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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
amixture. The user can specify 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
2A.

All HGSYSTEM models using this thermodynamica model need specific physical
properties, like saturated vapour pressures, liquid densities, specific heats and so on, for al
specified compounds in the mixture. It is strongly recommended to generate these
properties using the database program DATAPROP and transfer the results to
HGSY STEM to be used viaalink file. For details on this, see the DATAPROP chapter and
Chapter 4 in the HGSYSTEM User's Manual. HGSY STEM 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
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 HGSY STEM was developed to ssimulate the
dispersion of HF releases only. The HF chemistry and thermodynamical model is discussed
in full detail in Chapter 2.B. HGSY STEM contains several HF-specific models: HFSPILL
(only pure HF) and HFPLUME. Other models can optionaly use the HF-mode:
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 HGSY STEM two-phase thermodynamics model, new in
HGSY STEM 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 HGSY STEM
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 aways 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 aways 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
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pressure. Example: separate propane and water aerosols upon release of (cold)
propane in humid air.

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 viaRaoult's law. This law 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

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 individua 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 of Dalton's law by adding an empirical parameter
caled 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 of state of the mixture, which involves
empirical binary interaction coefficients between the compounds.

The reader isreferred 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 HGSY STEM.

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 HGSY STEM.
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Implementation of thermodynamic 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 HGSY STEM property
database program DATAPRORP is required, which generates the required pollutant properties
to each of the HGSY STEM models.

See the HGSY STEM User's Manual chapter on DATAPROP for use of the database program.
Technical details of DATAPROP (only useful for expert users) can befoundin[2]. In[2] itis
also discussed how new compounds can be added to DATAPROP. Users are advised not to
change the DATAPROP database without first consulting the HGSY STEM devel opers.

Outside the thermodynamic routines within the HGSY STEM 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
HGSY STEM 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 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 parameters
The model parameters are as follows:

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

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

- Pollutant enthalpy, H,,, (Jkmole).
Enthal pies 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 enthal py.

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).

3. Substrate data:
- molefractiony,, of water vapour added from substrate (-)

- heat added from the substrate, H, (Jkmole)
- substrate temperature T, (°C)

The datay,,; 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)

specific heat C,* (Jkmole/K)

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

specific heats C Y, Cp""' (Jkmole/K) for vapour and liquid
heat of condensation H? ., (Jkmole)

coefficientsin the formula defining the saturated vapour pressure of the compound
PA(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 thermodynamica model.

in addition for water only (a = 1): specific heat of ice, C:,”‘ (Jkmole/K), and hesat
of fusion, H;'. (Jkmole)

fus
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Furthermore compounds a = n,_,+1,n, ,+2,...,n, are known to potentially form aerosol b
(b=12..,M;0=n,<n, <n,<...<n, =N). Notice that aerosol b =1 includes the
liquid water (compound a = 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
fractionsy, (a =0, 1,...,N) and the total enthalpy of the mixture, H,,, (Jkmole).

2.A.2.2. Basic thermodynamic unknowns and equations

The unknown thermodynamic variables are as follows:

1. molefractiony,, of vapour for each mixture compound (a = 1,...,N) (-)
2. molefractiony,, of liquid for each mixture compound (a = 1,...,N) (-)
3. molefraction liquid L, of each aerosol (b =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

ya = yav + yan (1)
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2. Raoult's law for each compound

Vo = min{ya Ky = L)J{Pva g))}} @

Application of the above law implies that each aerosol b (b = 1,..,M) is assumed to be an idea
liquid solution of its constituent compoundsa = n,,+1,.., n,.

Raoult's law states that in the presence of aerosol b, the ratio of the mole fraction y, /(1-L) of
the compound a in the vapour and the mole fraction y, /L, of the compound a in the liquid
solution b equals the ratio P2(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 =n, =n,, + 1), Raoult's law reduces to Dalton's law
Yal(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 partia pressure of compound a in the vapour and the total pressure.

The reader isreferred 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= & Yar (b=1...M) (3)

a=ny_q+1

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

M
L=a L, (4)
b=1
5. Conservation of energy:
—_ é\l —_ wet wv
Htot - a Ha _ypol >4_Ipol +(1' ypol - yw3)>1_|air + He +yw3 >(:p XTS (5)

a=0
where the post-mixing enthalpy of compound a (a =0, 1,..., N) isgiven by

H, = y.C X, (dry air, a = 0)

a
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Yo O KT 4y, ACU KT, - HY,)  (waterwith T, >0°C,a=1)

col

(6)
Yoo XCpY 5T +y, X(Cy AT, - Hyo - Hiy)  (water with T, <0°C.a=1)

cond

yav >sz me +yan >(CZI me - Hiond) (a = 2”N)
Dry air corresponds with a = 0 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
unknownsy,,, Y., (@ =1,...,N), L, (b=1,..,M),LandT,.

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

L p "
=142 x a=n_+1,..n:b=1..M 7
yav { 1_ L P\? (Tm)} Wa ( b-1 b ) ( )
. -1
Yan = {1+1L—LX@} %, (a=n,+1,..n;b=1,..M) (8)
b

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

P
n ya {aJ
o I:)v Tm
Fb(Lb;L!Tm): a ( 3:) (9)
R (Th)

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 b isF,(O;L,T,) > 1, or equivalently,

Ny

gb;T. 121 § {yE PaF()T )”<L 0L, >0 (b=1,..,M) (10)

a=n, ,+1
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If the above condition S[b;T,] < L issatisfied, the equation F,(L,;L,T,) = 1 has precisely one
positiveroot L.

Note that according to formula (9), multiplication of the equation F,(L,;L,T,) = 1 with each
denominator [1-L+L P/PA(T )], @ = n,,+1,.., n, leads to a polynomia equation for L, of the
order (n,- n, ).

This equation can be solved analyticaly for n-n,, =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]. Thisis used in the AEROPLUME and
SPILL implementation of the aerosol model.

Thusthe overal equation for L, (b = 1,..., M) isgiven by

F(L,L,T,)=1, if §[b;T.] <L (L, > 0; aerosol formation)
(11)
L,=0 if S[b;T]3L (no aerosol formation)

The thermodynamic equations (7), (8), (11), (4) and (5) are to be solved for the thermo-
dynamic unknownsy,,, vy,,(@=1,..,N),L,(b=1,..,M),Land T,

Elimination of y,,andy,, (a = 1,..., N) using equations (7) and (8) leads to the reduced set of
equations (11), (4)and (5) forL, (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 agorithm for the genera 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 unknownsy,,, v,, (@ =1,..,N),L, (b =1,..,M),Land T,
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It isthis 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 e, for the mixture temperature T,
- the absolute convergence tolerance g for theliquid fraction L,
- the maximum number i, of outer iteration stepsfor T,
- the maximum number k__ of inner-most iteration steps for L.

The subsequent steps in the thermodynamic routine are as follows:

1. Assumethat no fog forms: sety,,=0,y,, =y, (@=1,..,N),L,=0(b =1,.,M),L =0and
determine T, from equation (5).

2. Initidlise 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 (b = 1,..,M): S[b,;T.] < §b,;T.] < .... < §b,,;T,1].
According to equation (11) aerosol b; can only be present if the aerosols b,,.., b, , are
aso present (j = 1,..,M). Thus aerosol b, forms 'first' and aerosol b,, forms'last'.

b) Initialise inner iteration loop for evaluation of L [aerosols by, b,, .., b, have been
established to be present at temperature T/, and L; is the value for L assuming the
presence of aerosolsb,,.., b, only]:j =0, L, =0.

c) Establish if aerosol b
liquid fraction L:

.1 IS present by carrying out the next inner iteration j+1 for the

1 If S[bjﬂ;Tmi] > L, than according to equation (11) agrosols by,,,..., by, do not form at
temperature T,/ (L, =0forb=b,,,,.., b,): set L = L, and go to Step d)
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2. If S[bj+l;Tmi] < L, than according to equation (11) aerosol b,,, does form at
temperature T,'; calculate the aerosol formation (L., b,,.., b,,) assuming the
presence of aerosolsb,,.., b;,, only:

(a) Initialise theinner-most iterationloop: k=0, L*=1L, L = L.

(b) k=k+1; set L, for b =b,,.., b, from F,(L,,L,T,)=1, which using equation (9)
can be transformed into a polynomial equation in L, of order (n,-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 fromL, (b=b,,.b,,) using equation (4), L“=L.

(d) Check for convergence (three cases):

fk<k . and|L* - L*'| > ¢ (no convergence): go to (b) (carry out next inner-
most iteration for L).

f k =k, and |L¥ - LY > e (no convergence within maximum number of
inner-most iterations): stop thermodynamic calculations and produce error

message.
~If |L*- LY < e (convergence): j =j+1, L, =L L =L,
(e) Ifj <M establishif aerosol b,,, is present: go to start of Step ).
d) Sety,, v, fromL, (b =1,.,M), L, T,  using Equations (7) and (8).
e) Set T, fromy,,,y,, using equation (5); i =i+L; T, '=T,.
f) Check for convergence of temperature T, (three cases):

Ifi<i_ and|[T.'-T ™ >e (noconvergence): go to Step a) (carry out next iteration
for temperature).

If [T, - T < e, (convergence): end of thermodynamic calculations.
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Ifi=i_ and [T, - T, ™ >e (noconvergencewithini__ iterations), and if assuming
T, <0 °C, egquation (5) leadsto T,, > 0 °C and if assuming T, > 0 °C, equation (5)
leadsto T,, < 0 °C, than ice is partially melted. Set for thiscase T,, =0 °C and set L,
Yo Yan (@ = 1,..., N) as described in Steps &), 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 paragraph2.A.2,M =N, L, =y,,(@=1,..,N),n,=b (b =1,..., N).
Furthermore Raoult's law given by equation (2) reducesto Dalton's law,

. { P (Tm)}
Yoo =MiN ya’(l- L)XT (a = 111N) (12)

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

L=1- ﬁ (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=y,+ é Ya
a=1,..Niy,,=0
(14)
P (T,)
B - Q Vv m
a P

a=1,..,N;y,,>0

Solution to Thermodynamic Equations

The equations (1), (12), (13) and (5) fory,,, ., (@ = 1,..., N), L, T, are solved by means of the
following agorithmic steps in the thermodynamic routine (e, = convergence tolerance for
mixture temperature T, i ., = maximum number of iterationsfor T, ):

m?
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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. Initidlise 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 i+1 for the temperature T ;.

a) Order §[a;T,'] =1-y P/PA(T,) in ascending order (a = 1,..,N): Sa,;T,] < Fa,T,]
<...<SYayT,l.
Note from equation (10) that aerosols 'first' form for compound a, and 'last' form for
compound a,,.

b) Initialise the inner iteration loop for evaluation of L [aerosols for compounds a,,...,a; 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 compoundsa,,....a; only]:j=0,L,=0,A=1,B =0.

c) Establish if aerosol a,,, is present at temperature T.! by carrying out the next inner
iteration j+1 for the liquid fraction L:

1 If Ja,,;;T,] > L, than aerosols for compounds a,,,...,a, do not form (y,, = O for
a =a,,-, a,): setL =L and go to Step d).

2. If S[aj+1;Tmi] <L, than aerosol for compound a;,, does form:

j+1
increment j:j =j+1, A=A -y,,B=B+P3(T,)/P,L,=1-A/(1-B),L =L,
if j <N carry out next iteration: go to Step c).

d) Sety,,. V., (@=1,..,N)fromL and T, using Equations (1) and (12)

e) Set T, fromy,,, v, L using equation (5); i =i+1; T,'=T,

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

Ifi<i_ and|T '-T ™ >e (noconvergence): go to Step a) (carry out next iteration
for temperature).
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If [T, - T."| < e, (convergence): end of thermodynamic calculations.

Ifi=i_ and [T, - T, ™ > e (noconvergencewithini__ iterations), and if assuming
T, <0 °C equation (5) leadsto T,, > 0 °C and if assuming T, > 0 °C equation (5)
leadsto T,, < 0 °C, than ice is partially melted. Set for thiscase T,,=0°Cand set L,
Yo Yan (@ =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 compositiony,, y,,..,
y, (@ = 0 corresponds to dry air) aerosols for compounds a = 1,.., N form successively at the
temperatures T,, T,,.., T, (With T, >T,>..>T,).

Thus compound 1 condenses first and compound N condenses last.

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

Jol
ek
— a=1
L=1- & P (T) T.>T>T, (15)
1 \%
e
At the temperature T, onset of formation of aerosol j starts.

Thus following equation (10), S[j;T;] = 1 - yj>P/Pvi(Tj) =L, or equivaently, using the above
equation (15),

{1 épfF(,T)}:(Pjg)Hl aya} (16)

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,Y(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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& BI(T)
a4~

a=1

=1 (fory,=0, nodry air) (17)

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

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

[nitial 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 isill 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 genera version of the algorithm (paragraph 2.A.3.1) as well. Dry air is
added in al HGSY STEM 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
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
Yo =1, H.=0,y,5=0).

pol*

and the

pol

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 enthal py.
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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 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 2A.32:. M =1,L, =L, n =2, y,=0 (a=3,..,N),
YarYa (@ = 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 unknownsto be evaluated arey, ,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,

0,0,L% - (g, +r,q,)L - (L+r,+r,) =0 (18)

where the auxiliary parametersq,, r, (a = 1,2) are given by

(P .
qa(Tm) _(P\?(Tm)j 1

ra(Tm):ya{F,a(F’T )]- 1

where-1<r, £ q,.

(19)

The root to equation (18) satisfying L ® y,+y, for P2(T,) ® O (i.e. compounds a = 1,2 are
100% liquid for very low temperatures), equals

([r9, + 50, +{[na, + 1,a,]2 + 4 a,q, ][+, +1,1%)
[20,0,]

L=

or, written alternatively (20)

L = 201+r1 +1,]
(- [r, +1,0,] +{[10, + LA, + A a,q,J1+T, +1,32)
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Solution to Thermodynamic Equations

The equations (7), (8), (20) and (5) for y,,, V., (@ = 1,2,...,N), L, T, are solved by means of the
following agorithmic steps in the thermodynamic routine (e, = convergence tolerance for
mixture temperature T, i, IS maximum number of iterationsfor T):

1. Assume that no fog forms: sety,, =0, y,, =V, (& =1,..,N), L = 0 and determine T,, from
equation (5).
If [1+r,+r,] < O (aerosol does not form): end of thermodynamic calculations.

2. Initidlise the iteration loop for the evaluation of T, (i is number of iterations, T ' is estimate
of T, afteriiterations):i=0,T,'=T

3. Carry out the iteration loop for the temperature T ;
a SetL =L(T,) from equation (20). Sety,,, Y., (@ = 1,2) from Equations (7) and (8).
b. SetT,fromy,, VY, L usingequation (5);i =i+1; T, '=T,.
c. Check for convergence of temperature T, (three cases):

Ifi<i_, and[T,. ' -T. "> e (noconvergence): go to Step a. (carry out next iteration
for temperature).

If [T, - T < e (convergence): end of thermodynamic calculations.

Ifi=i_ and [T, - T, ™ > e (noconvergencewithini__ iterations), and if assuming
T, <0 °C, egquation (5) leadsto T,, > 0 °C and if assuming T, > 0 °C, equation (5)
leadsto T,, <0 °C, thaniceis partially melted. Set for thiscase T,,=0°Cand set L,
Yar Yan (@ = 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 agorithm into
the HGSY STEM 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 isrequired to input to the dispersion model:
the pollutant composition (mole fractionsh_, a = 1,...,N)
pollutant temperature T, or alternatively, pollutant enthalpy H,, (only for HEGADAS
and HEGABOX)
ambient humidity r,,, anbient temperature T, ambient pressure P
ground temperature T (only for HEGADAS and HEGABOX).

pol

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

2. Properties generated by the property database program DATAPROP.

Based on the user-specified pollutant composition, the physical property database program
DATAPRORP is used to calculate the required pollutant properties. See DATAPROP chapter
inthe HGSY STEM User's Manual for more information on how to use DATAPROP.

3. Solution parameters generated by dispersion program.

The pollutant molar fractiony,,,, the heat H, and the water vapour y,,, added from the substrate
are afunction 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 internaly 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 r . (kg/m®). V_andr _ are set asfollows

A :(RW}Q- L)

(21)

1
r,=—
V

m

(m*>xy,)

Q
Il dioz

0

where R isthe universal gas constant.
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2.A.5. Notation

o specific heat at constant pressure of compound a (Jkmole/K)
- compound a= 0 (dry air): C?
- compound a= 1 (water): liquid, C,", vapour, C;"
- compounds a = 2,..,N: liquid, C;*', vapour C*"

F.(L,;L,T,) function defined by equation (9)

H oo heat of condensation of water (Jkmole)

HS heat of condensation of compound (Jkmole)

H, heat added from the substrate (Jkmole)

Hi heat of fusion of water (Jkmole)

Ho pollutant enthalpy (Jkmole)

H, total mixture enthalpy (Jkmole)

HY enthalpy of moist air (Jkmole)

H, enthalpy of compound a after mixing of pollutant/moist air (Jkmole)
L mole fraction of liquid in mixture (-)

L, mole fraction of liquid compound b in mixture (-)

P total pressure (atm)

PA(T,) saturated vapour pressure of compound a at temperature T, (°C) (atm)
R universal gas constant (= 0.082057 atm»m®/kmole/K)

My relative humidity of the ambient air (-)

S(b;T,) function defined by equation (10)

T temperature (K)

T, ambient temperature (°C)

T, mixture temperature (°C)

Too pollutant temperature (°C)
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Yoo mole fraction of pollutant in mixture (-)

A mole fraction of compound a in mixture (-)

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

Yay mol e fraction of vapour phase of compound a in mixture (-)

h, mol e fraction of compound a in (released, original) pollutant (-)
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2.B. THE HYDROGEN FLUORIDE MODEL

2.B.1. Introduction

The HGSY STEM 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 not 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 amixture 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.

- Anagueous HF fog, that is, aliquid 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 (idea 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, y,,, (mole/mole of mixture)

Water in pollutant, h,, (mole/mole of pollutant)

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

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

Ambient temperature, T, (°C)

The mole fractions y,,, h,,, h 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 inthe air.

The parametersy,,, h,, hy, ry, T, uniquely define the equivalent molar flows M., M,,, M,
M, of HF, water, N-gas and dry air respectively.

Without loss of generdlity, M, (M, =M -+ M,, + M, + M) istaken to be equal to 1.

tot

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

pol
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' (Jkmole/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):

2-25



HGSY STEM Technical Reference Manual

- Molar fractions of HF-monomer, HF-dimer, HF-hexamer, HF-octamer, HF-complex,
water, N-gas, air in vapour mixture (Y, Yio Yie Yigr Yor Yar Yoo Yo @0d molar flow of

vapour (M,,,; 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, (°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):

Mpe= (Vg + 2y, + 6y, + 8y + yc)>Mvap +xk

1)

My, = (Y + YoMy + (1- X)L 2
My =YWMyg 3)
My =yM (4)

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

Yt Yot YistYistYet Y, tYytY.=1 (5)

3. Peng-Robinson equations of state for HF dimer, HF hexamer, HF octamer, and HF-H,O
complex (see[2])

YiolfuTw) = KAT)AT)Y(F P) (6)
Yis(fuTw) = Ke(T)AF)(F 2P) (")
YislfuTw) = Ke(T)AT)(F 2P) (8)
YelfoYur T) = KT P,/ (F P) (9)
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where the fugacity f, = F »,,5P (in atm), the (dimensionless) fugacity coefficient F, » 1, the
total (ambient) vapour pressure P is taken to be 1 am and P,, = y, P is the true partial
pressure (excluding HF-H,O complex) of water in the vapour.

K,(T,), Kg(T.), Kg(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,.), Pu(X, ) 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):

. p,(X, T ) M
+y.=P,/P=miny—* me, —4 10
yW yC w { P Mto’(} ( )
. x,T,) M
Y+ Y+ Vie+ Vi + Y = Pi/P = mm{ p“F(P ), M”F} (11)
tot

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

Htot = HHF + HW + HN + Ha = ypoI>HpoI + (1 - ypol)HvaYrEI + He (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,O), N-gas, and air are given by
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H, = TERM1- TERM2

with
TERM1 = [M,e - ot P{H™ + C"VXT, - T} - %bof Hegy + Hid (132)
TERM2 = (1 - x)A4Hy,q - LXC (X, T AT, - T)

cond

H, = [M,-(1-x)%] Cp""" (T, - T*) (13b)
Hy = MCXT, - T) (13¢)
H, = |\/|a>Cp"">(Tm - T*) (13d)
with HF ./ HY . the heats of condensation of HF and water, H_. the heat of mixing liquid

HF with liquid water, C;™,C¢,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; HY | HY andH_ aretakenat T". Following Schotte[2], T" = 25 °C is taken.

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

DHF — ylZ >DH2 +y16 >DH6 +y18 >DH8 +yc >DHC
yll + 2y12 + 6y16 + 8y18 + yc

H (14)

where DH,, DH,, DH,; and DH_ are the enthalpies of association of HF-dimer, hexamer,
octamer and complex, respectively (Joule/lkmole) at the reference temperature T .

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

HY =[1- P*™/P] CAAT,-T) + [PX™/P] CAT,-T) (15)

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

pressure (P is dways 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).

PI™ =, "(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 P>™ /P equal s the mole fraction of water in the moist air.
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2.B.2.4. Pollutant Enthal py

For an evaporating liquid pool (unpressurised release), the pollutant enthalpy H,, in equation
(12) corresponds to 100% liquid with the pool temperature T .. Assuming the liquid to consist
of 100% HF, this implies that H , = C,"*XT,, - T') - Hi, with T = 25 °C and C,"™ the
specific heat of HF liquid.

liq

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 equivaent mole fraction of liquid HF in the pollutant, h,; . This
data should correspond to the post-flash state and are in HGSY STEM 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 h,, = 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
H-5" from monomer, N-gas, water) and an aqueous liquid fog (equivalent mole fraction
L, Of fog in pollutant; mole fraction x

evaluated from equations (1) to (11).

o Of HF in fog). The pollutant composition is

For pressurised releases the enthalpy H,,, must include the kinetic energy E';‘g,‘ (Joule/kmole of
pollutant) of the post-flash pollutant; E5; given by

EEIOT = 1/2>an0| >«/ﬂz Wlth rnpol = gHFmHF + gwmw + gNmN (16)
with m,, the mean molecular weight (kg/kmole) of the pollutant, m, 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 (m/s). The pollutant enthalpy is now given by the following formula (compare with
equations (12) and (13)),

Hpol = EEIOT +
+ hHFL){ CpHFL>(TpOI - T*) - HcHand} +
+{h{C AT - T)} +

+ [hw - (1 - Xpol)x-pol] prv%Tpol - T*) +
+ [hHF - hHFL - Xpolx-pm]){ Ho +CpHFV>(T

pol

-TH} + 17)

pol

2-29



HGSY STEM Technical Reference Manual

- XpoI>LpoI){ Hia + Hmix} +

cond

- (1 - Xpol)>L H\é\;nd +

pol

+ I-pol){ CLOQ (XpoI’Tpo|)>(TpoI - 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 aliquid fog and
the ten equations (1-9), (12) in the absence of afog.

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

The HEGADASHEGABOX algorithm is used to determine the ten unknowns in the absence
of afog (Y13, Yizr Yier Yier YdYur Yaor Yo Yar My T1) @0 twelve unknowns in the presence of a
fog (additional unknownsx, L).

The calculations described below are carried out using the model parameters described in
paragraph 2.B.2 (Y, h,, hy, Ny To Hogo Hee CY).

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:

Mue= (1-hy, - h)¥ Mg

My = DM + [RTIPIXL - V)M

My = DMy (18)
M, = [(P- BT )/PIXL -y )M,

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

2.B.2.1. Solving the equations

The set of equationsis 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 equationsis asfollows.

1. Sety,,, Yie Yie YJY,, 8 function of y,, and T, from the Peng-Robinson equations of state
(6), (7), (8) and (9).
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2.5t M and L.

vap’ yw
a Inthe presence of aliquid fog (L > 0), M,,,, v,,, 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),
(12), (3-5)), the water vapour pressure relation (equation (10)) and conservation of

energy (equation (12)),
Moo = [M, + MJ/[L- Py/P- P,/P+y] (19)
v, =[1+ yc/yw]'lxnin{ Pue (X T) M } (20)
P M'[Ot
_ TERM1 (21)
TERM2+TERM3

with
TERML= H, +Hy, - Hy # M, 5Cy X(T,, - T+ My {H* +C)™ XT,, - T}
cond

TERM2 = (1- X)4C™ X(T, - T')+H" - CBX,T,)XT, - T')
TERM3 =X H™ +C™ X(T, - T)+HIE, +H,,, |

cond

oy

In the absence of aliquid fog (L = 0), M,,, y,, are set asfunctions 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)) isimposed:

MHF/[yc tyyt ZY12 + 6Y16 + 8Y18] (MHF > 0-5)
M., = (19%)
[Ma + MN + Mw]/[l Y oY Y - ylS] (MHF < 0-5)

- -1
M M
1+(1- M—)xy—} AVt 295 4656 +By X (M, > 05)

HF w HF

Yu (20%)

- -1
1+£} M (M, < 0.5
Yw

vap

L=0 (21*)
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3. Sety, andy, from conservation of air and N-gas moles (equations (3-4)):

ya = Ma/Mvap
(22)
Yy = MM,

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 Inthe presence of aliquid 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)):

MHF:(yc+yll+2y12+6y16+8y18)Mvap+X>L (1

NIW:(yw-'-y(‘)>r\/|vap-'-(:I'-X)>L (”)

. X, T,) M
Y11+y12+yle+y18+yc=mm{pHF(P ),MHF} (11)]

tot

The above set of equationsis 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),
Htot = HHF + Hw + HN + Ha: ypoI>H0pol+(1 - ypol)ﬁ_lval\'lrer’0 + He (I*)
MHF = (yc tyut 2y12 + 6y16 + 8y18)>Mvap MHF <05
(%)
Yiut Yo tYietYistYet Y, tYntY.=1 M,>05

The above set of equations is solved iteratively fory,, and T ..

2.B.2.2. Evauation of pollutant enthalpy

For given pollutant temperature T, one can evauate the pollutant enthalpy H
equation (17), if one knows HYF x . L

pol * “pol?

o from
- 10 this purpose the previous equations are
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(HDHF - HDHF

considered for the specia case of y,, = 1 (y, = 0) and the temperature T =T ool 7

pol
X =Xpn L = Lpol)'

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

The unknownsy,,, V.6 Y,s and yJy,, 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 unknownsy,,, V.6 Y;s and yJy,, 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 vy, 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 agorithm 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 fractiony,,, 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 r ... 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 r ,, 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). Thusit is seen that

_[RXT, +273.15)/ P]M,
" M, +L

V

\Y

(23)
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with R = 0.082 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 idea 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). Thusit is seen that

r = I’nél>4\/|<’:1-'-rnN>4\/|N+mw>4\/|w-'-rnHF>4V|HF
" [RXT, +273.15)/ P]M,, +[m,, (1- X) +m x| /1

(24)

with m, = 28.95, m,, m,- = 20.01, m, = 18.02 the molecular weights of dry air, N-gas, HF-
monomer and water, respectively and r (, = 1200 kg/m? the density of the fog.

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

r.. = Pm_J[RT,+ 273.15)] (25)

with m__, the molecular weight of the humid air (kg/kmole), given by

amb?
m,., =mx1- P™/P] + m XPX™/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
HGSY STEM 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 agueous fog and because of
heat convection from the ground. For increasing humidity, the fog formation and mixture
temperature 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 apart 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 the 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
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306, 1987.
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3. Witlox, H.W.M., 'Thermodynamics model for mixing of moist air with pollutant consisting
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2.B.6. Notation

o specific heat at constant pressure of speciesa, Jkmole/K
a = HFL: liquid HF
= C"™(T°%) = 50260 + 68.6T°
HFV:gaseous HF, C"" = 29120
fog: agueousfog, Cp“’@j isasafunctionof x and T (°C) (equation (24) in[2]),
C,®(x,T) = 75519 + 16617 - (58475 - 63.6)% + (35686 + 7.837)%’
wl:  water liquid, C," = 75700
wv:  water vapour, C,"* = 33690
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wet
Hair

HHF

cond

mix

pol

HW

cond

DHF
I"Ipo

Ki(T)

N: N-gas,
a dryair, C?=29120

fugacity of HF-monomer (after mixing; f, = F %,,5P) (atm)

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

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

heat of condensation of HF monomer at 25 °C (Jkmole)
HH = 30258000

cond

heat of mixing of liquid HF and H,O at 25 °C (Jkmole of HF)
H.. =H,(x)=18831000%1 - x°)

enthalpy of pollutant (Joule/equivalent kmole of pollutant)

heat of condensation of water at 25 °C (Jkmole)
HY,.q = 44017000

enthalpy (Jkmole) of species a after mixing of pollutant and moist air

a can be: tot (total enthalpy), HF (HF; including water in fog and HF in HF-H,O), w
(water; excluding fog and including water in HF-H,0), N (N-gas) or a(dry air)

enthalpy departure (Jequivalent 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 pollutant from the ideal monomeric gas

K(T)=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) isgiven by equation (5) in [2]:

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

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

In(Kg) = [209734.20/T - 694.02013]/R

2-36



HGSY STEM Technical Reference Manual

K(T)

vap

pol

with the universal gas constant R given by R = 8.3143 JK/mole

chemical equilibrium constant at temperature T (Kelvin) for the formation of the HF.
H,O complex at temperature T, (atm™)
K.(T) isgiven by eguation (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:

(Vis + 2y, + 616+ 8Y1g + 2 + Y, + Yy + Y )M + L =My
equivalent molar flow of species a after mixing of pollutant and moist air (with all
HF based on HF monomer) (kmole/s)

a can be: tot (total molar flow), HF (HF), w (water), N (N-gas), a(dry air)
M :MHF+MW+MN+Ma

tot
total (ambient or atmospheric) pressure (atm)

partial vapour pressure of HF (including HF-H,O) (atm)
vapour pressure of water in air at temperature T (atm)

partial vapour pressure of water (including HF-H,O) (atm)

partial vapour pressure of water in the ambient wet air (before mixing) (atm)
R = 1R, "(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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pol

ypol

Ya

DH

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 all HF based on HF monomer (-)

molar fraction of species a in vapour (after mixing) (-)
a 11,12, 16, 18, c, w, N or a(dry air)
the sum of thesefractionsmustbe Ly, +y, + Y +Yig + Yo + Y, + Yy + V=1

enthalpy of association of HF species a (Jkmole)
a can be: 2 (dimer, DH,= -53458000), 6 (hexamer, DH, = -175448000), 8 (octamer,
DH, = -209734000) or ¢ (HF-H,O, DH, = -26220000)

equivalent molar fraction of speciesa in pre-mixed pollutant (-)
a 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)

hyeth, +hy =1 he=hg +hy

fugacity coefficient of HF in vapour phase; approximated by F, =1 (-)
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