, or at least does not credibly merge into a heavy-gas advected plume in the manner
of HEGADAS (see Chapter 7.A section 7.A.4.2. for linking between the HGSYSTEM plume
models and HEGADAS).
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7. THE HEAVY GAS DISPERSION MODEL HEGADAS

In this chapter a technical description of the HGSYSTEM heavy gas dispersion model
HEGADAS is given. As a reference description, in Chapter 7.A detailed technical information
is given about the HEGADAS version (HEGADAS 5) which was available in HGSYSTEM
version 1.0. This description still applies to the HEGADAS model as available in
HGSYSTEM 3.0, apart from the changes that are described in Chapter 7.B and 7.C.
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7.A. TECHNICAL DESCRIPTION OF THE HEGADAS MODEL

7.A.1. Introduction

~Considerable quantities of flammable and toxic gases are produced. stored or transported
- throughout the world. Many of these gases are denser than air if released to the atmosphere.
- The gas may be heavier than air for several reasons; for example, because of high molecular

weight (e.g. carbon dioxide CO,), low temperature (e.g. liquefied natural gas, LNG). chemical
transformations (e.g. polymerisation of hydrogen fluoride, HF), or the formation of liquid
aerosols.

Safety considerations necessitate the assessment of the hazards that might ensue in the event
of an accidental gas release. Such an assessment involves the study of the gas-dispersion
processes, and should lead to an estimate of (or upper bound for) the gas concentration as a
function of position relative to the source and time.

Among the most well-known large-scale tests are the Thorney Island field tests (McQuaid.
1984), the Burro field tests (Koopman et al., 1982), the Maplin field tests (Puttock,
Colenbrander and Blackmore, 1984), and the Goldfish field tests (Blewitt, 1988).

A large number of heavy-gas dispersion models exist for predicting the dispersion of dense
gas clouds; see, for example, Hanna and Drivas (1987) and Witlox (1991) for a review of
vapour-cloud-dispersion models. Most heavy-gas-dispersion models are based on empirical
similarity profiles for the concentration. These profiles are usually expressed in terms of the
centre-line ground-level concentration, and vertical/cross-wind dispersion parameters. The
latter quantities are determined from a number of basic equations describing gas-mass
conservation, air-entrainment, cross-wind gravity spreading and cross-wind diffusion. Most
models include a thermodynamical description, which assumes that the heavy gas is an ideal,
non-reactive gas.

The Shell program HEGADAS (‘HEavy GAs Dispersion from Area Sources) is a well
developed and validated heavy gas dispersion similarity model. HEGADAS is a further
improvement of a mathematical model developed by Te Riele (1977) for the prediction of gas
concentrations in ground-level plumes emitted by area sources in steady-state situations.
HEGADAS was originally developed by Colenbrander (1980, 1984) for both steady-state and
transient releases. Colenbrander and Bond (1986) included the effects of heat and water
vapour transfer from the substrate. This version of HEGADAS (called HEGADAS-4) is
documented by Colenbrander and Puttock (1988) and Witlox (1988).
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HEGADAS can be used both for steady-state calculations (using the HEGADAS-S version of
the model) or for transient (time-dependent) calculations (using the HEGADAS-T model).

Chapter 7.A contains a detailed technical description of the version HEGADAS-5 of
HEGADAS as it was available in HGSYSTEM version 1.0, and includes a large number of
enhancements and extensions compared to HEGADAS-4. The description in Chapter 7.A
serves as a reference point in the technical specification of HEGADAS-5. The HEGADAS
version which is available in HGSYSTEM 3.0 is almost identical to HEGADAS-5. The main
differences between HEGADAS-5 and the HGSYSTEM 3.0 version of HEGADAS are

described in Chapter 7.B and 7.C.

HEGADAS-5 has in part been developed in a multi-sponsored project to produce a software
package (HGSYSTEM) for modelling the release/dispersion of hydrogen fluoride (HF) and
ideal gases. This project has been documented by the HGSYSTEM version 1.0 Technical
Reference Manual (McFarlane, Prothero, Puttock, Roberts and Witlox, 1990) and the
HGSYSTEM version 1.0 Program User's Manual (Witlox, McFarlane, Rees and Puttock.
1990). The latter documentation includes historical details not contained in Chapter 7 of this

Manual.

The steady-state HEGADAS-S model is also described in Witlox (1994a) and the transient
model in Witlox (1994b). The interfacing of different HGSYSTEM modules is also discussed

in Witlox and McFarlane (1994).

The two thermodynamical models available in the HGSYSTEM 3.0 HEGADAS model are
described in full detail in Chapter 2.

The plan of this Chapter is as follows.

Section 7.A.2 describes the basic similarity model for steady-state dispersion. This model
includes a new cross-wind gravity-spreading formulation, which accounts for the phenomenon
of collapse of gravitational spreading, and a generalised cross-wind diffusion law for
improved prediction of cross-wind diffusion far downwind (e.g. possible use of Briggs
formula for cross-wind dispersion coefficient G,).

Section 7.A.3 describes the time-dependent model for dispersion downwind from either a
horizontal ground-level source or a vertical transition plane with a near-field model.
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Section 7.A.3.2 describes the new algorithm with which the concentrations are determined as
a function of time and downwind distance.

Section 7.A.3.3 includes a new formulation which describes the spreading and evaporation of
a horizontal ground-level pool (gas-blanket formulation).

Section 7.A.3.4 contains a new formulation with time-dependent dispersion calculations being
started from a vertical transition plane (breakpoint); thus the heavy gas dispersion model can
be interfaced with near-source jet/plume models in the case of time-dependent pressurised
releases.

Section 7.A.3.5 contains an improved formulation which describes the inclusion of along-
wind-diffusion effects for transient releases.

Section 7.A.4 describes the interfacing of the heavy gas dispersion model with pool
evaporation models and near-source jet/plume models.

In HGSYSTEM version 3.0, the heavy gas dispersion model HEGADAS can be interfaced
with the pool-evaporation model LPOOL and with the near-source jet/plume models
AEROPLUME and HFPLUME.

Section 7.A.5 describes the validation of the HEGADAS model.

Section 7.A.6 summarises the major conclusions of Chapter 7.A.

7.A.2. Steady-state model

The HEGADAS-S5 steady-state model is also described in Witlox (1994a).

7.A.2.1. Wind-speed and concentration similarity profiles

The HEGADAS model adopts a power-law fit of the ambient wind speed for the velocity u

u= uo[ijl 2.1)
Z,

where z is the height and z, is a reference height at which the velocity is u,. The exponent o is
found by matching the power law against the atmospheric wind proﬁlé u,(z).

See Appendix 7.A.A for details of this matching and an expression for u,(z) in terms of the
Von Karman constant x = 0.41, the ambient friction velocity u., the surface roughness z; and
the Monin-Obukhov length A.
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The HEGADAS model adopts a similarity profile for the concentration ¢ (kg/m’),

r, 7
¢(X,y,z) =c,(X) -exp —_SZ(XJ J lyl<b

- (2.2)
C(x,y,Z)=cA(X)-CXP(—F’y‘_b(x)}-—{ 2 ]B lyl>b

L S)_(x) S,(x)

In the above formula x, y and z are Cartesian co-ordinates with the x-, y- and z- directions
corresponding to the downwind, crosswind and vertical directions, respectively.

The release of the gas is at a rectangular ground-level area source located at -2l < x < 'L,
-B <y <B, z =0, with L being the source length and B the source half-width.

The parameter P in the concentration profile is at present takento be f =1 + a..
Figure 7.A.1 illustrates the concentration profile (2.2), which is expressed in terms of the peak

concentration c,, the dispersion coefficients S,, S, and the half-width b,
7.A.2.2. Dispersion variables and effective cloud data

DISPERSION VARIABLES

The dispersion variables c,, S,, S, b in the concentration profile (2.2) need to be determined
in order to evaluate the concentration as a function of downwind distance x, crosswind

distance y and height z.
The amount of heat and water-vapour added to the cloud needs also be evaluated if heat and

water-vapour transfer from the substrate is included.
Thus the following dispersion variables need to be calculated as a function of downwind

distance.
1. the centre-line ground-level concentration c, (kg of dry pollutant/m’)

2. the vertical dispersion coefficient S, (m) defining the decay of the concentration in the

vertical direction

3. the crosswind dispersion coefficient S/ (m) defining the decay of the concentration along
the Gaussian flanks of the crosswind concentration profile

7-8
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4. the half-width b (m) of the middle part of the crosswind profile (along which the ground-
level concentration equals c,). as S_ increases, b eventually becomes zero and the cross-
wind profile is purely Gaussian.

5. the heat H, added from the surface (Joule/kmole of mixture)
6. the water-vapour y,, added from the surface (kmole/kmole of mixture)

Instead of the centre-line ground-level concentration ¢, (kg of dry pollutant/m*), HEGADAS
also utilises as an alternative variable the centre-line ground-level molar pollutant fraction y,,:
c,isrelated toy,, by

Ca=my - (1-1,) Y0/ Vy (2.3)

where 1, is the mole fraction of water in the pollutant, m,, the molecular weight of the dry
pollutant (kg/kmole), and V_ the mixture volume at centre-line and ground level (m*/kmole).

For given values of y,, and H,, the thermodynamic model as described in Chapter 2.
determines the thermodynamic data V, p,, T,, which are the volume, the density and the
temperature of the mixture at centre-line and ground level.

EFFECTIVE CLOUD CHARACTERISTICS

In HEGADAS the equations for the above dispersion variables are expressed in terms of so
called 'effective’ characteristics of the cloud. At each downwind position x the gas cloud in
HEGADAS is characterised by an effective cloud half-width B,4, an effective cloud height
H,, an effective cloud speed u_, an effective molar cloud flow MT' (kmole of mixture
passing per second through vertical plane at downwind distance x), a uniform concentration
chosen to be equal to c,, and a uniform molar mixture volume chosen to be equal to V_
(m*/kmole).

The effective cloud characteristics B g, H,g, U, M can be expressed as functions of S, b

and S by

jc(x y,z)dy = b+ %18, (2.4)

off =

c(xO 2)%
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1 T 1 1 -
Ha =gy 2= (g e
= 1= ra+o)/B] (S T
g =|[cdz| fu-cdz=—tm—Fu, |22 2.6
» U } ! 2= =] . (2.6)
M3 = ”u dz =2t r[f,]";a)/m (b+%Jm)-Sre
@.7)

= 2'Beff 'Heff ‘ueﬁ /vm
7.A.2.3. Dispersion equations

The 6 unknown HEGADAS dispersion variables ¢,, S,, S, b, H,, y,,, are determined from the

following six equations.

1. A continuity equation describing the conservation of gas mass flowing through a plane x =
constant,

E=]: Iu.c dz= 2.u0-l‘[(1:(1)/ﬁ]_cA ,(b+%,/E).s‘;“
0 —= Pz

(2.8)
=€, 2By Heygu e =(1-M,) My, -y 'sz‘;]

' where E is the prescribed source strength (kg of dry pollutant released per second).

2. An empirical entrainment law describing the vertical entrainment of air into the top of the
gas cloud (kmole/sec per unit of cloud width and per unit of cloud length) and substrate
water-vapour transfer,

d
3 -EX—[M:,?']= u,(ur)/ Vo +Q,, 29
eff

with V, = 22.4 m*/kmole the molar volume of ideal gas at 0 °C and 1 atmosphere, u_ the
vertical air-entrainment velocity and Q,, the molar water-vapour flux from the surface.

In equation (2.9) it is assumed that dilution of the cloud is caused by vertical mixing at the
top of the cloud, with the vertical entrainment velocity of air given by u,. equation (2.9)
states that the increase of molar cloud flow in the downwind direction equals the sum of

Copyright American Petroleum Institute

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



STD.API/PETRO PUBL 4bL3L-ENGL 1995 mm 0732290 DkL25153 T90 WN
HGSYSTEM Technical Reference Manual

molar cloud entrainment of air through the top of the cloud (kmole/s/m’) and the molar
water-vapour transfer from the substrate (kmole/s/m?).

The entrainment velocity u, can be expressed in terms of an empirical entrainment function

o,
K-u
u (u;)=——T1— (2.10)
T ®(Ri.(u;))
with
a1+ i)+8 Ri.) Ri. >0
®(Ri.) = (1+a) .
(I - 0.6-Ri.)™" Ri. <0
(1+a)
and with the bulk Richardson number Ri.(u,) defined by
- =H
Ri.(uT)=g-(p'" pamb(z eﬁ'))_h (211)

Pams (2= 0) ur

where g is the gravitational acceleration (= 9.81 m/s?), x is the Von Karman constant
(= 0.41) and p,,, the density of the ambient air. See Appendix 7.A.A for the evaluation of
P.ms @s a function of the height z.

The velocity u; equals the friction velocity u. if substrate heat transfer is not taken into
account. Otherwise it is a modification of the friction velocity u. to account for air
entrainment caused by convection as a result of the temperature difference between the
substrate and a cold vapour cloud. See Appendix 7.A.C.3 for the evaluation of u,.

Note that the Richardson number Ri. is proportional to the density difference between the
gas cloud and the air, and reduces to zero in the far-field, passive-dispersion region.

The function ®(Ri.) was determined empirically using experimental laboratory data. See
Section 3 of Appendix 3 in the HGSYSTEM 1.0 Technical Reference Manual (McFarlane,
Prothero, Puttock, Roberts and Witlox, 1990) for further historical details.

3. An empirical law describing the gravitational spreading of the gas cloud in the cross-wind
direction. In this spreading law the following consecutive phases are distinguished:
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o The initial phase of gravity spreading is governed by a simple spreading law by Van

Ulden (1984),
dB, amb (2 =0)
dtff =C, ,\/g.Heﬁ .[I-E_T_J (2.12a)

where C; = 1.15 is the spreading constant. The above law expresses that a dense vapour
plume will spread laterally due to the difference in density between itself and the

surrounding air. There is no entrainment.

0 As a result of detailed comparisons between predictions of HEGADAS and an extensive
set of wind-tunnel simulations of dense-gas plumes, it was found that the well-defined
gravity-current head at the edge of such a plume can be destroyed by boundary-layer
turbulence. Thus equation (2.12a) is only applicable up to the downwind position, at
which collapse of gravity spreading takes place. This position was found to be well
given by the position at which the following collapse criterion is first satisfied.

By/Hy 8 ‘
et > 2.12b
vRi-\/1+0.8-Ri. 3k (2120

with the Richardson number Ri given by

(pm _pamb (Z= O))ldlﬂ_
P u!

Ri=g-

o The considerably reduced post-collapse lateral spreading was found to be well defined
by

dB, 1 dB, u. Ri-/I+O8Ri. Hy

_. (2.12¢)
dx u, dt u, 3%xC, By

where C, = 5 is an empirical constant.

o The gravity spreading is neglected downwind of the point at which the crosswind profile
becomes purely Gaussian (i.e. at the point at which b reduces to 0). If the gas becomes
buoyant (Ri. < 0) in the region b > 0, zero gravity spreading (B, = constant) is assumed.

The gravity-spreading law has been formulated by Roberts, Puttock and Blewitt (1990).
Figure 2 compares the old HEGADAS-4 and new HEGADAS-5 models with the HTAG
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wind-tunnel experiments (Petersen and Ratcliff. 1989). Section 7.3.2 and Chapter 8 in the
HGSYSTEM 1.0 Technical Reference Manual (McFarlane. Prothero. Puttock. Roberts and

Witlox, 1990) include further details and experimental evidence for the gravity-spreading
model.

4. The derivation of the differential equation for the cross-wind dispersion coefficient S, is
based on an empirical formula for the non-dense cross-wind dispersion coefficient G,.
In HEGADAS-4, this formula was restricted to a power-law dependence of G, on the
downwind distance x. The steps in a generalised formulation for the evaluation of S, are
described in detail in Appendix 7.A.B and can be summarised as follows:

- A Gaussian cross-wind concentration profile ¢ =c, exp(-J4(y /0, )?) is considered with

the non-dense cross-wind dispersion coefficient 6, given as an empirical function ¢,°(x)
of the downwind distance x. The inverse of this function is denoted by x*(c,).

- The 2D cross-wind diffusion equation u,dc/ox =d/dy(K dc/dy) is considered. The

cross-wind diffusion coefficient K is assumed to be proportional to the wind speed u(z).
K, =k, u, with k, = k (W) a function of the cloud half-width W = (r/2)*-o,.

- Insertion of the formulas for ¢ and K into the diffusion equation can be shown to lead to
ki(W)=0,d0; /ox[x =x"(0,)] with 6, =(2/m)* - W.

The derivation of the above formula for k, is based on a Gaussian cross-wind
concentration profile. In the HEGADAS concentration profile (2.2) the cross-wind
dispersion coefficient S, corresponds to 2'/’~0'y; the concentration ¢ is uniform in a middle

part of half-width b and it exhibits Gaussian decay for [y| > b only.
Instead of the cloud half-width W = (nt/2)"* -6,, HEGADAS adopts the effective cloud

half-width B, = b+ n” -S, . Therefore, in the calculation of S, in HEGADAS-5 the

following generalised equation is adopted to describe passive diffusion in the crosswind
direction,

aS
sya—)::z-k;(B,f,) (b>0) (2.13)

Downwind of the position x, at which b reduces to zero, S, is taken to be defined by

S,(x)=2%.0%(x+x,) (b=0) (2.13%)
with x, chosen such that S_ is continuous at x,.
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In HEGADAS equations (2.13) and (2.13*) are applied to the empirical formula
o,(x)= §-x-(1+7v-x)™* recommended by Briggs (1973). In this formula y = 0.0001 m’
and & is related to the averaging time t,, (seconds) by & = §,,,(t,/600) with &, = 0.22.
0.16,0.11, 0.08, 0.06, 0.04 m" for stability classes A, B, C, D, E and F, respectively.

5. The heat transfer equation

1 d
—— —[H. -M™|=Q 2.14
2-By dx[ ¢ 'ﬁ] H ( )

describes the heat flux Q,, transferred from the substrate to the gas cloud (Joule/sec per unit
of cloud width and per unit of cloud length). The term between brackets in equation (2.14)
represents the cloud heat flow through the plane x = constant, caused by pick-up of heat
from the substrate (Joule/sec).

HEGADAS takes into account both free and forced heat convection. See Appendix 7.A.C.1
for full details of the evaluation of the heat flux Q,,.

6. The water-vapour transfer equation

1 d
— M2 = 2.15
2'Beﬁ- dX [yw3 eff ] Qwv ( )

describes the water-vapour flux Q,, transferred from the substrate to the gas cloud
(kmole/sec per unit of cloud width and per unit of cloud length). The term between
brackets in equation (2.15) represents the molar flow of water through the plane x =
constant, caused by pick-up of water-vapour from the substrate (kmole/sec). See Appendix

7.A.C.2 for full details of the evaluation of the water-vapour flux Q..

7.A.2.4. Solution to dispersion equations

The entrainment law (2.9), the cross-wind gravity-spreading equation (2.12a) or (2.12b), the
cross-wind diffusion equation (2.13), the heat-transfer equation (2.14) and the water-vapour

transfer equation (2.15) provide five ordinary differential equations.
In HEGADAS these differential equations are solved in terms of the basic solution variables,
which are chosen to be the effective molar cloud flow M, the effective cloud half-width

B, the cross-wind dispersion coefficient S, the added heat H, from the surface, and the mole
fraction y,, of water-vapour added from the surface. The right-hand side of the differential
equations is evaluated as follows as a function of these basic variables:
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- Y. 18 set from MJ' by applying the dry-pollutant conservation equation (2.8).

- V..p. T, are set fromy
is set from (2.3),

»o» H, using the relevant thermodynamic model (see Chapter 2). ¢,

- S,, H,, are set from equations (2.8) and (2.5), b is found from (2.4)
- Qs set from equations (C.2), (C.4) and (C.7) and Q, from equation (C.10).
DISPERSION CALCULATIONS FROM GROUND-LEVEL POOL

jﬁ For a ground-level pool (unpressurised release) the dispersion calculations are carried out as
- follows:

1. In HEGADAS-S the user-prescribed, so-called ‘primary’ gas source, is assumed to be
rectangular with specified length L_ (m), half-width B, (m) and source strength E (kg of dry
pollutant released per second).

Above the pool HEGADAS assumes a uniform centre-line ground-level concentration c,.
zero cross-wind gravity-spreading (B,; = constant), zero cross-wind diffusion (S, = 0) and
zero heat and water-vapour transfer from the substrate (H, =y, = Q,=Q,. =0, u; = u.).
For given source dimensions L, B, the maximum amount of dry pollutant that can be taken
up by the atmosphere is found from equation (2.8) to be

E..(B,.L)=(-n,)m, -MP(x=4%L)) (2.16)
The following two cases are now distinguished:

o If the specified source rate E is larger than the maximum take-up rate E_,(B,.L), all
pollutant cannot be taken up directly by the atmosphere and a so-called 100 % gas
blanket or secondary pool is assumed to form.

The blanket dimensions B, L are chosen in such a way that the aspect ratio stays the
same, B/L = B,/L,, and such that E = E_,(B,L) is satisfied. To this purpose equation
(2.9) is solved iteratively with different start values of L; B = (B,/L)-L until equation

(2.8) is satisfied at the downwind edge (x = '4L) of the secondary pool.
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o IfE <E_(B,L) all released pollutant can be taken up directly by the atmosphere. a
100 % gas blanket does not form and the secondary pool equals the primary pool:
L=L,B=B,

The mole fraction y,, above the pool is less than one and is determined by solving
equation (2.9) iteratively with different start values of y,, until equation (2.8) is satisfied

at the downwind edge (x = }2L) of the pool.

After y,,, B and L have been determined as described above, the dispersion variables  are

calculated above the secondary pool (-/2L < x <!4L):

-Beff:B’ S_\'=He=yw3=0’
- Vo P T,y are set from y,, H, using the relevant thermodynamic model,

- S, is determined by solving the entrainment law (2.9) with Q. = 0, u; = u..

2. The dispersion calculations downwind of the pool are carried out starting from the initial
conditions at the downwind edge (x = '2L) of the pool. The entrainment law (2.9), cross-
wind gravity-spreading equation (2.12a) or (2.12b), crosswind diffusion equation (2.13).
and the heat and water-vapour transfer equations (2.14), (2.15) are solved stepping forward

in the downwind distance x.

After b has reduced to 0, the crosswind spreading and diffusion equations (2.12a) or
(2.12b), (2.13) are no longer solved and S, is set from equation (2.13*).

The variables S, H,, y,, are calculated from the differential equations (2.9), (2.14) and
(2.15) with B_; taken to be constant and M%' = 2-B +H, su/V,,

d

a[H,fr e IV, ]=0,(u)/ V, +Q,, (2.9%)
d %*
a;[He 'Heﬂ' “Uegr /Vm]=QH (214 )
d *
E[YWS'Heﬁ"ueﬁ' /Vm]zQwv (2'15 )

Please note that the algorithm for b = 0 has been changed in the HEGADAS version as
available in HGSYSTEM version 3.0. See Chapter 7.B. for a description of this new

algorithm.

DISPERSION CALCULATIONS FROM TRANSITION POINT

S 7-16
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For a pressurised release the momentum-dominated flow in the near field cannot be calculated
by HEGADAS. Hence initial values of the dispersion variables at an appropriate transition
point must be provided. Section 7.A.4.2 details how these data can be provided by a near-field
model (e.g. HFPLUME or PLUME (HGSYSTEM 1.0) or AEROPLUME (HGSYSTEM 3.0)).
Starting from these initial conditions the dispersion calculations are carried out as described in
the above point 2.

PASSIVE LIMIT IN FAR FIELD

Both the entrainment law (for Richardson number Ri, — 0) and the crosswind spreading
formulation (after b has reduced to 0) converge to the passive-dispersion limit in the far field.
Moreover, the concentration profile becomes purely Gaussian after b has reduced to 0. Thus
the HEGADAS formulation gives similar results to conventional passive-dispersion Gaussian
models in the far field. The various phases in the dispersion of a steady ground-level release of
propane (boiling liquid pool) are indicated in Figure 3.

SOLUTION OF DISPERSION EQUATIONS FOR HF; EQUIVALENT MOLES

When using the hydrogen fluoride chemistry and thermodynamics as described in Chapter
2.B, Y, He, ¥,s and MZY' are assumed to be associated with equivalent moles of mixture
based on all HF being in the monomer state, and equations (2.7), (2.9), (2.9%), (2.14), (2.14¥),
(2.15), (2.15*) refer to equivalent moles. [Note that strictly speaking for equation (2.3) to be
correct V, should be the volume of the pollutant per equivalent mole and not volume of the
pollutant per 'real' mole!].

7.A.3. Time-dependent model

The HEGADAS-5 transient model HEGADAS-T is also described in Witlox (1994b).

7.A.3.1. Introduction

The time-dependent (or transient) version HEGADAS-T of HEGADAS-5 can be used to
model the time-dependent ground-level dispersion of a heavy gas cloud which moves with the
ambient wind.

It can be used to model the dispersion downwind of either a time-dependent ground-level
source (unpressurised release) or a vertical transition plane (or breakpoint; pressurised
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release). The dispersion variables at the transition plane are determined from a near-source

jet/plume program (see Sections 7.A.4.2 and 7.A.4.3).

In HEGADAS-T the transient behaviour of the dense vapour cloud is approximated by a
quasi-steady-state description in which so-called ‘observers’ are released at the pool/transition-
plane at a series of times. These observers travel with the wind. The concentration data are
determined as a function of position and time by means of the following algorithmic steps.

1. For a ground-level source, the time-dependent pool dimensions and pool evaporation rate
(primary pool) are user-specified or are provided from pool evaporation models (see
Section 7.A.4.1). If the pool emission rate becomes larger than the maximum amount of
gas which can be taken up by the air, a gas blanket forms (secondary pool).

Observers are 'released’ at a series of times upwind of the gas blanket. These observers
travel with the wind. The blanket data observed by each observer are determined.

For a vertical-plane transition from a near-source jet model, the values of the HEGADAS
dispersion variables at the transition plane are determined by means of matching against the
values of the dispersion variables for the jet model. The observers are released at the
transition plane (breakpoint).

2. For each observer, the observed concentration is computed via steady-state HEGADAS
calculations adopting the observed source data. Thus, by calculating the position of each
observer at a given time t, the concentrations are determined at time t for a number of
downwind distances from the pool/breakpoint.

3. A cloud shape correction is applied to the observer concentrations. This correction
introduces downwind gravity spreading and reduces the calculated cross-wind gravity
spreading in such a way that the amount of spreading in the downwind direction of the
cloud as a whole equals the spreading in the cross-wind direction.

4. At a given time t, the actual concentration is determined from Gaussian integration with
respect to the downwind distance x of the above observer concentrations. This Gaussian
integration involves a downwind dispersion coefficient 6,, which allows longitudinal

diffusion to be taken into account.

Section 7.A.3.2 describes in more detail the new algorithm with which the concentrations are

determined.
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Sections 7.A.3.4.3 and 7.A.3.4.4 describe the models for a ground-level pool and a vertical
transition plane. respectively.

Section 7.A.3.4.5 describes the along-wind-diffusion formulations adopted in the model.

See Appendix 7.A.E for the evaluation of the observer position as a function of time and see
Appendix 7.A.F for details on the cloud shape correction.

7.A.3.2. Algorithm for evaluation of concentrations

In HEGADAS-4 the user had to specify the time interval At with which observers were to be
released. This procedure required the user to be familiar with the observer concept, since
selection of too large a time step leads to inaccurate concentration predictions at the specified
output times. This section describes the algorithm for evaluation of concentrations in
HEGADAS-5 (as available in HGSYSTEM version 1.0).

In this algorithm At is determined internally in the program to ensure accurate predictions
(automated release of observers).

For a horizontal ground-level source, observers are released with a constant time interval At
at the upwind edge of the source. The observers travel with the wind in the downwind
direction. While travelling over the time-varying source, each observer i (i = 1,2,....M) 'sees’ a
source length L, (m; in downwind direction), an averaged source half-width B, (m; in cross-
wind direction), a source strength E, (kg/s) and a downwind edge of the source x,,' (m); see
Section 7.A.3.3 for the evaluation of the observer source data.

Steady-state dispersion calculations based on these data yield the observer-dispersion data:
ground-leve] centre-line wet-pollutant molar fraction y',,(x) = y, (X - X4 + L/2; E, B, L),
vertical dispersion coefficient S(x) = S (x - x,,' + L/2; E, B, L), etc.

Here for example y,,(x;E,B,L) corresponds to a steady-state ground-level source with strength
E, half-width B, length L and source centroid at x =y = 0.

For a vertical transition plane (breakpoint), observers i = 1,2,....M are released with a constant
time interval At at the breakpoint. For each observer i, steady-state dispersion calculations
are carried out based on the breakpoint data valid at the time the observer is released.

Let x| be the position of observer i at the output time t; § = 1,2,.N; t, <t, <..<ty).

Then x'>x?> ... x", i.c. observers released earlier are located further downwind.

The concentration data y,(x.t), as a function of the downwind distance x at the output time t,
are derived from the observer-dispersion data cji = y‘po,(xj‘), 1= 1,2,..,N by the inclusion of a
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cloud-shape correction for gravitational spreading and the inclusion of downwind diffusion
effects. Thus for an accurate evaluation of y, (x.t), the release interval At,,, (determining the

observer spacing) must be smaller if larger gradients of y_(x.t) occur.

The observer concept in HEGADAS-T is a quasi-steady-state solution method for
determining the concentration y,(x.t) as a function of the downwind distance x and the time t.
This method may be seen as a first-order inclusion of time-dependent effects. 1t produces
accurate predictions for slowly varying time-dependent sources, but it may lead to less

accurate predictions for rapidly time-varying sources.
CRITERION FOR CHOOSING NUMBER OF RELEASED OBSERVERS

In a HEGADAS-T run the concentrations calculated at each output time t, must be accurate.
This condition requires a sufficiently small spacing of the observers, i.e. a sufficiently small
value of the observer-release interval At such that the concentration curve y,(x.t) can be

evaluated accurately from the observer-dispersion data.
An observer spacing that is too large leads to concentration curves that are too smooth (peaks

are eroded).

Consider the positions x', x! x*' (x;*' <x/ <x,") and the concentrations ¢"". ¢/, ¢, seen by
three adjacent observers i+1, i, i-1 (1 =2,...,M-1).

Let Cj‘ be the estimate of the concentration at xji based on linear interpolation of the data for
observers i+l and i-1 (before the inclusion of the cloud-shape correction and downwind-

diffusion effects).
C,' thus equals

. v ' ' Ci~—l __ci'd-l
[ L i i+
This would have been the HEGADAS estimate of the concentration at x, if observer 1 would

not have been released.

Thus the estimates of the absolute error e;b“i and relative error s;‘"' at x;' are

e <[~
(3.2)
e =|C‘j c;ll c;
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A convergence criterion for the observer concentrations must be chosen carefully. For smaller
output times, the gas cloud may have very 'sharp’ edges. The relative and absolute
concentration errors near these edges will only be small for a very large number of observers
and an excessive amount of computer time.

Hence. instead of demanding that the maximum value of the concentration error is small. it is
more appropriate to demand that the mean concentration error is small. Effectively this means
that the predicted cloud volume or cloud shape is accurately modelled.

The peak concentrations must be accurately predicted. Thus at each output time, error
estimates for observers with larger concentrations should contribute more than those with
minute concentrations. Hence it is more appropriate to demand small mean absolute
concentration errors than small mean relative concentration errors.

The relative error in the predicted cloud volume or cloud shape must be small for every output
time. Hence it is appropriate to scale the mean absolute concentration error at a given output
time with the peak concentration at that time. Thus the following convergence criterion for the
observer concentrations is adopted

1 M-
. gfbs"
M-2 &
max = <€y, (3.3)
15jSN max ¢
1sisM J

The above convergence criterion implies that for all times t, j = 1,2,..,N), the ratio of the mean
error in the absolute concentration and in the peak concentration is smaller than the
convergence tolerance €, .

The default value of €, adopted in HEGADAS-T equals ¢
lead to accurate concentration predictions without an excessive number of observers for most
types of source conditions. [It is noted that the averaging of the concentration in the numerator

of equation (3.3) is only applied to those observers which actually have seen (some part of)
the source at time t;.].

= (.05. This value was found to

obs

CRITERION FOR CHOICE OF OUTPUT TIMES

The maximum concentration over all times, c_,(x) must normally be determined accurately.
This condition requires a sufficiently close spacing between the output times t,, t,, ..., t,, such
that the envelope c_, (x) of the curves c(x,t,), c(X,t,), ..., c(x,ty) is well defined.

Copyright American Petroleum Institute 7-21
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale



STD.API/PETRO PUBL 4b3Ib-ENGL 1995 W 0732290 Ob251bY 476
HGSYSTEM Technical Reference Manual

The user can verify that this condition is satisfied by plotting a series of these curves in one
graph. The piot file corresponding to each curve c(x.t) can be generated by the interactive
HEGADAS-T post-processor HTPOST (HGSYSTEM version 1.0) or the batch post-
processor POSTHT (HGSYSTEM 3.0). See the relevant information on POSTHT in the

HGSYSTEM 3.0 User's Manual.

HEGADAS-T ALGORITHM WITH AUTOMATED RELEASE OF OBSERVERS

In HEGADAS the time-dependent pool or transition data are specified with a fixed time step
At.
Let n,, be the number of records and t,, be the start time; for a ground-level pool t, equals the
time at which the pool becomes active, and for a transition plane it equals the time at which
pollutant first passes the transition plane.
Thus the data are specified at the input times t +At, t,+2-At, .., t+n At Zero data are
assumed for time t > t +(n,+1)-At.

~ Data are linearly interpolated between the input times.

- The automation of the release of observers in HEGADAS-T is carried out by means of the

following consecutive algorithmic steps:

1. For a ground-level source the primary-pool data and secondary-pool (gas-blanket) data are
set as a function of time (see Section 7.A.3.3.1).
The maximum blanket radius R, is determined.
The observers are released at x = - R,.. The minimum and maximum observer-start times
for which a observer may see a pool (t},,, t5.,) are determined.
Observer-source data (secondary source data seen by the observer while travelling over the
pool) are set for the maximum number of (currently) 161 observers (see Section 7.A.3.3.2).
Observers 1, 2, .., 160, 161 are released at the times t, , to. +At, . .., th, -At,, to.. , with
the observer-release interval given by At,, = (t,, - t5,, )/160.

For a vertical transition plane, breakpoint data are set and observers are released at the
times t +At,,, 1, +2-At ,, .., t,;+161-At,, where At = (n,+1)*At162 (see Section 7.A.3.4).

a The initial observer release interval is currently chosen to be equal to IFREQ = 32, and
dispersion data are set for the 6 observers 1, 33, 65, 97, 129, 161 (5 observer intervals).

L
0o

If the convergence criterion (3.3) is satisfied for the current observers 1, 1+IFREQ, ...,
161-IFREQ, 161 go to step 3.

o
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Lg)

If IFREQ = 1, terminate program with an error message saying that convergence can not
be obtained with the maximum number of 161 observers.

(=%

Double the number of observer intervals. i.e. set dispersion data for the additional.
intermediate observers 1+IFREQ/2. 1+3-IFREQ/2, .., 161-3-IFREQ/2, 161-IFREQ/2.
and half observer frequency (IFREQ = IFREQ/2). Go to step 2b.

3. Carry out cloud shape correction of dispersion data for observers 1, 1+IFREQ. ...
161-IFREQ, 161 (see Appendix 7.A.F) and include downwind-diffusion effects (see
Section 7.A.3.5).

7.A.3.3. Dispersion from ground-level source

C7.A33.1. Secondary source
For finite-duration steady-state releases or slowly varying release rates the HEGADAS-T
(version HEGADAS-4) formulation lead to erroneous oscillatory behaviour in the predictions
of the dimensions of the gas blanket (secondary source).
This section introduces an improved formulation without oscillatory behaviour. See Section
7.5 in the HGSYSTEM 1.0 Technical Reference Manual (McFarlane, Prothero, Puttock.
Roberts and Witlox, 1990) for further historical details.

In the model the primary source is assumed to be circular with a radius R,(t), m, and a dry-
pollutant emission rate E(t), kg/s.

A 100 % vapour blanket is assumed to form if E(t) is larger than the maximum take-up rate
E,m[B=’/z1t"’-R,,(t),L=1t"‘-Ig(t)] corresponding to an equivalent steady square pool that has the
same area n-sz(t) as the circular source (see equation (2.16)).

The gas blanket is taken to have a flat cylindrical shape of radius R (1) and height H,(t). The
blanket dimensions R,(t) and H(t) are determined from the numerical solution of two
differential equations representing a gravity-spreading law [analogous to the spreading
equation (2.12a)] and blanket-mass conservation, respectively,

dR (1) pe —pP,(z=0)
=C_. [og.FE VA7 "/ 34
dt Ce \/g Pe 0 oy
dr\(;[[(t) = E(t)-Emax [B = yzn” .Rg(t)’L = nyz Rg(t)] (35)
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Here p; is the dry-pollutant density. kg/m’, g = 9.81 m/s’ the acceleration of gravity and M(t)
the blanket mass defined by

M(t)=7-p; -R3(1)-H, (1) (3.6)

At the onset of the formation of the gas blanket, say at time t = t, the blanket radius equals the
primary source radius and the blanket mass equals zero. Thus in the numerical solution of
equations (3.4), (3.5) the initial values Rg(to) = R(t,) and M(t;) = 0 are adopted. The
differential equations are subsequently solved stepping forward in time.

For t > t, the blanket radius R (t) increases as a result of gravity spreading; see equation (3.4).
Mass is added to the gas blanket because of material cntering the pool [spill rate E(t)] and lost
because of evaporation [evaporation rate Emax[B='/zn"‘-Rp(t),L=1t"’ ‘R (D]; see equation (3.5).
Note that the amount of evaporation increases with the blanket radius R (t).

For t > t, the blanket radius R(t) is initially small and therefore the evaporation rate is less
than the spill rate. Hence the mass of gas in the blanket initially increases. Because of this
accumulation of gas, the blanket continues to spread beyond the radius at which the
evaporation rate would equal the spill rate, and thereafter the evaporation exceeds the source
rate. The mass of gas in the blanket therefore decreases, eventually reaching zero.

Let t = t, be the time at which the blanket height reduces to zero, i.e. the time at which the
entire gas blanket is taken up into the air.

If the source rate E(t) is smaller than E_ [B=Yan"R(t,),L=n*R(t))], the gas blanket
disappears at time t = t; and the secondary pool is set equal to the primary pool.

If E(t,) > Em[B=‘/znV’-Rp(t,),L=1t'/’-Rp(t,)], a zero-height gas blanket forms. This gas blanket is
assumed to equal the steady-state blanket corresponding to the present spillage rate E(t,). Thus
according to equation (3.5) the pool radius R (t,) of this blanket is determined from inversion
of the formula E(t)) = E,, [B=V4n"R (t,),L=n* R (t,)].

For t > t, a gas blanket with zero height is assumed to remain in existence as long as the gas-
release rate does not increase [dE(t)/dt < 0] and the blanket radius exceeds the primary radius
[R,(t) > R(1)]. Let the end of this period be at time t = t,. During the period t, <t <, the
blanket radius R,(t) is determined from the steady-state blanket corresponding to the release
rate E(t), i.e. it is determined from inversion of the formula E(t) = Em[B='/z1r"’-Rp(t),

L=n"R ().

At the end t = t, of the period the following two cases can be distinguished:

7-24

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




STD.API/PETRO PUBL 4bL3L-ENGL 1995 W 0732290 0OL251L? 585 mm
HGSYSTEM Technical Reference Manual

- The blanket radius R (t) reduces to the primary radius R (1) at t = t,. In this case the zero-
height gas blanket disappears and the secondary pool becomes equals to the primary pool.

- The release rate E(t) starts to increase at time t = t.. In this case a finite-thickness gas
blanket forms and equations (4.4), (4.5) are solved with the initial values R,(t,) (unchanged
blanket radius) and M(t,) = 0.

Summarising the above results the following applies for the radius R(t) and the evaporation
flux Q(t), kg/m’/s of the secondary source:

R()=R,(t) | (with gas blanket)
R(t)=R (1) (no gas blanket)
G.7D

E,. |[B=sn"R (1) L=n" R (t

Qy=—= [ AT gg 2T R ])] (with gas blanket)
[R'Rs(tl)]
E(1)

QY =—"— (no gas blanket)

[r R(t)]

The above formulation has been tested for a pool of boiling propane with a primary radius
R, =3 m, a constant evaporation rate E = 30.0 kg/s and a release duration of 200 seconds.
Figure 5 illustrates that the HEGADAS-5 model indeed eliminates the oscillatory gas-blanket
behaviour of the former HEGADAS-4 model. Initially, a finite-thickness gas blanket forms.
After this blanket has spread beyond the steady-state radius (= 15 m), the blanket mass
diminishes until it is reduced to zero at time t, = 25 s. At this time the blanket radius is reset in
the HEGADAS-5 model to the steady-state radius. In the HEGADAS-4 model the blanket
radius is reset to the primary pool radius after each disappearance of the finite-thickness gas
blanket.

7.A.3.3.2. Observer source data

The observers i = 1,2,... are released with a time interval At  upwind of the secondary pool,

obs

le. atx=-R,, where R ,, is the maximum blanket radius [= maximum value of R(t)].

The observers travel with the wind. Appendix 7.A.E describes the evaluation of the observer
position x'(t) and observer speed u'(t) as a function of time. The observer velocity increases

with downwind distance and for ali observers their velocity at a given location x is the same

(u'(x) = u™'(x)).
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This implies that at a given time t the velocity of observer i is greater than the velocity of the

following observer i+1 (u'(t) > u™'(t)).

Let us now consider one specific observer, say observer i, and let us follow this observer while
it moves over the secondary pool. Let observer i encounter the upwind edge of the secondary
source at t = t,' and the downwind edge at t = t," and let x'(t) be the location of this observer at
time t. As can be seen from Figure 6 the local secondary half-width of the source B, '(t)

observed at time t is given by:

Bl (1) ={R* (1)~ (x'(v)) (3.8)

The secondary source area A' and the source rate E' seen by observer i is found by evaluating

the integrals

Al =j2-u‘(t)-Bi (1) dt (3.9)

obs
i
3]

obs

Ei=j’2'Q(t)-Bi (t)-u'(t) dt (3.10)

The secondary source length L' as seen by observer i is given by:

L' =x'(ty)—x'(t) (3.11)
and thus we find an averaged observed secondary half-width of the source

B'=)4-A'/L (3.12)

In this way we can determine, for each of the n observers travelling over the source (i =
1,....n), the observed dimensions L' and B', the locations x'(t,') and x'(t,') of, respectively, the
upwind and the downwind edge of the secondary source and the take-up rate E'.

7.A.3.3.3. Concentrations

From the observer source data the concentration distribution in the cloud can be determined at
a specified time t.. To this end the location x'(t,) of each observer at time t_ is calculated and
for each observer a steady-state calculation is done, using the pertinent parameters L, B_E, and
X(t, i). Thus the concentration distribution parameters c,(x'(t,)), S(X'(t)), b(x'(t,)), S,(x'(t,)) are
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determined for i = 1.....n and thus the concentration distribution ¢(x'(t,).y.z) given by equation
(2.2).

It will be clear that in this quasi-steady state approach the gravitational spreading of the cloud
in the wind direction cannot be taken into account, unlike in heavy gas dispersion box models
for strictly instantaneous vapour releases (e.g. HEGABOX).

Thus, the width of the cloud calculated with the model presented here will be somewhat too
large and the length too small, especially at very low wind velocities.

Some spreading in the wind direction is introduced in the gas blanket calculation, where we
can use a radial spreading law because the centre of the gas blanket is assumed to remain
stationary above the source at x = 0.

In addition, a correction algorithm has been devised for use at the end of the calculation.
which redistributes part of the lateral gravity spread to longitudinal spreading. Appendix 7.A.F
includes a description of this cloud shape correction.

For releases of short duration, dispersion in the wind direction may have a significant
influence on the concentration leve! in the cloud.

Accordingly, the calculated concentrations are adjusted to take account of this dispersion in
the x-direction. The method followed is described in Section 7.A.3.5.

7.A.3.4. Dispersion downwind of transition with near-source jet model

7.A.3.4.1. Transition data
If HEGADAS-T is to be run downwind of a vertical transition plane x = x,, (breakpoint) with
a near-source jet model, three data are to be specified at the breakpoint by the user for a

number of times.
These data are the effective cloud half-width B, (t) and any two of the following breakpoint

values: the ground-level centre-line wet-pollutant molar fraction y%(t), the effective cloud
height VY (t), and the dry-pollutant mass flow E”(t) through the transition plane (kg/s).

Breakpoint data at other times are derived by linear interpolation.

It is assumed that at the breakpoint the cross-wind concentration profile is uniform and does
not have Gaussian flanks [b = B (1), S, = 0]. In addition, the amount of water-vapour y,; and
heat H, added from the surface are taken to be zero [y,; = H, = 0]. From the specified
breakpoint data described above, the dispersion variables y,, and S, at the breakpoint are then
set using the equations described in Section 7.A.2.3.

7.A.3.4.2. Concentrations
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The time-dependent values of the six dispersion variables y,, (or c,), S,. b, S;, H.. ¥,
determined at the breakpoint are used as starting values for the steady-state dispersion
calculations for the observers, which are released with a fixed user-specified time interval
At .. These calculations involve the solution of the dispersion equations described in Section
7.A.3.2. Thus, for each observer, dispersion data are obtained as a function of the downwind

distance x.

In order to express the observer dispersion data as a function of position and time, a formula
needs to be provided for the position of each observer as a function of time. See Appendix
7.A.A for a derivation of this formula. By use of this formula, the observer data are stored at
those downwind positions, which correspond to a number of user-specified output times.

Appendix 7.A.B describes the subsequent application of the cloud shape correction for
downwind gravity spreading to these data. After the cloud shape correction, downwind
diffusion effects are taken into account as described in Section 7.A.4.

Note that the conditions at the breakpoint X, remain satisfied during the inclusion of
downwind diffusion. This is because zero diffusion (6, = 0) is assumed at x = x,, in the along-

wind-diffusion formulations.

EXAMPLES

First the problem is considered of a steady plume which starts to pass the transition plane at
time t = 0. Figure 7 illustrates the HEGADAS-T predictions at time t = 100 seconds. As
expected, the HEGADAS-T predictions at this time closely resemble the HEGADAS-S
predictions for a corresponding steady release.

The formulation was also validated by a simulation of the first Goldfish experiment, in which
the transition data were derived from the near-source jet/plume model HFPLUME.

Figure 8 shows that the time-dependent centre-line ground-level concentrations are predicted
well by HEGADAS.

Chapter 9 in the HGSYSTEM version 1.0 Technical Reference Manual (McFarlane, Prothero,
Puttock, Roberts and Witlox, 1990) includes full details.

7.A.3.5. Inclusion of along-wind-diffusion effects

The centre-line ground-level concentration ¢, = c,(x,t) is calculated as a function of time t and
distance x downwind of the source by means of Gaussian integration of the observer

concentrations C,(E) at &,

Copyright American Petroleum Institute 7 8
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale



STD-API/PETRO PUBL 4b3bL-ENGL 1995 W 0732290 0Lb25171 TOb .|
HGSYSTEM Technical Reference Manual

__ G x—&) 313
c (x,t)= J m 5.(5) exp[ = (E_,)] dg (3.13)

In the above equation & is the position at time t of an observer travelling with the wind in the
downwind direction. At this position the observer observes the concentration C,(£). where
C,(&) is calculated from a steady-state HEGADAS solution based on zero along-wind
diffusion (see Section 7.A.3.2).

In (3.13) along-wind diffusion is taken into account by assuming that the conccntration C,(8)
spreads out around & according to a Gaussian distribution with a downwind dispersion
coefficient 6= o ().

Note that the position § of the observer in equation (3.13) corresponds to the observer position
after the cloud shape correction for gravitational spreading in the wind direction has been
applied (see Appendix 7.A.F).

The dispersion coefficient G, is usually considered to consist of two statistically independent
components o, and G,,,

0, =40, +0, (3.14)

- The component 6, is the spread induced by vertical wind shear and o, is the turbulent spread

- caused by downwind-direction velocity fluctuations. Increasing the wind shear du/dz increases

* the relative speed at which the top and bottom of the cloud are advected, and so increased
shear du/dz results in increased spread ¢ .. Since the wind shear increases with stability, the
spread ©,, increases with stability. This is confirmed by the experimental data of Nickola
(1971).

LITERATURE REVIEW OF ALONG-WIND DIFFUSIONS FORMULATIONS

In the original HEGADAS-4 formulation the formula 6, = 6 (£) did not take into account the
change of wind shear and hence the formula was not altered as a function of the stability class.

The following provides an overview of along-wind-diffusion formulations in the literature.

1. Formula for 6, by Smith (passive flow).
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Smith (1965) analysed the problem of shear diffusion of puffs released in the surface layer
theoretically. Using the method of moments, he arrived at the following formula for o

(source at ground level) valid for passive flow

o,=06,(E)=127" -(%).tm .0, (3.15)

Here t,_ is the travel time of the puff from (the middle part of) the pool to the present puff
position x = &, o, the vertical dispersion coefficient, and du/dz the vertical gradient of the

horizontal wind speed u(z) at a certain reference height (see e.g. point 3 below).

. Formula for 6, by Chatwin (neutrally stratified, passive flow).

Chatwin (1968) studied the passive dispersion of a puff in a neutral atmosphere. He arrived
at the following formula for the downwind dispersion coefficient c,

6, =0,(E)=0.59u. 1, /X (3.16)

Here x = 0.41 is the Von Karman constant and u. the ambient friction velocity.

The derivation of equation (3.16) by Chatwin is based on a logarithmic formula for the
ambient wind speed u valid for neutrally stratified flow only, and the linear formula
K, = x-u.-z for the vertical diffusivity (or u, = u. for entrainment velocity) valid for passive
gases only. HEGADAS adopts the more general formula (A.1) in Appendix 7.A.A for the
wind speed for stratified flow and the heavy gas, non-passive extension (2.10) of the
formula for the entrainment velocity.

The analytical derivation of equation (3.16) by Chatwin consists of two parts. In the first
part the velocity d&/dt and position § of a puff (frozen puff, moving with the wind) as a
function of the travel time t,_ are calculated (see equation (23) in Chatwin (1968)).

The extension of this calculation to stratified, heavy-gas flow can be done relatively easily.
See Chaudry and Meroney (1972) for an extension of this calculation to stratified flow.

In the second part 0, is calculated by applying the Lagrangian similarity hypothesis valid
for neutrally stratified flow. This calculation can easily be extended to neutral, heavy-gas
flow with a constant Richardson number, and equation (3.16) can be shown to be sill
valid. However, it cannot be extended in a straightforward manner to the non-neutral case.

3. Formula for 6, and 6,, by Ermak (stratified, passive flow).
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The formulation of Ermak (1986) is a further development of an along-wind-diffusion
formulation by Wilson (1981) for stratified. passive flow. By using a purely Gaussian
profile for the concentration and a power-law for the ambient wind speed. he expresses the
puff velocity d€/dt as a function of the vertical spreading coefficient g,

Using a stability-class dependent power-law fit of an empirical formula for ¢ (g)

recommended by Briggs (1973), he then expresses t,, =1,,.(E) as a function of £.

obs
Following Wilson, Ermak evaluated (du/dz) in equation (3.15) at a reference height found
from matching equations (3.15) and (3.16). Insertion of the expression t, = t,(§) into
equation (3.15) then leads to the evaluation of 6, as a function of €.

Assuming isotropic horizontal turbulent spread (o, = ©,,), Ermak determines o,, from a
formula recommended by Briggs (1973).

Thus the following formulas are used by Ermak:

cn(g)={ 0.60-v/7-0.34° }.g

(1-o-d) T'(Ja+ 1)

(3.17)
a -§
|

0,(&) =_J_+T,-_E

withd =1, 1, 0.82, 0.66, 0.55, 0.55 and a, = 0.22, 0.16, 0.11, 0.08, 0.06, 0.04 for stability
classes A, B, C, D, E and F respectively; b, = 0.0001, o is the wind-speed exponent, and I
is the Gamma function.

4, Formulation by Wheatley for stratified, passive flow.

Wheatley (1988) derived in a more rigorous manner the concentration distribution of a
passive puff in a stratified atmosphere from an approximate solution to the diffusion
equation. He arrived at an ordinary differential equation for the downwind diffusion
coefficient 6.

ALONG-WIND-DIFFUSION FORMULATIONS IN HEGADAS

As a result of the above literature review, the following two along-wind-diffusion
formulations have been implemented into HEGADAS.

1. For non-neutral stability an adaptation of the formulation by Ermak has been implemented.
In this formulation, 6 (£) is given by
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0, (&) = 4/0% (x = max[0,£ - x,, ] + O, (x = max[0,& - x,, ]) (3.18)

In the above equation o,  and G, are defined by equation (3.17) with the wind-speed
exponent chosen equal to the exponent o adopted in the HEGADAS wind-speed profile
2.1).

Note that max[0.E-x,,] equals the middie x = 0 of the pool for a ground-level model and it
equals the downwind position x,, for a vertical transition plane (breakpoint).

The formulation takes into account the effect of increased shear with increased stability.
However, it has a number of deficiencies. The formulation is partially based on Chatwin's
formula (3.16), which strictly speaking is valid only for neutral stability and passive gas
dispersion.

Moreover, in the elimination of the time the (stability-class dependent) ambient wind speed
and not the cloud speed is adopted, and downwind diffusion is nor ignored in regions with

high Richardson numbers.

It is noted that diffusion could be ignored in regions with high Richardson number by
calculating for each observer the downwind position x2* at which the Richardson number

reduces to a given critical Richardson number Ri{" (x°* corresponds to middle of pool, if
Ri* < Ri{ always) and replacing in equation (3.18) the argument max[0.£-x,] by
max[g-xg" E-x,,].

However, in this manner, the 6 -formula is no longer a direct function of x and the

formulation loses its simple nature.

For these reasons the formulation may be inaccurate, particularly if high cloud
concentrations occur during the dispersion processes.

2. For neutral stability, a heavy gas adaptation of the formulation by Chatwin for passive,
neutrally stratified flow has been implemented. In this formulation o, is not directly related
to the downwind distance &, but is evaluated as a function of the actual travel time t, of

the cloud.

In this formulation downwind diffusion is neglected in the region where the observed bulk
Richardson number Ri®™ is larger than a user-specified value RiT (default value Ri{ =
10), say upwind of the point x®*. As in equation (3.18), downwind diffusion is also

neglected upwind of the brecakpoint x = x,,.
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Thus x® is reset to x,, if X2 < x,, (with x,, taken to be at the middle of the observed pool

in the absence of a breakpoint).

The actual concentration as a function of time t and downwind distance x is determined
from equation (3.13). Here the downwind dispersion coefficient G, is set from equation
(3.16) with the time t_ taken to be the travel time of the observer from x3" to &. i..
ts = - 15
In the elimination of the time the actual true speed of the puffs (observers; cloud speed) as
used in HEGADAS-T is adopted, and downwind diffusion is ignored in regions with
Richardson number Ri. larger than a user-specified value Ri:". Therefore. in the case of
neutral conditions, the adapted Chatwin formulation is more compatible with the observer
concept adopted in HEGADAS-T and gives more realistic predictions than Ermak’s
formulation.

In the high-density region Ri > Ri_,, downwind diffusion induced by wind shear is assumed
not to take place. However, in this region considerable gravitational downwind spreading
occurs which is taken into account in HEGADAS-T by the cloud-shape correction.

It is still questionable what the ideal value is to be selected for Rii'. The default value
Ri{ =10 presently used seems to be reasonable, but may induce insufficient downwind
diffusion. A higher value for Ri{' might be more appropriate. An appropriate value for Ri
could be found by fitting with experimental data.

EXAMPLE

Figure 9 depicts the application of the above along-wind diffusion formulations in
HEGADAS-T simulations of the Goldfish 1 experiment (constant release rate of HF for
0 <t <125 seconds).

This figure also includes HEGADAS-S predictions for a corresponding steady pool and
HEGADAS-S predictions with a finite-duration error-function correction. Note that the
amount of downwind diffusion is lower for the adapted Chatwin's formulation lower than for
the adapted Ermak's formulation.

The upper envelope of the Ermak's formulation resembles the peak-concentration prediction
by the error-function formulation since identical o, formulas are adopted in both approaches;
see Section 8.6.1 in the HGSYSTEM version 1.0 Program User's Manual (Witlox, McFarlane,
Rees and Puttock, 1990) for further details.
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7.A.4. Interfacing with pool-evaporation and near-source jet/plume models

The user needs to supply input parameters to the heavy-gas-dispersion program HEGADAS.
Among these parameters, those input data describing the near-source conditions are often not
known by the user a priori.

These input data can be obtained by using one of the other models included in the
HGSYSTEM software package. The models in HGSYSTEM enable the user to mode! a wide
range of release scenarios, i.e. pressurised or unpressurised release, release of HF gas or a non-
reactive ideal gas (HGSYSTEM version 1.0)or aerosol mixture HGSYSTEM 3.0), steady-
state or time-dependent (e.g. finite-duration) release rate of gas.

In the HGSYSTEM software package the program HEGADAS can be interfaced with the
pool-evaporation program EVAP (HGSYSTEM 1.0) or LPOOL (HGSYSTEM 3.0) and the
near-source jet/plume programs PLUME (HGSYSTEM 1.0) or AEROPLUME (HGSYSTEM

3.0) and HFPLUME.
The interfacing of HGSYSTEM modules is also discussed in Witlox and McFarlane (1994).

7.A.4.1. Interface with pool evaporation models

Liquid spillage may lead to the formation of a liquid pool. The geometry of the resulting
liquid pool and the rate of evaporation can be calculated in HGSYSTEM 1.0 by the EVAP
model for both steady and transient releases. EVAP calculates the (time-dependent) pool
dimensions and pool evaporation rate as HEGADAS input. Chapter 4 in the HGSYSTEM
version 1.0 Technical Reference Manual (McFarlane, Prothero, Puttock, Roberts and Witlox,
1990) includes full details on EVAP and its interface with HEGADAS.

In HGSYSTEM 3.0, EVAP has been replaced by the fully transient pool model LPOOL. Input
for HEGADAS-T is generated by LPOOL. See the HGSYSTEM version 3.0 User's Manual
and Chapter 4 for details on LPOOL. For releases that can be approximated as steady-state
releases, the user can easily set the corresponding evaporation rate (GASFLOW or FLUX in
the GASDATA input block for HEGADAS-S) in the HEGADAS-S input file. See
HGSYSTEM 3.0 User's Manual for details on HEGADAS input parameters.

7.A.4.2. Interface with near-source models

For a pressurised release the heavy-gas-dispersion near the source is often momentum-
dominated and HEGADAS cannot be applied in this region. Data at a near-source transition
point can be derived from calculations by the near-source jet/plume models HFPLUME (for
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hydrogen fluoride releases) or PLUME (for non-reactive 'ideal' gas: HGSYSTEM 1.0) or
AEROPLUME (two-phase releases; HGSYSTEM 3.0). See Chapter 5 for full details on the
HGSYSTEM plume models.

TRANSITION CRITERION

The plume models (AEROPLUME, HFPLUME and PLUME) simulate cloud behaviour in a
near-source region. The transition from the plume models to HEGADAS is chosen at the point
where the cloud conditions become more appropriate to the physical assumptions in
HEGADAS. The following criteria should be satisfied simultaneously:

- The plume jet speed u” is sufficiently close to the ambient wind speed u, at the centroid
height. The ambient wind speed is adopted in the HEGADAS program to approximate the
velocity.

- The total plume entrainment is sufficiently close to the heavy-gas entrainment Entr’*"

g‘-L\
which is taken to be the entrainment in HEGADAS.

These criteria are included in the plume models by adding the following conditions

u"/u, -1l<RULST and  1-Enwr)™"/Entr,, <RELST (4.1)

total

In addition to these criteria, residual buoyancy should not 'disturb’ momentary advection. See
Section 6.2 in Witlox, McFarlane, Rees and Puttock (1990) for a complete description of the
transition criteria. See the AEROPLUME <casename>.APZ file for information on all
transition criteria for the specific AEROPLUME run. This file is normally deleted but by
changing the AEROPLUME.BAT file it can be saved for inspection (see section 3.5 in the
HGSYSTEM 3.0 User's Manual).

The successive regions of the jet/plume flow in the plume models are the ‘airborne’ region
(elevated jet-flow/dispersion; circular plume cross-section), the ‘touchdown' region
(transitional region; cut-off circle cross-section) and ‘slumped’ region (ground-level
dispersion; semi-elliptic plume cross-section).

The transition from the plume models to the ground-level dispersion program HEGADAS can
only be made following touchdown.

PLUME MODEL VARIABLES
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The plume models all assume a ‘top-hat' model which assumes uniform, averaged data within
the jet/plume. These data are a function of the downwind distance only. The basic unknowns
in the plume models are the concentration of the pollutant (plume concentration), ¢”, the total
mixture density (plume density), p*. the plume speed, u” and the plume enthalpy, h”. These
four unknowns are determined from four conservation equations (excess of ambient
quantities), i.e. conservation of gas-mass flow, total-mass flow, extra momentum and extra

energy.

At the transition point the axis inclination of the plume will be nearly horizontal. Thus the
area A" of the semi-¢elliptic cross-section of the plume is related to the plume diameter D™ and

the plume centroid z,”' by

A" =3.17-2" . D" /16 (4.2)

See also section 5.B.6.

MATCHING OF PLUME MODEL VARIABLES WITH HEGADAS VARIABLES

The HEGADAS equations for the variables c,, S,, S, b, H,, y,; have been described in
Section 2.3. These variables are set at the transition point from the plume model variables by
means of appropriate matching criteria. These criteria transfer cloud characteristics and are

described below.

The plume model formulation does not take into account heat transfer and water-vapour
transfer from the ground. Thus it is consistent with the HEGADAS formulation to take H, =

y.; = 0 at the transition point.

The plume models assume a uniform, averaged concentration within the jet. Thus it is
consistent with the HEGADAS formulation to take S, = 0, corresponding to a uniform
concentration for |y] < b and a zero concentration for [y| > b.

Thus the concentration ¢ and the wind speed u adopted in HEGADAS are given at the
breakpoint by (see equations (2.1) and (2.2))

A «
c¢(x,y,2)=c, exp[—[é—%; J ] lyl<b, u=u0(zi) (4.3)
z 0

withf=1+a.
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It remains to determine the variables c,. S, and b in equation (4.3). One might determine these
variables by imposing the conservation equations adopted in the plume models.

Conservation of extra momentum is not applicable. because HEGADAS assumes the velocity
to be the ambient wind speed (zero extra momentum).

Conservation of extra energy seems not to be appropriate because by setting H, = 0 in
HEGADAS we actually have ignored heat effects at the transition point.

Instead the following three conditions are imposed to determined the variables c,. S, and b:

o Conservation of pollutant mass flow.

This means that the total flow of pollutant (kg/s), E, flowing through the transition plane x
= x,, is preserved. E is given by the following integral as a 'first moment M, in
concentration:

E=M,=Hucdydz (4.4)

0 —eo
o Conservation of total plume mass.

This means that the flow of total plume mass (kg/s) is conserved. The total mass flow M,
is given by

M., =]: ]:updy dz (4.5a)
0 e

where p is the plume density.

However, an expression involving the concentration ¢ is needed as this is one of the
matching variables. For small concentrations, the total density p can be written as a
function p(c) of ¢(z). VJsing a Maclaurin expansion around ¢ = 0 for small c,

p(c) = p(0)+cp'(0)+Lc?p""(0)+ H.O. (4.5b)

where H.O. stands for higher order terms. Inserting (4.5b) into (4.5a) it can be concluded
that for ¢ — 0, conservation of total mass is implied by conservation of pollutant mass
equation (4.4) (the term linear in c) and conservation of the 'second’ moment M, of
concentration (the quadratic term in ¢):
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M, = I Iu ¢’ dy az (4.5¢)

Q ~oe
0 Plume centroid height.

The centroid height z_ is given by

zC=L-J’J’uczdydz (4.6)
Ml 0 —oo

Both the HEGADAS similarity profile (4.3) and the pluxﬁe model top-hat profile for ¢ and u

are now inserted into the above conditions (4.4), (4.5) and (4.6). Subsequent matching leads to

the following three conditions:

B B Z,
I 12 . pl e 2 s.* 2
M, =A"(c”) " =27" 'ET((Ha)/[i)- -b-(c) -y (4.8)
2y
z. = zgl =S, ~1‘((2+a)/|3)/1‘((1+01)/|3) (4.9)

In HEGADAS the exponent B in the vertical concentration profile is related to the wind-speed
exponent o by B = 1+0. (see equation 2.2). From HEGADAS simulations of experiments it is
known that HEGADAS accurately predicts ground-level concentrations, but often badly
predicts vertical variations of the concentration. Thus in the matchiné process it is not

appropriate to adopt f§ = 1+a to obtain from the HFPLUME (uniform) data accurate estimates . .

of the parameters c, and b that determine the ground-level concentration. Instead, in particular
in the far-field, a Gaussian concentration profile defined by § = 2 will be more appropriate. -

g

Moreover the wind speed u(z) is approximated by the (uniform) centroid plume speed.

Thus u(z) = v* = u(z/z,)*, ¢ = 0, f = 2 are inserted in the above matching conditions (4.7),
(4.8) and (4.9). By eliminating z' and using equation (4.2), the following conditions are then

derived:

c,=v2-c” (4.10)

7-38
Copyright American Petroleum Institute

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




STD.API/PETRO PUBL 4b3L-ENGL 1995 ®E 0732290 ODbL25181 955 [ |
HGSYSTEM Technical Reference Manual

-

3T

1642

b D @.11)

Finally the HEGADAS variable S, is set from the gas-mass conservation equation (2.8) with
the value of P taken to be consistent with the HLGADAS assumption f§ = 1+a.

SENSITIVITY TO TRANSITION CRITERIA

Figure 10 illustrates the effect of the transition criteria (4.1) on the HFPLUME/HEGADAS
predictions.

In agreement with equation (4.10) the HFPLUME (sectional-mean) concentration curves are
almost parallel at the transition point to the HEGADAS (centre-line, ground-level)
concentration curves.

The cloud half-width in Figure 10b equals B ; = 3-m:-D*/(16-V2) in the HFPLUME region
[compare equation (4.11)] and B, = b+‘/z-‘11t-Sy in the HEGADAS region [see equation (2.4)].

The concentration predictions are almost unaffected by the precise position of the transition
point if RULST < 0.1 and RELST < 0.3. The values RULST = 0.1 and RELST = 0.3 are
recommended and are default values in HGSYSTEM (versions 1.0 and 3.0).

7.A.5.3. Interface with near-source models (finite-duration release)

For the same reasons as for HEGADAS-S, the time-dependent model HEGADAS-T may not
be applied to pressurised releases in the high-momentum near-source region. Thus
HEGADAS-T should be only applied downwind of an appropriately chosen transition point or
breakpoint x = x,,.

For finite-duration releases the program HEGADAS-T can automatically be interfaced with
the near-source plume models. To this purpose the (steady-state) transition data are applied at
the breakpoint x,, for a period corresponding to the release duration T,

Thus at the breakpoint x,,, the dry-pollutant flow E (kg/s), the centre-line ground-level
pollutant molar fraction y,,, (from equation (4.10) and the relevant thermodynamic model) and
the cloud half-width b (m; from equation (4.11)) are applied for a period of T, (s).

Gas is being released at the release point x = 0 during the period 0 < time t < T,. In applying
the above transition data at x = x,, one must take into account the travel time T, of the plume
between the release point X = 0 and the transition point x = x,,. Thus the transition data are
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applied for T, < time t < T, + T,,. The travel time T,, can be expressed in terms of the plume

speed u = u(x) by the following formula,

X

f1
T, = d 4.12
br !ux(x) X 4.12)

where u,(x) is the horizontal component of the plume speed u”.

7.A.5. Validation

The physics or fundamentals of the HEGADAS model described in the previous sections were
developed using experimental laboratory data. Parameters which quantify a particular physical
process have been determined, where possible, from laboratory experiments which study that

process in isolation. This has been carried out as follows.

- The empirical formula (2.10) for the entrainment velocity is based on data for a large

number of wind tunnel experiments (see Section 7.A.2.3).

- The initial crosswind spreading law (2.12a) is based on experiments by Van Ulden (1984),
and the subsequent collapse of gravity spreading given by equations (2.12b) and (2.12c) is
based on experiments by Linden and Simpson (1988). The crosswind diffusion given by
equations (2.13) and (2.13*) is based on empirical formulae for the non-dense crosswind
dispersion coefficient 6, introduced by Briggs (1973).

- The empirical formula (C.2 in Appendix 7.A.C) for the heat flux Q, in the heat equation

(2.14) is based on expressions for the forced and natural convection heat flux proposed by
Holman (1981) and McAdams (1954).
The water-vapour equation (2.15) is based on a theoretical approach by Rosner (1967).
equations (2.14) and (2.15) have been validated by Colenbrander and Puttock (1984) by
means of a series of three experiments involving cold nitrogen flowing across a water
surface. See Section 5 of Appendix 3 of the HGSYSTEM 1.0 Technical Reference Manual
(McFarlane, Prothero, Puttock, Roberts and Witlox, 1990) for further historical details.

- The hydrogen fluoride thermodynamics formulation described in Chapter 2.B. is based on
experimental data by Schotte (1987,1988); see Figure 4.

The HEGADAS model was tuen validated against independent wind-tunnel and field data to
ensure that it correctly describes the effect of these various physical processes in combination.
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Thus an independence is maintained between the model 