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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. 
Thornton (United Kingdom) has developed a package of mathematical models, called 
HGSY STEM, to study the atmospheric dispersion of accidental pollutant releases with 
emphasis on denser-than-air materials. HGSY STEM 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 .O, was prepared by Shell Research Ltd. for The Industry Cooperative HF 
MitigatiodAssessment 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 chemistn. 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 .O (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 firiancial 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 .O 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). 

... 
111 Previous page is blank. 
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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: 

iv 
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Database program 
DATAPROP generates physical properties used in other HGSY STEM 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 

PGPLUME 

Utiliîy programs 
HFFLASH 

POSTHS/POSTHT 

PROFILE 

GET2COL 

heavy gas dispersion (steady-state and transient version) 

passive Gaussian plume dispersion 

flashing of hydrogen fluoride (HF) from pressurised vessel 

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

post-processor for concentration contours of air borne plumes 

utility for data retrieval 

4. Documentation 
HGSYSTEM version 3.0 is documented in the following two manuals: 
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HGSYSTEM 3. O User's Manual 
L. Post 
Shell Research Limited, Thornton Research Centre, TNER.94.058 
1994 

HGSYSTEM 3. O Technical Reference Manual 
L. Post (editor) 
Shell Research Limited, Thornton 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 modules. 

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 .O 
is given, as compared to the first public domain release of HGSYSTEM, version 1 .O 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 majorfeatures are now available in 
version 3.0 of HGSYSTEM. 

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. 

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. 

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 .  

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. 

0 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. 

0 A new model calculating the transient (the-dependent) release rate of a multi-compound. 
two-phase fluid from a pressurised vessel is now available in HGSYSTEM. This model is 
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. 

The EVAP model describing evaporating liquid pools, as used in HGSYSTEM 1 .O, 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. 

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

0 Several new options have been added to the transient (time-dependent) version of the heaw 
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 speci@ 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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0 The post-processors for HEGADAS results have been updated and can non' 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. 

0 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 User's Manual. 

0 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 HGSk STEM: 

1. A multi-compound, mo-phase model which calculates the two-phase liquid-vapour state of 
a mixture. The user can speciq the mixture composition, choosing compounds as available 
in the HGSY STEM 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 aerosol 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, HEGABOX 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 
foi. 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 not 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 boilingpoint. 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 [i] 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 
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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 Raoulf'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 propanehutane 
aerosol upon release of a pollutant consisting of propane and butane 

- c. 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: 

By means of generalisation ofDaZron'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. 
By means of a Peng-Robinson equation ofstate of the mixture, which involves 
empirical binary interaction coefficients between the compounds. 

The reader is referred to [i] 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 thermodvnamic model in HGSY STEM 
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 coiapounds are required (specific heats, heat of 
vaporisation, saturated vapour pressure, etc.). 

Outline of this chaDter 
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-levei 
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 andor ice. 
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It is 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 Darameters 
The model parameters are as follows: 

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

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

- Pollutant enthalpy, H,, ( J h o l e ) .  
Enthalpies are taken to be zero at O OC, 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 rH (-). 
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- ambient temperature Ta ( O C ) .  

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

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

- heat added from the substrate, He (J/kmole) 

- substrate temperature T, (OC) 

The data yw3 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 ( ~ 0 ) :  
0 molecular weight ma (kg/kmole) 

specific heat C," (J/kmole/K) 

- Other compounds (01 = 1,2, ..., N; 01 = 1 is chosen to correspond to water) 

0 molecular weight ma ( k m o l e )  

0 specific heats Cp(lv, C,"' (J/kmole/K) for vapour and liquid 

heat of condensation Hacond ( J h o l e )  

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. 

0 in addition for water only (O! = 1): specific heat of ice, C;' (J/kmole/K), and heat 
of fusion, H i s  (Jknole) 
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Furthermore compounds a =  np-,+l.np-i+2.....np are known to potentially form aerosol ß 
(ß = 1, 2 ..... M; O = n, < n, < n, < _.... < nM = N). Notice that aerosol ß = 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, (a = O, 1, ..., N) and the total enthalpy of the mixture, H,,, ( J h o l e ) .  

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 (a = 1 ,...,N) (-) 

2. mole fraction y, of liquid for each mixture compound (a = 1, ..., N) (-) 

3. mole fraction liquid L, of each aerosol (ß = 1, ..., M) (-) 

4. total mole fraction of liquid, L (-) 

5. mixture temperature T, (OC) 

The above unknowns must satisfy the following equations: 

1. Conservation of molar flow for each compound 

Ya = Ya, + Y, 
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2. Raoult's law for each compound 

Application of the above law implies that each aerosol ß (ß = l,..,M) is assumed to be an ideal 
liquid solution of its constituent compounds a = n,,-,+l,.., nß. 

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

solution ß equals the ratio P,a(T,)/P of the saturated vapour pressure of compound a in the 
vapour and the total vapour pressure. 

For a one-compound aerosol (y, = L,; a = na = 

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

+ i),  Raoult's law reduces to Dalton's law 

Ya\/(l-L) = P v a ( T m P .  

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

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

L,= c Y, (ß = 1, ..., M) 

4. The total amount of liquid is the sum of all individual aerosols: 

M 

L = ~ L ,  
@=i 

5 .  Conservation of energy: 

where the post-mixing enthalpy of compound a (a = O ,  I ,  ..., N) is given by 

(4) 

H, = y;C;.T, (dry air, a = O) 

2-10 
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y,,.Cp' .T,+y,, .(Cp'.T,-H~ond) (water with T, > O OC. a = 1 )  

y,, .C;' .T, +yan .(C;' .T, -Hcuond -HLs) (water with T, < O OC. a = 1) 
( 6 )  

Dry air corresponds with a = O and water with a = 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 aerosol formation 
The thermodynamic equations (1), (2), (3), (4) and (5) are to be solved for the thermodynamic 
unknowns y,,, y, (a = 1, ..., N), L, ( ß=l, ..., M), L and T,. 
The unknowns y,, and y, can be eliminated as unknowns using Equations (1) and (2), 

(7) (a = ns.,+l ,..., ne; ß = 1 ,..., M) 
1-L Pva(Tm) 

-1 

(8) (a = ngi+l ,..., n,; ß = 1 ,..., M) 
P 

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

u=ng_,i 

The function F,(L,;L,T,) monotonously decreases with increasing values of L,. Aerosol 
formation requires that the equation F,(L,;L,T,) = 1 has a positive root L,. Thus the criterion 
for formation of aerosol ß is F,(O;L,T,) > 1, or equivalently, 

2-1 1 
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If the above condition S[ß;T,] < L is satisfied, the equation F,(L,;L,T,) = 1 has precisel' one 
positive root L,. 
Note that according to formula (9), multiplication of the equation F,(L,;L.T,) = 1 with each 
denominator [l-L+L,.P/P,"(T,)], a = n,.,+l,.., n, leads to a polynomial equation for L, of the 
order (ne - n,-,). 
This equation can be solved analytically for nP-np-, = 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, (ß = I ,  ..., M) is given by 

F,(L,;L,T,) = 1, 

L, = o if S[ß;T,] 2 L (no aerosol formation) 

if S[ß;T,] < L (L, > O; aerosol formation) 

(1  1) 

The thermodynamic equations (7), (8), ( l l ) ,  (4) and (5) are to be solved for the themo- 
dynamic unknowns ya,, y,, (a  = 1 ,..., N), L, (ß = 1 ,..., M), L and T,. 

Elimination of yav and y, (a = 1, ..., N) using equations (7) and (8) leads to the reduced set of 
equations (1 i), (4)and ( 5 )  for L, (ß = 1 ,..., M), L and 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), (1 1), (4) and ( 5 )  for 
the thennodynamic unknowns y,,, y, (a = 1 ,..., N), L, (ß = 1 ,..., M), L and 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.A.3.3). 

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 
- the absolute convergence tolerance E, for the liquid fraction L, 
- the maximum number i, of outer iteration steps for T,, 
- the maximum number 

for the mixture temperature T,, 

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, = O, y,, = y, (CL = 1 ...., N), L, = O (ß = 1 ,.., M). L = O 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 = O, T,' = T,. 

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

a) Order S[ß;T,'] in ascending order (ß = l,..,M): S[ß,;T,'] < S[ß,;T,'] < .... < S[ß,;T,']. 
According to equation (1 1) aerosol ßj can only be present if the aerosols BI, . . ,  ßJSl are 
also present fi = l,..,M). Thus aerosol ß, forms 'first' and aerosol ß, forms 'last'. 

b) Initialise inner iteration loop for evaluation of L [aerosols ß,, ßz, .., ß, have been 
established to be present at temperature T,', and LJ is the value for L assuming the 
presence of aerosols BI,.., ßJ only]: j = O, L, = O. 

c) Establish if aerosol ßJ+l is present by carrying out the next inner iteration j + l  for the 
liquid fraction L: 

- 1. If S[ßJ+l;Tm'] > LJ, than according to equation (1 1) aerosols ßJ+l,..., ß, do not form at 
temperature T,' (La = O for ß = ßJ+,,.., ßM): set L = LJ and go to Step d) 
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- 2. If S[ß,,,;T,'] < LJ. than according to equation ( I  I )  aerosol ßJ+, does form at 

temperature T,'; calculate the aerosol formation (L,,,, ß,..., ß,-,) assuming the 
presence of aerosols ß, .... ßJ+, only: 

(a) InitiaIise the inner-most iteration loop: k = O, L' = Lj, L = L'. 

(b) k = k+l;  set L, for ß = ß,,.., ß,+, from F,(L,;L,T,')=l, which using equation (9) 
can be transformed into a polynomial equation in L, of order (na-np.,). 

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) Set L from L, (ß = ßl,..,ßl+,) using equation (4), Lk = L. 

(d) Check for convergence (three cases): 

If k < k,,,= and ILk - Lk-'( > E, (no convergence): go to (b) (carry out next inner- 
most iteration for L). 

If k = k- and ILk - Lk-'I > (no convergence within maximum number of 
inner-most iterations): stop thermodynamic calculations and produce error 
message. 

If  IL^ - L ~ - ' I <  E, (convergence): j = j+i ,  L, = L', L = L,. 

(e) If j < M establish if aerosol ß,+, is present: go to start of Step c). 

d) Set y,,, y, from L, (ß = l,..,M), L, T,' using Equations (7) and (8). 

e) Set T, from y,, y, using equation (5); i = i+l; T,' = T,. 

f )  Check for convergence of temperature T, (three cases): 

If i < i, and IT,' - T,,,'-'l> 
for temperature). 

(no convergence): go to Step a) (carry out next iteration 

If IT,' - T,'-'I (convergence): end of thermodynamic CulculutionS. 
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If i = i,,, and IT,' - T,'-'l > 5 (no convergence within i,,, iterations). and if assuming 
T, < O OC. equation (5) leads to T, > O OC and if assuming T, > O O C .  equation ( 5 )  
leads to T, < O OC. than ice is partially melted. Set for this case T, = O OC and set L. 
ya", y,, (o1 = 1, ..., N) as described in Steps a), b), c) and d): end ofthermodynamic 

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 paragaph 2.A.3.1. 

Following the notation of paragraph 2.A.2, M = N, L, = y, (a = 1 , ..., N), np = ß (ß = 1 ,.... N). 
Furthermore Raoult's law given by equation (2) reduces to Dalton's law. 

(a = 1, ..., N) 

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

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

A = y , +  c Y, 
,:l. ... N.y,=O 

p,a (T, ) B =  
a=1 ..... N:y,> O P 

Solution to Thermodynamic Equations 
The equations (i), (12), (1 3) and (5) for ya,, y, (a = 1 ,..., N), L, Tm are solved by means of the 
following algorithmic steps in the thermodynamic routine (E, = convergence tolerance for 
mixture temperatiire T,, i,, = maximum number of iterations for T,): 
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1. Assume that no fog forms: set y,, = O. y,, = y, (a  = l . . . . .  N). L = O 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 = O, T,' = T,. 

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

a) Order S[a;T,'] = i - y;P/P,"(T,') in ascending order (a = l....,N): S[a,;T,'] < S[az;T,'] 

< .... < S[h;T,']. 
Note from equation (1 O) that aerosols 'first' form for compound a, and 'last' form for 
compound %. 

b) Initialise the inner iteration loop for evaluation of L [aerosols for compounds a,,.... a, do 
form at temperature T,'. 
LJ, A and B are the values for L, A and B from Equations (13) and (14) assuming the 
presence of aerosols for compounds a,,...,a, only]: j = O, LJ = O, A = 1, B = O. 

c) Establish if aerosol a,,, is present at temperature T,' by carrying out the next inner 
iteration j+l for the liquid fraction L: 

- 1. If S[aJ+,;T,'] > LJ than aerosols for sompounds aJ+,,...,% do not form (y, = O for 
a = aJ+,,.., s): set L = L and go to Step d). 

- 2. If S[aJ+,;T,'] < L,, than aerosol for compound aJ+, does form: 

increment j: j = j+i, A = A - yaJ, B = B +PvaJ(Tm')/P, LJ = 1 - A/( 1 - B), L = L., 

if j < N carry out next iteration: go to Step c).  

d) Set y,,, y, (a = 1, ..., N) from L and T,' using Equations (1) and (12) 

e) Set T, from ya", y,, L using equation (5 ) ;  i = i+l; T,' = T, 

f) Check for convergence of temperature T, (three cases): 

If i < i, and IT,' - Tm'-'l > 
for temperature). 

(no convergence): go to Step a) (carry ou. nex iten ion 
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If IT,' - T,'-'l < q (convergence): end of thermodynamic calculations. 

If i = i, and IT,' - T,'-'l > 6 (no convergence within i,, iterations), and if assuming 
T, < O "C equation (5) leads to T, > O "C and if assuming T, > O "C equation (5) 
leads to T, < O "C , than ice is partiallj melted. Set for this case T, = O "C and set L. 
ya,, ya, (O! = 1, .... N) as described in Steps a), b), c), 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 yo. y¡..., 
y, (a = O corresponds to dry air) aerosols for compounds a = l,.., N form successively at the 
temperatures TI, T, ,.., T, (with TI > T, > .. > T,). 
Thus compound 1 condenses first and compound N condenses last. 

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

I i-l i 

At the temperature TJ onset of formation of aerosol j starts. 

Thus following equation (lo), Sb;T,I = 1 - yJ-P/Pt(T,) = L, or equivalently, using the above 
equation (1 5) ,  

Above equation (1 6) defines the temperature TJ at which aerosol j forms. 

Note that for j=l,  this equation reduces to Dalton's law yi = 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 (yo = O), equation (16) reduces to 
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(for yo = O. no dry air) 

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

The temperature T will stay equal to the temperature T, until ail vapour has been condensed 
(L = 1). For temperature T T,, the mixture will be pure liquid. 

Initiai Pollutant State 
Applying the above discussion to the initiai 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 initiai 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'O.l% 
dry air is added for numerical reasons. 

For HEGADAS and HEGABOX, input to the rhermodynamic 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 TP, 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 

= 1, H, = O, yw3 = O). Y,, 

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 sinele two-comDound aerosol 
In this paragraph the special case is considered of the mixture consisting of one two- 
compound aerosol (ideal solution; compounds a =1,2). All other compounds occur in vapour 
phase only (compounds a = 3, ... N). 
Thus following the notation of paragraph 2.A.3.2.: M = 1. LI = L. n, = 2, ym=0 (a=3 .... N). 
ya,=ya (a  = 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,,, y, (a = 1,2), L and T,. 

The 6 governing equations for these unknowns are equations (7). (8), (11) and (5). Using 
formula (9), equation (1 I )  can be rewritten as a square equation for L, 

where the auxiliary parameters qa, ra (a = 1 2 )  are given by 

The root to equation (1 8)  satis@ing L + y,+y2 for P,,“(T,) -+ O (Le. compounds a = 1,2 are 
100% liquid for very low temperatures), equals 

or, written alternatively 
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Solution to Thermodvnamic Equations 
The equations (7), (8): (20) and (5) for y,,., y,, (o! = 1,27...7N), L, T, are solved by means of the 

following algorithmic steps in the thermodynamic routine (E, = convergence tolerance for 
mixture temperature T,, i,, is maximum number of iterations for T,): 

1 .  Assume that no fog forms: set y,, = O, y,, = y, (a = 1, .... N). L = O and determine Tm from 

equation (5 ) .  
If [ l+r,+r,] < O (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, after i iterations): i = O, T,' = T,. 

3. Carry out the iteration loop for the temperature T,: 

- a. Set L = L(T,') from equation (20). Set y,", y,, (a  = 1,2) from Equations (7) and (8). 

- b. SetT,fiom Y W  L using equation ( 5 ) ;  i = i+l; T,' = T,. 

- c. Check for convergence of temperature T, (three cases): 

If i < i,, and IT,' - T,'-'I > E, (no convergence): go to Step a (carry out next iteration 

for temperature). 

If IT,' - T,'-'I c (convergence): end of thermodynamic calculations. 

If i = i, and IT,' - T,'-'I > (no convergence within i,, iterations), and if assuming 
T, < O OC, equation (5) leads to T,,, > O "C and if assuming T, > O OC, equation (5) 
leads to T, < O "C than ice is partially melted. Set for this case T, = O "C and set L, 
y,,, y, (a = 1 ,..., N) as described in Step & 

2.A.3.4.ImDlementationersion 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-mecified parameters. 
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The user is required to input to the dispersion model: 

a 

a 

For 

the pollutant composition (mole fractions va, a = 1, .... N) 

pollutant temperature T,, or alternatively, pollutant enthalpy H,, (only for HEGADAS 
and HEGABOX) 
ambient humidity rH. ambient temperature Ta, ambient pressure P 
ground temperature T, (only for HEGADAS and HEGABOX). 

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

2. Properties generated bv the propertv database Dromam 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 Darameters generated bv dispersion Droeram. 
The pollutant molar fraction ywiy the heat H, and the water vapour yw3 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, (OC), the mixture 
volume V, (m3/kmole) and the mixture density p, (kg/m3). V, and p, are set as follows 

where R is the universal gas constant. 
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2.A.4. References 
1. McCain, W.D., 'The properties of petroleum fluids', 2nd Edition, Penwell Publishing 

Company, Tulsa, Oklahoma, 1990. 

2. Witlox, H.W.M., 'Two-phase thermodynamic model for mixing of a non-reactive multi- 
component pollutant with moist air', Shell Research Limited, Thomton Research Centre. 
TNER.93.022, 1993. 

3. Scales, L.E., 'NAESOL - A Sofnare tooikit for the solution of nonlinear algebraic equation 
systems; User Guide - Version ].Y, Shell Research Limited, Thornton Research Centre, 
TRCP.366 1 R. 1994. 

2.A.5. Notation 

c," specific heat at constant pressure of compound a (J/kmole/K) 
- compound a = O (dry air): Cp 

- compound a = 1 (water): liquid, Cpwi, vapour, C," 
- compounds a = 2,..,N: liquid, Ctl, vapour C T  
function defined by equation (9) 
heat of condensation of water (Jkmole) 
heat of condensation of compound ( J h o l e )  

heat added from the substrate ( J h o l e )  
heat of fusion of water (Jkmole) 

pollutant enthalpy (Jkmole) 
total mixture enthalpy ( J h o l e )  
enthalpy of moist air (Jkmole) 
enthalpy of compound a after mixing of pollutantímoist air ( J h o l e )  

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

total pressure (atm) 
saturated vapour pressure of compound a at temperature T, (OC) (atm) 
universal gas constant (= 0.082057 atm.m3/kmole/K) 
relative humidity of the ambient air (-) 
function defined by equation (1 O) 
temperature (K) 
ambient temperature (OC) 
mixture temperature (OC) 
pollutant temperature (OC) 
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YPOl 

ia 

Ya" 

) 
Yai 

rla 

mole fraction of pollutant in mixture (-) 
mole fraction of compound o! in mixture (-) 
mole fraction of liquid (non-vapour) phase of compound o! in mixture (- 

mole fraction of vapour phase of compound a in mixture (-) 
mole fraction of compound (11 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 chemistr). 
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, yWi (moleímole of mixture) 

- Water in pollutant, q, (mole/mole of pollutant) 

- N-gas in pollutant, q, (mole/mole of pollutant) 

- Relative ambient humidity, rH (fraction; O 5 rH 5 1) 

- Ambient temperature, Ta ( O C )  

The mole fractions y,, qw, qN are defined to be equivalent mole fractions based on all HF 
being in the monomer state. 
The ambient data rH, Ta are needed to determine the enthalpy of the air and the mole 
fraction of water in the air. 
The parameters ypl, qw, qN, rH, Ta uniquely define the equivalent molarflows M,, M,, MN, 
Ma of HF, water, N-gas and dry air respectively. 
Without loss of generality, M,,  (yo, = M, + & + M, + M,) is taken to be equal to 1. 

2. Pollutant enthalpy, H, (JouleAcmole of pollutant) 

3. Heat added from the substrate, He (JouleAcmole 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 h o l e K )  of N-gas 

2.B.2.2. Thermodvnamic 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 (y,,, y,?, ylb. y183 y,, y,, yN, y,) and molar flow of 
vapour (Mmp; kmole/s): 9 unknowns 

- 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, (OC) 

The above unknowns must satis@ the following equations: 

1. Conservation of equivalent molar flow for HF, water. N-gas and dry air (equivalent molar 
flow before mixing = equivalent molar fl3w after mixing): 

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

3. Peng-Robinson equations of state for HF dimer, HF hexamer, HF octamer, and HF-H20 
complex (see [2]) 
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where the fugacity f, = @.yll.P (in atm), the (dimensionless) fugacity coefficient al = 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. 
K,(T,), K,(T,), K,(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 > O), the partial vapour pressures of HF (including HF*H20 
complex) and water (including HF*H,O complex) are set as a function of x and T, from 
empirical expressions pw(x,Tm), pHF(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 ail HF assumed to be HF monomer, .the partial pressures of 
the water and HF are given by (MJM,,,)-P and (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 > O): 

5 .  Conservarion ofenergy: the total enthalpy vol 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 

H,, = H, + H, + H, + H, = yw,*H,, + (1 - ypol).H:; + H, (12) 

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

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: API Publ 4636-1995 scan

http://www.avadocuments.com/doc/api-publ-4636-1995-scan
http://www.avadocuments.com/doc/api-publ-4636-1995-scan


~ 

~~ ~ 

-~ 
~ 

S T D * A P I / P E T R O  PUBL 4b3b-ENGL 1995 0732290 Ob25013 423 

HGSYSTEM Technical Reference Manual 

H,, = TERM1 - TERM2 
with 

TERM1 = [M, - x.L].{Hm + CPHF"*(T, - T O ) )  - X . L - {  H:id + H,,,) 
TERM2 = (1 - x)-L.HC,,, - L-CF(X,T,).(T, - T') 

(i3a) 

H, = [M,. - ( i  - X).L] C; (T, - TO) (13b) 

H, = M,.C;.(T,-T') (13c) 

Ha = M;C,a-(T, - T') 

with HFid, Hrond the heats of condensation of HF and water, H,,, the heat of mixing liquid 
HF with liquid water, C:w ,Cp , C r  , CF , CP 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; H E d ,  HSond and H,,, are taken at T'. Following Schotte [2], T' = 25 "C is taken. 

In equation (1 3a), the enthalpy departure Hm of the HF vapour from the ideal monomeric 
gas at the final temperature T,, is given by 

where AH?, AH6, AH, and AHc are the enthalpies of association of HF-dimer. hexamer. 
octamer and complex, respectively (JouleAcmole) at the reference temperature T*. 

2.B.2.3. Enthalpy of Air 
In equation (12), the enthalpy H::t of the moist air (JouleAcmole of moist air) is given by 

H,": = [ i  - P~"'b/P]-Cpl-(Ta - To) + [P~mb/PJCpw-(Ta - 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). 

Pirnb = r,-P,"(T,), with rH the relative ambient humidity and with P,"(T,) the saturated vapour 

pressure of water (atm) at temperature Ta. 
Note that the ratio PwmbP equals tne mole fraction of water in the moist air. 
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2 .B .2.4. Pollutant EnthalDy 
For an evaporating liquid pool (unpressurised release), the pollutant enthalpy Hp, in equation 
(12) corresponds to 100% liquid with the pool temperature Tliq. Assuming the liquid to consist 
of 100% HF, this implies that H,, = CPHFL~(T,,, - T') - H,",Fd with T' = 25 "C and CpWL the 

specific heat of HF liquid. 

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, qm. 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 wafer. For this case the model adopts qm = O 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 
H F  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 (1 1). 

For pressurised releases the enthalpy H,, must include the kinetic energy E: ( Joulehole  of 
pollutant) of the post-flash pollutant; E: given by 

with m,, the mean molecular weight (kgAcmole) of the pollutant, ma the molecular weight of 
species a (a can be: HF, w, N for HF, water and N-gas, respectively) and V, the post-flash 
velocity (mís). The pollutant enthalpy is now given by the following formula (compare with 
equations (1 2) and (1 3)), 
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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 (i-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 HEGADASkIEGABOX algorithm is used to determine the ten unknowns in the absence 

Of a fog ( Y i ] ,  y]*, yiyu, y w ,  Y N >  ya ,  w ~ a p i  Tm) and in the presence Of a 
fog (additional unknowns x. L). 
The calculations described below are carried out using the model parameters described in 

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 (Mm, M,, MN, Ma; MI, = Mw+M,+MN+M, = 1) 

can be expressed in terms of the input parameters as follows: 

paragraph 2.B.2 (ypoi, q w l  f lN9  rH, Ta, HpI, C,N>. 

with P:mb/p = rH.P,"(Ta)/P and P the total atmospheric pressure. 

2.B.2.1. SolvinP the eauations 
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 .  Set yiz, yI8, yJy, as function of y, ,  and T, from the Peng-Robinson equations of state 

(61, (71, (8) and (9).  
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2. Set M,ap, y,, and L. 

a In the presence of a liquid fog (L > O), Mvap. 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). 
(1 i), (3-5)), the water vapour pressure relation (equation (10)) and conservation of 
energy (equation ( i 2)). 

T E M 1  
TERM2 + TERM3 

L =  

- b In the absence of a liquid fog (L = O), &, y, are set as functions of yII, 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: 

- Y, - 

L = O  

- I  

[I+?] -% 
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