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Abstract

This paper describes a two-phase jet model for predicting the HF rainout (capture) in
HF/additive releases. The parent droplets of the release mixture constitute the first phase. The
second phase is a vapor-liquid fog. The drops are not in equilibrium with the fog phase with
which they exchange mass and energy. The fog at any location is assumed to be in local
equilibrium. The fog-phase calculations account for HF oligomerization and HF-water com-
plex equilibria in the vapor phase and vapor-liquid equilibrium in the fog. The model
incorporates jet trajectory calculations and hence can predict liquid ‘rainout’ and the capture
distance. The model HF capture predictions are in agreement with small and large scale
HF/additive release experiments. The fog properties and flow rate may be used to initialize
atmospheric fog dispersion models for use in risk assessment calculations.
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1. Introduction

Hydrogen fluoride (HF) is widely used in petroleum refining as a catalyst in the
alkylation process [1]. Recently, there has been public concern about the safety of
HF-based processes. This derives from tests [2] which have shown that a release of
anhydrous HF (AHF) under typical alkylation conditions, results in almost all of the
material becoming airborne as a toxic two-phase vapor-liquid fog. This complete
aerosolization of HF is attributed to flash atomization, a process that occurs when the
released material is a superheated liquid [3]. The tendency of a material to exhibit
acrosolization is not unique to HF, but also occurs for other chemicals as well. This
aerosolization tendency can be significantly reduced by introducing an additive which
reduces the vapor pressure thereby eliminating flash atomization.
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The identification of an appropriate additive for HF as well as novel HF mitigation
strategies is facilitated by a theoretical understanding of the release phenomenon.
A few release models have been developed to understand the evaporation of droplets
in jets [3~5]. The model of Papadourakis et al. [4] consider the evaporation of
a single-component drop in a two-phase jet entraining ambient air. Woodward and
Papadourakis [5] extend this model by calculating jet trajectories. The rainout (or
capture) of the contaminant is determined as the fraction of the initial contaminant
mass retained in the drops when they strike the ground. Melham and Saini [3] have
formulated the problem of multicomponent releases. In their work, the authors have
assumed that the liquid droplets and entrained air in the two-phase jet are in
equilibrium. In the work presented here, we have determined that this assumption is
not adequate for HF additive releases. Finally, it must be noted that experimental
validation of release models has been largely restricted to monocomponent super-
heated releases.

In this paper, we build on the previous studies and develop a model formulation for
multicomponent releases, without restricting the drops in the jet to be in equilibrium
with the entrained air. Applications to multicomponent subcooled HF/additive sys-
tems are considered and effects of HF vapor-phase oligomerization, HF—water com-
plexation and aerosol formation are included. The objective of this work is to be able
to interpret HF/additive release data and to derive an understanding of aerosol
behavior of HF/additive mixtures. The outline of this paper is as follows: Section
2 presents the physical premises and the mathematical formulation of the model;
Section 3 is used to interpret small and large-scale HF/additive release test data using
the model; Section 4 describes a parametric study of the model predictions; a limiting
equilibrium solution which can be viewed as a lower bound on HF rainout is
described in Section 5; finally, the principal conclusions of this work are summarized
in Section 6.

2. Physical and mathematical description of the model

This section describes the salient physical features and principal assumptions of the
model. The general description of droplet evaporation is presented in Section 2.1.
A high-pressure liquid issuing from the orifice entrains air and expands to form
a two-phase jet (vapor or fog and liquid). Prior to discussing the two-phase jet model,
we describe the evaporation of an isolated, multicomponent moving drop in air in
Section 2.2. The difference between isolated drop evaporation and evaporation in
a two-phase jet is depicted in Fig. 1. In the former case, the drop is surrounded by
ambient air and hence the driving force for evaporation is very high. In the latter case,
the drop is surrounded by a vapor-liquid fog which contains HF and this reduces the
driving force for HF evaporation from the drops. Fig. 1 is again discussed in Sections
2.2 and 2.3 in the setting of the isolated drop and two-phase jet models. The isolated
drop model is devoid of the complications arising from air entrainment effects present
in the two-phase jet model and is expected to yield a lower bound on HF rainout [4].
Section 2.3 is devoted to the description of the two-phase jet model.
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Fig. 1. Jet and isolated drop evaporation.

2.1. Description of drop evaporation

The four species in the system are HF (1), water (2), additive (3) and dry air (4). We
develop the equations describing mass and energy exchange for the HF/addi-
tive/water system. A rational description of the mass and enthalpy fluxes requires an
accurate treatment of HF vapor-phase oligomerization and complexation with water
[6] (For example, the heat of vaporization of HF to monomer in vapor is about
7231 cal/gmol at 25 °C whereas the vapor-phase association effects reduce it to about
1700 cal/gmol). HF in vapor is assumed to exist as monomer, dimer, hexamer,
octamer and the HF-H,O complex. Let vy, yi2, V16, V1s and y. represent the
corresponding vapor mole fractions. The vapor compositions of dry air, additive and
water vapor are represented by y,, v.qa and y,,, respectively.

We now define the real and apparent mole fractions of HF, additive, water and air.
The true mole fractions (y,, y», ys and y,) represent the ratio of the species partial
pressures to the total pressure (P) and are given by

Y1=Y11+ Y12+ Y16 + Y1z + f1yc = Pur/P,
Y2 = Yw + B2y. = Pu/P,

Y3 = Yada = Paad/P,

Ya =Y. = P/P.

In the above f; is the fractional contribution of the HF-H,O complex to the HF
partial pressure and f§, is its fractional contribution to the partial pressure of water.
On making the sum of B, and B, equal to unity, it is evident that the true mole
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fractions satisfy the normalization condition

yity2+ystya=1
The apparent mole fraction (Y, Y,, Y3 and Y,) are defined by

Y =1+ 2y12 + 6y16 + 8y1s + 3:)/0,
Yy = 0w+ 50

Y3 = yaaa/Q

Y. =1./0,

where the normalizing factor is given by

O =y11+2V12+6y16 + 8V1s + 2y + Yw + Vaaa T+ Va-

The factor Q is greater than unity and its deviation from unity measures the extent of
vapor-phase oligomerization and HF-water complexation effects. Thus it is unity
when this chemistry is absent.

The molar flux of HF (MW = 20.01) to the drops is approximated by

Fyr ZLI: Z tkyi(y1i — y1i) + ke(e —Y:):I,
RTV i=1,2,6,8

where k,; and k. denote the mass transfer coefficients for the i-mer and complex,

respectively, the superscript * denotes compositions in equilibrium with the liquid at

the liquid—vapor interface, T, is the surrounding temperature and R is the universal

gas constant. On assuming equal mass transfer coefficients for the different oligomers

and the complex, we have

P
Fyp = R—Tvkg(QYl - Q*YT)

The above form of the driving force is appropriate when bulk flow is small
compared to diffusive flux. In the present situation, bulk flow is expected to be small
because HF and water transport in opposite directions. On further assuming equal
mass transfer coefficients for all the species, the molar fluxes (F;, i = 1,2, 3,4) may be
written as

P
= . — O*Y* | =
F, RTvkg(QY, Q*Y¥), i=1,23,4. @.1)

It is possible to proceed with model formulation without making the assumption of
equal mass transfer coefficients for ail the species. However, given the level of
uncertainties and approximations in the overall model, the increased complexity
brought about by allowing the species mass transfer coefficients to be different
is unwarranted. Moreover, for the additives discussed in this paper and air, there is
negligible transport and as such this approximation introduces negligible error. It is,
however, easy to account for species-dependent mass transfer coefficients.
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We now consider the enthalpy flux. The molar enthalpy () of the vapor may be
written in terms of those of the individual species as

h= Z J’uhu + ychc + ywhw + yaddhadd + yaha-
i=1,2,6,8
The above may be written as
h= ( Z iy + yc>h11 + Z yiuAH; + y.AH,
i=1,2,6,8 i=2,6,8
+ (yw + yc)hw + yaddhadd + yahaa

where AH; is the enthalpy of formation of the i-mer (the reaction is iHF — HF;) and
AH, is the enthalpy of formation of the complex (the reaction is
HF + H,0 — HF -H,0). After some algebraic manipulations, one can derive an
expression for apparent molar enthalpy of the vapor, H® as

H? =h/Q = Y (h11 + A) + Y hy + Yihae + Yiha,

where A is the enthalpy deviation function defined by

_ yi2AH, + y16AHg + y135AHg + y. AH,

A
Y11+ 2y12 + 6y16 + 8y1s + Y.

The enthalpy flux to the drops associated with mass exchange with the vapor can
now be written as

Pk
F.= RTg [(QY, — Q*Y1)hy +(QY2 — Q*YH)h, + QY3 — Q*Y ) haaal, (22)

where
h1 = hll + A
For a droplet moving at a velocity U along a trajectory described by a curvilinear

coordinate s, we write

d(maw;) _ D} Pk, ®Yy Ry
ds =T U RTV(QYl Q Yi )9 = 15 2’ 35 (23)

where myq is the total number of moles in the drop, w; is the mole fraction of species i in
the drop and D, is its diameter. The enthalpy balance is given by

d(mdhd) _ Tth Pkg I:

® YK Ik nD}

i=1,2,3

In the above, hy is the molar enthalpy of the drop, A, is the heat transfer coefficient,
T, is the surrounding temperature and T4 is the droplet temperature. The reference
state for enthalpy calculations is that of an ideal gas at 25 °C. For HF, the reference
state i1s an ideal monomer vapor at 25°C.
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2.2. Isolated drop evaporation

The physical picture is shown in Fig. 1. The driving force for HF evaporation from
the drop is maximum since it is always surrounded by ambient air free of HF. The
mathematical model for evaporation of a moving droplet involves a description of
heat and mass exchange between the drop and the surrounding as well as droplet
dynamics and kinematics [4]. The transport coefficients for mass/heat exchange
between the droplets depend on the nature of drop—air relative motion and as such the
drop motion and transport processes are coupled. The vapor-phase concentrations
away from the drop are the same as those of ambient air. Thus, since ambient air is
free of HF or additive, we have

Yl = Y3 = 0> Q = 13 Y2 = y?v’ Y4 = y£9 (2'5)

where y9 and y? are the mole fractions of water vapor and dry air in ambient air.
These are determined from the air temperature (T °) and the relative humidity. We are
now ready to write the drop mass and energy balances. We assume no transport of dry
air between the two phases. Thus HF, additive and water are the components of
interest.

Component mass balances
Using Eq. (2.3) and the above approximation, we obtain

d(maw;) _nD} Pk,
ds = U RT®

(—Q*Y¥), i=1,3, (2.6)

d(mgqw,) =D3 Pk
~a U RDATOTD

The mass transfer coefficient (k,) is obtained from an empirical correlation relating the
drop Sherwood number (Sk) to the Reynolds number (Re) and the Schmidt number
(Sc). This correlation is given by [4]

Sh=a+ BRe'28c13, a=2 p=06. @27
In the above, the Reynolds number is defined by

_ DaUyp,
Ha

Re (2.8)

where g, is the dynamic viscosity of air. The Sherwood (Sh) and Schmidt (Sc) numbers
are given by

kD
= ng, Sc =1t

Sh =
paD

(2.9)

where D is the binary diffusivity taken as 2.2 x 10> m?s ™! for all the species.
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Energy balance
From Egs. (2.4) and (2.5) one gets

d(mghy) yﬁ Pk,
ds = U RT®

) (—Q*Y?‘)h?+(y3—Q*Y3‘)h§]

i=1,3
D2
n EU—“m(T0 ~ Ty, (2.10)

where the enthalpies are evaluated at the droplet temperature (T). The heat transfer
coefficient is obtained from

N=a+ BRe'?Pr'3, a=2 f=06, 2.11)
where the Nusselt number (Nu) and the Prandtl number (Pr) are given by
hth Cpaﬂa
Nu = Pr = .
u P r MW, (2.12)

In the above, Cp,, k, and MW, are the molar heat capacity, thermal conductivity and
molecular weight of air, respectively.
The droplet trajectory in air is determined using momentum balances.

Drop momentum balances

Assuming that mass exchange between the drop and the vapor takes place at
negligible velocity with respect to the drop (no thrust on the drop), and letting U, and
U,, denote the x (horizontal) and y (vertical) velocities of the drops (with respect to
a fixed frame of reference), we have

where the first term on the right-hand side represents the momentum change due to
mass transfer and the second accounts for the effect of external forces, namely drag on
the drop. On noting that

ds
U
dt

one obtains

dUq,
e ds

where F, is the horizontal drag on the drop and is given by

Fo= — Cd(1/4an)(1/2anderdr)'

=FX/U7

In the above, C, is the drag coefficient and the drop-air relative velocities are given
by

2 _ 2
der = de — W, Udyr = Udys Udr = U2dxr + Udyr’
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where w is the component of the wind speed in the x direction. Combining these,

dde _ _ Cd(nD§/4)(1/2anderdr) (2 13)
ds mdU ’ )

where U is the drop speed and s is distance along the curvilinear trajectory (Fig. 1).
The momentum balance along the y (vertical) direction yields

dUy,y _ [Ca(mD}/4)(1/2p.Usy,Uay) + (1 — pa/pa)gma]
ds my U '

(2.14)

The first term on the right-hand side represents drag and the second term accounts
for gravity and buoyancy forces. The drag coefficient appearing in the momentum
balances is a function of the Reynolds number for drop—air relative motion. The drag
coefficient is given by [7]

Cy = 24/Re, Re <0.1,

Cq = (24/Re)(1 + 3Re/16 + 9Re*In(2Re)/160), 0.1 < Re < 2,

Cy = (24/Re)(1 + 0.15Re%%7), 2 < Re < 500,

Cqy= 044, 500 < Re < 200,000. (2.15)

The drop trajectory calculations are completed along with a description of the
kinematics of motion

G Us G Uy a1

ds U ds U
Fig. 2 describes the effect of drop size on HF capture. HF rainout (or capture) is
defined as the fraction of initial HF that is retained in the drop when it strikes the
ground. The rainout decreases with decreasing droplet size and is very sensitive to size
as the size decreases. This is because the specific surface area (area per unit mass)
increases (as 1/diameter) and this leads to faster HF evaporation.

Fig. 3(a) depicts typical droplet trajectories. The larger droplets, owing to their
higher inertia, travel farther before striking the ground. Fig. 3(b) shows the fraction of
initial HF, additive and water retained in the drops (right y axis) as well as the droplet
temperature along its trajectory (left y axis). The HF evaporation rates appear to
decrease along the trajectory. This is because of two reasons. First the decreasing
speed of the droplets decreases the mass and heat transfer coefficients. Second, the
vapor pressure rapidly decreases due to HF evaporation and the accompanying
cooling. The nonvolatile additive is almost entirely in the drops. The increase of water
in the drops is also evident. The droplet temperature first decreases rapidly as HF
evaporation dominates water condensation into the drops. After substantial HF has
evaporated, the heating accompanying water condensation into the drops more than
offsets the cooling due to HF evaporation and the drop temperature begins to rise
again. Such a phenomenon would not be observed in models that do not allow for
water condensation.



R. Muralidhar et al./Journal of Hazardous Materials 44 (1995) 141-183 149

Effect of drop size in isolated drop model
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Fig. 2. Effect of drop size in isolated drop model.

2.3. Two-phase jet model

In this section, we highlight the principal physical features of the two-phase jet
model. Fig. 1 shows the geometry and coordinates and Fig. 4 depicts the different
mechanisms that are featured in the model. As the jet comes out of the orifice, it
expands by entraining ambient air [8]. Flashing jets (above critical superheat) addi-
tionally expand by instantaneously equilibrating partly into vapor. This process,
referred to as flash atomization, can also potentially break the jet into very small
liquid droplets. In what follows, we will restrict to situations where such flash
atomization does not occur. The HF evaporating from the drops interacts with the
entrained air to form a vapor-liquid fog. The drops of the release stream along with
the fog constitute a two-phase jet. In contrast to the isolated drop (described in the
previous section), which is surrounded by HF-free air, a droplet inside a two-phase jet
is surrounded by a vapor-liquid fog that has HF. Therefore, a drop inside a two-phase
jet experiences a smaller driving force for HF evaporation than an isolated drop. The
model is constructed with the following assumptions:

1. In the immediate vicinity of the orifice, the jet may consist of an intact liquid
core. Any evaporation in this region is neglected owing to the small specific surface
area available.
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Effect of drop size on isolated drop trajectory
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Fig. 3. (a) Effect of drop size on isolated drop trajectory. (b) Isolated drop properties along trajectory.
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PHYSICAL MECHANSIMS IN MODEL
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Fog phase In general is a two-phase vapor-liquid aerosol

Fig. 4. Physical mechansims in model.

2. At the end of the intact region, the liquid core is assumed to instantaneously
rupture into droplets (parent drops) producing a two-phase mixture with a volume
fraction of drops &,o. Air entrainment such as described by Ricou and Spalding [8]
and Ooms [9] commences at the end of the intact region and causes the jet to expand.
The mixture velocity at the end of the intact region and the beginning of the
entrainment zone is assumed to be the same as the jet velocity at the orifice. The phase
surrounding these parent drops in the jet is in general a vapor-liquid fog.

3. In general, the droplets of various diameters will be formed upon rupture of the
jet. Therefore, a rigorous model should account for this drop size distribution.
However, as a simplification, we will assume that the essential physics can be captured
by a single characteristic drop size. Since mass and heat transfer are the phenomena of
interest, this characteristic drop size is identified as the Sauter mean diameter.

4. The parent drops are in general not in equilibrium with the surrounding fog
and exchange mass and energy with the vapor in the jet. Thus the drops are in general
at a different temperature than the fog.

5. Multicomponent diffusivities in the vapor are approximated with binary dif-
fusivities of species in air. Equal diffusivities are assumed for HF and its oligomers and
water.

6. The HF evaporating from the drops interacts with entrained humid air to form
a fog (vapor + liquid) [6]. The fog properties at any axial location are determined
from local equilibrium assumption. Thus the vapor in the jet is actually a fog
(vapor + liquid particles).

7. The fog equilibrium is calculated accounting for HF vapor-phase oligomeriz-
ation, HF—water complexation as well as HF /additive/water vapor-liquid equilibria.

8. There is no relative motion between the drops and the surrounding fog. The
jet trajectory is calculated via jet momentum balances assuming that the jet is
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pseudo-homogeneous. In other words, the drops are always inside the jet and the jet
itself is well mixed in a plane perpendicular to the jet axis. The assumption of drops
being inside the jet is expected to be good for high momentum releases that are of
interest in this paper.

9. Given the initial release conditions, the jet trajectory is tracked until the
centerline hits the ground. The rainout of HF is defined as the fraction of released HF
that is retained in the parent drops. Thus the HF in the fog (vapor + liquid) is
assumed to be airborne. This is a reasonable assumption since the aerosol particles are
expected to be in the upper Brownian size scale and to remain suspended in vapor.

10. The vapor pressures of HF, additive and water at a given liquid composition
and temperature can be predicted using a liquid-phase activity coefficient model. For
the particular additive discussed in this paper, the NRTL model (Appendix A) was
found to be adequate. Each of the species in the vapor phase (HF and its oligomers,
HF-water complex, water, additive and dry air) is assumed to behave ideally. We now
present a mathematical formulation of the two-phase jet.

Transition from intact to two-phase jet/jet initialization

The jet is assumed to rupture immediately after the intact zone and any effect of the
intact zone is neglected. This requires that the time scale up to jet rupture be much
smaller than the time of flight of the jet. Some air is also assumed to be entrained to
form a two-phase jet. The drops are assumed to be of the same composition and
temperature as that of the liquid just before the orifice. The two-phase jet is assumed
to have the velocity of the release stream issuing out of the orifice. The jet centerline is
described by the coordinate s and the jet angle with respect to the horizontal is given
by 08 (Fig. 1).

The two-phase jet variables are its radius (Ryp), velocity components (Ugpy and
Urpy), coordinates of jet centerline (Xtp, Y1p), drop volume fraction (g,), drop
compositions (w;, i = 1, 2, 3), drop temperature (T), fog liquid volume fraction (f)),
fog vapor and fog liquid compositions and fog temperature (Ts). In view of the above
assumptions, the following initializations serve to describe the net effects of the
transition region:

w;(04+) = w;(0—),

T4(0+) = T(0—) = release temperature,
Utpx(0+) = ugcost, Urpy(0+) = ugsind,
Xrp(0+)=X(0-), Ypp(0+)=Y(0-),
T¢(0,)=T°,

fi0+) =0,

where s = 0— refers to conditions just upstream of the orifice and s = 0+ pertains to
conditions at the onset of the entrainment region. The initial fog vapor composition is
assumed to be that of ambient air. In order to complete the characterization of the
two-phase jet, the parent drop volume fraction at 04+ ¢,,, must be specified as an
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input parameter. Conservation of the release material volumetric flow rate across the
transition region and the assumption of no change in velocity requires that the jet
radius be given by

Rrp(0+) = [D}/(4e,0)1°°.
The initial two-phase density is given by

pre(0+) = ey0p1 + (1 — £50) Pas

where p, is the density of the liquid exiting the orifice. The initial drop size (Dg4) is
another important input parameter. Alternatively, it may be determined using a suit-
able criterion. Typically, a Weber number approach [3-5] is employed.

Air entrainment by two-phase jet

The two-phase jet expands by entraining ambient air [8, 9]. We assume top-hat
profiles (no variation of properties across jet cross section). In general, the entrain-
ment is regarded as a sum of three contributions and the specific rate of entrainment of
humid air is described by [9]

dm,

ds

Prp

a

=2nRTppa{a1 |Upp — wcos 8| + o, |sin 8| cosOw +a3u’} (2.17a)

with the entrainment coefficients chosen as
o, = 0.0806, o, = 0.5, oz = 1.0. (2.17b)

In the above, prp is the two-phase jet density (see Eq. (2.26)).

The first contribution to entrainment in Eq. (2.17a), referred to as free jet entrain-
ment, is dominant when the jet velocity is much greater than that of wind. The
coefficient «; has been chosen to match the experimentally established entrainment
rates of Ricou and Spalding [8]. When the velocity of the jet becomes comparable to
that of air, entrainment is described as that of a cylindrical thermal plume in
a stagnant atmosphere and this represents the second contribution to entrainment.
The last contribution comes from atmospheric turbulence and «’ is the root mean
squared velocity fluctuation for turbulent flow. It may be approximated by

W = (eRqp)', (2.17¢)
where ¢ is the turbulence energy dissipation per unit mass and is given by
£ =0.067Tw/y

for a neutral atmosphere [10]. Kaimal et al. [11] assign ¢ values of 0.004 and 0.0 for
unstable and stable atmospheres, respectively. The chosen values for the entrainment
coefficients a«;, and «3; have been suggested by Ooms [9]. When only the first
contribution to entrainment is considered, the model reduces to that of Ricou and
Spalding [8].
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We can now write the drop and jet mass and energy balances. The molar rate of
entrainment of water vapor and dry air are readily identified as

dz; dm, Py}

& &R, T4 (2.18)

Parent drop component material balances

HF, additive and water are the three transferring species. The drops in this case,
exchange mass with the fog phase. Thus, the material balances are obtained from Eq.
(2.3) with the bulk phase concentrations set equal to the fog vapor compositions. Thus

dimq) _ D} Pk,
ds U RT;

QYi—Q*Y¥), i=123, (2.19)
where the superscript, f, is used to denote quantities pertaining to the fog.

Parent drop enthalpy balance
Denoting the molar enthalpy of the drop by h4, we have,
d(mdhd) _ TL'D% Pkg
ds B UTP RTf

Y QY- Q*Y?‘)h?‘J

i=1,2,3
D2

+ S h (T — To). (2.20)
UTP

Unlike in the case of evaporation of an isolated drop, there is no relative motion
between the drops and the surrounding fog in the two-phase jet. Hence the mass and
heat transfer coeflicients are obtained by setting the Sherwood and Nusselt numbers
equal to 2. Thus,

keDy h.Dq
S D ’ " k¢ 2
where k; is the thermal conductivity of the fog and is approximated with the value of

air (k,).

Fog phase component material balances
Let {i(s),i = 1, ..., 4, denote the molar flow rates of HF, water, additive and dry air
in the fog (HF based on molecular weight of 20.01). Part of this is associated with the
fog liquid and the remaining with fog vapor. The component material balances may
be written as
dCi Tth P kg

= NS E(OfY!— Q*Y* =
dS Nd UTp RTf(Q Yl Q Yl )’ i 1735 (2213)

where N, is the number flow rate of drops (a constant) and is given by

T[R%p UTPS
N, = IRIe ety
¢~ nD¥6
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In the case of water, the mass balance should also account for moisture brought
into the fog phase by air entrainment. Thus it takes the form

d¢, nD} Pk, dz,
i SV YL 0rYE) + 2 .
i U RTf(Q 2—Q*Y3)+ (2.21D)

ds’

In the case of dry air, there is no mass exchange with the parent drops so that the
differential material balance is given by

dl, dz4
== 21
ds ds (2219
Fog phase enthalpy balance

The enthalpy of the fog phase changes due to mass exchange with the parent drop
phase, heat transfer with the parent drops and humid air entrainment. The total fog
enthalpy, ¥, satisfies the conservation law

dy 1D} Pk
- _N{TTE _E YD — Q*Y ¥)h?
ds d{UTP RTf[i=;2,3 (Q Q ) :l

nD? dz, dz,
—h(T;—T ==+ hi—=. 222
+UTPt(f d)}'*‘ st+ 435 (2.22)
Once the mass and enthalpy flow rates in the fog are known, the fog temperature, fog
liquid volume fraction and vapor/liquid compositions may be obtained by considera-
tion of local equilibrium at s (Appendix A).

Jet momentum balances

The calculation of the jet trajectory requires the use of momentum balances. Let p,
and p, denote the components of the jet momentum flux along the horizontal and
vertical directions. These are given by

p: = mRIpprpUipcost,  p, = nRIpprpUipsind.
The horizontal component obeys the conservation law [9]

d d
P _ M

2)ain 3
P i + CynRrpp,w*|sin’ 0|, (2.23)

where the first term describes the increase of momentum accompanying the entrain-
ment of air and the second describes an increase in impulse due to drag force exerted
on the plume by the wind. The y component momentum balance is given by

d . .

% — TR2,g(p, — prp) + CanRyppaw?cosfsinf|sind|, (2.24)
where the first term accounts for gravity and buoyancy and the second represents
a drag term. The value of C,4 is 0.3. The + sign is valid for — /2 < 8 <0 and the
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— sign for 0 < 6 < /2. The jet trajectory is computed from the kinematic equations

dX; day, .
e cosf, a5 sinf. (2.25)

Two-phase jet characteristics

We now develop the necessary relationships to determine the jet radius (Ryp), jet
speed (Urp), overall jet density (prp), parent drop volume fraction (g,) and jet angle (6).
The two-phase density is defined by

pre = &pa + (1 — &) [pey (1 = fi) + fipar], (2.26)

where the fog densities pyr, and pg; and the fog liquid volume fraction, f;, are obtained
from the solution of the fog equilibrium problem. This solution also yields the
volumetric flow rate of the fog, v¢, which is related to the jet properties by

R%P Ure(l — Ep) = u/R = Y,. (2.27)

Since the drops are always inside the jet, conservation of drop number (N,) is
expressed by

Rip(0+)uo Epng _

B V3. (2.28)

2
Rt U'rpﬁp =

The momentum flux along the jet axis is given by

TR pprpUp = \/ pZ + Pf = TY,. (2.29)

The jet angle, 6, is readily obtained from

. Py
sinf = —————-. 2.30
nR%PpTP U%P ( )

The other quantities are readily obtained as

73
g =—",
Y3 + Va
pre = {yspa + valfipn + (1 — f) o1},
Y3+ Ya

Ure = y2/[y3pa + Yai{fion + (1 — f)opv} 1,

Rip = (73 + 74) [¥3pa + va{ fira + (1 = f) pru }1/72.

The model solution is obtained by integrating equations (2.19)~(2.25) (with air entrain-
ment described by Eqs (2.17) and (2.18)) for the drop composition and temperature,
fog phase material species and enthalpy flow rates as well as the jet moments and
position. The fog volumetric flow rates and fog vapor and liquid compositions and fog
liquid volume fraction and temperature are obtained as described in Appendix A. The
two-phase jet properties are obtained from Egs. (2.26)+2.30).
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Fig. 5(a) depicts predicted jet centerline trajectories for typical 50, 100 and 140 psig
releases for a 0.5in orifice. As expected, increasing release pressure increases the
distance at which the jet centerline strikes the ground. Although the release velocity is
roughly proportional to the square root of the release pressure, the rainout distance
shows a weaker dependence on pressure because, air entrainment slows the jet along
its trajectory. The radius and velocity of an expanding jet (140 psig) along its traject-
ory are shown in Fig. 5(b). Fig. 5(c) shows the fog temperature, droplet temperature
and fraction of initial HF in the drops along the jet trajectory. The drop cools first due
to the cooling accompanying HF evaporation exceeding the heating effects of water
condensation into the drops. Eventually the drop temperature begins to rise as the
enthalpic effects of water condensation dominate over those of HF evaporation.
The condensation involved in aerosol formation heats the vapor to above ambient
temperature.

3. Model evaluation using release test data

A key parameter in the model is the initial drop size. In this section, we evaluate the
model in conjunction with different strategies for estimating the initial characteristic
drop size in the jet. Since the applications discussed in this paper are on subcooled
releases, the drop size is determined by hydrodynamic breakage. Large scale
HF/additive release tests were performed in a flow chamber of Quest Consultants
near Norman, Oklahoma [12, 13]. The effect of release mix composition, release mix
temperature, storage pressure (50-225 psig) and orifice size (0.125-0.75in) were
studied. Essentially, three modified HF catalyst compositions were studied. Composi-
tion 1 had the lowest vapor pressure and Composition 3 had the highest vapor
pressure at a given temperature. Section 3.1 is devoted to assessing the overall
representation of the large-scale test data. Different strategies for the choice of
a characteristic drop size are evaluated. Section 3.2 interprets the effects of different
variables observed in the release tests using the model. The model predictions are
compared with laboratory scale experiments in Section 3.3.

3.1. Fit of quest HF/additive large scale test data

The model has essentially two parameters, the initial parent drop volume fraction
(ep0) and the initial drop size (D40). We found that the HF capture is not sensitive over
a wide range of the initial drop volume fraction. However, the drop size is a sensitive
parameter. The model requires as input the initial characteristic drop size to com-
mence the two-phase jet calculations. Since there appears to be no data to test the
individual aspects of the model, only an overall assessment can be made using HF
capture data. The initial drop size is expected to depend on surface tension and the
release velocity. As there exists no definitive analysis of drop size for atomization,
different strategies for estimating the drop size are evaluated on their ability to predict
HF capture.



158 R. Muralidhar et al./Journal of Hazardous Materials 44 (1995) 141-183

Jet centerline trajectories for different pressures
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Fig. 5. (a) Jet centerline trajectories for different pressures. (b) Jet properties along trajectory. (¢) Drop
properties in a two-phase jet.
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Drop properties in a two phase et
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Fig. 5. Continued.

Experimentally measured mass release rate, liquid composition, release vessel
temperature, orifice diameter, ambient air properties (temperature and relative hu-
midity) and air speed through the flow chamber were used to initialize the model
calculations. The Ricou—Spalding model [8] was used for calculating air entrainment.
The height of the orifice from the pans was 1 m and the releases were all horizontal
(angle of release = 0°).

Constant drop size

As a first approximation, the initial drop size was assumed to be the same for all the
tests. Fig. 6(a) shows the model predictions for HF rainout plotted against the
measured values using a drop size of 300 p. The legend only shows the variables that
were held constant. Other conditions could vary. Thus, for example, the different tests
with the legend 50 psig, composition 2, had different orifice diameters. Hence we
observe varying captures. It is evident that there is good agreement except for
Composition 1 (lowest HF vapor pressure) releases. The average absolute deviation,
defined as the mean over all cases of the absolute value difference between the model
prediction and measured capture, is 5.6. The lack of agreement in the first situation
could be due to two reasons. The drop sizes at these compositions could be much



160 R. Muralidhar et al./Journal of Hazardous Materials 44 (1995) 141-183

higher due to the significantly higher surface tension. The NRTL model predictions of
vapor pressures at these compositions may be inaccurate because the compositions
are substantially outside the range of those used to derive the NRTL parameters
(Compositions 2 and 3).
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Fig. 6. (a) Predictions using constant drop size (300 microns). (b) Predictions using Weber number
criterion. (¢) Predictions using modified Weber number criterion. (d) Predictions using Dg = 0.96a/u.



R. Muralidhar et al./Journal of Hazardous Materials 44 (1995) 141-183 161

Predictions using modified Weber gumber criterion
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Fig. 6. Continued.

Simple Weber number criterion

Commonly, the characteristic droplet size has been assumed to be given by a
Weber number criterion [3-5]. The Weber number (We) represents the ratio of the
inertial forces causing drop deformation and the restoring capillary forces and is given
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by

_ Pa“rdeo - PqaPDgo

44
¢ 20 Po

where p; and p, are, respectively, the densities of the droplet phase and medium
surrounding the droplets, u, is the speed of the drop relative to the surround-
ing medium, o is the surface tension and Dy, is the initial drop diameter. The
Weber number criterion sets its value at some fixed value (referred to as a critical
Weber number). This fixed value is used to determine the drop size. The critical Weber
number is expected to be in the range 10-20. Fig. 6(b) shows the predicted rainouts
using this criterion compared with the Quest test data. The legend only shows the
conditions held constant in the tests and other variables in general were different. By
trial and error, a value of 14 for the critical Weber number was found to give
a reasonable fit of the data. Although moderate agreement is observed (average
absolute deviation of measured from predicted capture is 10), the HF rainouts for
50 psig releases are overpredicted and those for 140 psig are underpredicted. This
implies that this criterion over corrects the drop size for pressure. The results of Figs.
6(a) and (b) (no pressure dependence on drop size) imply that the drop size may show
a weaker dependence on release velocity.

Modified Weber number criterion

We assume that the critical Weber number is dependent on the release pressure.
Fig. 6(c) shows the model predictions compared with the Quest test data. As before,
the legend only shows the conditions that were held constant. Critical Weber numbers
of 8.5, 16, 20 and 22 have been used for 50, 100, 140 and 225 psig release pressures,
respectively. We see that excellent agreement is obtained. The average absolute
deviation of predicted capture from experimentally measured value is 4.2. These
results indicate that the drop size more closely varies inversely as the release velocity
rather than being inversely proportional to the square of the release velocity (simple
Weber number criterion).

Drop size proportional to surface tension and inverse of release velocity
The drop size is determined from

Dy, = constant x E—.
Up
The predictions are compared in Fig. 6(d) to the data. Again, the legend only shows
conditions that were held fixed. Good agreement is observed with average absolute
deviation of the predicted values from the measured captures of 4.7.

In summary, a constant drop size for all compositions and release conditions gives
agreement with Quest test data for catalyst compositions 2 and 3. The simple Weber
number criterion overpredicts the effect of release velocity (pressure). A modified
Weber number criterion (with drop size proportional to surface tension and weakly
dependent on pressure) gives the best fit of the data and making the drop size
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Effect of vapor pressure on capture
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Fig. 7. Effect of vapor pressure on capture.

proportional to the surface tension and inversely proportional to release velocity gives
a comparable fit of the data.

3.2. Interpretation of effect of variables

The primary variables are the release stream vapor pressure, orifice size, release
pressure and release stream temperature. We now interpret the effect of these variables
within the framework of the model. In all cases, the modified Weber number criterion
is employed.

Vapor pressure

Fig. 7 shows the HF rainout plotted against the release mixture vapor pressure. The
data and the model show that the rainout decreases with increasing vapor pressure.
This is because, increasing vapor pressure increases the driving force for HF evapor-
ation from the drops.

Orifice size

Fig. 8 shows the HF rainout for different orifice sizes. Both the data and the model
show that increasing orifice size increases rainout, although the model appears to
show a stronger dependence. The orifice size influences the extent of air entrained-
per unit mass of released material (specific air entrainment) and thus influences
the driving force for mass transfer. The liquid discharge rate from the orifice, m, is
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Effect of orifice size on capture
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Fig. 8. Effect of orifice size on capture.

given by
m = “dgpluo/“,

where d,, is the orifice diameter, p, is the release liquid mass density and u, is the liquid
release velocity. According to Ricou and Spalding [8], the air entrainment rate per
unit distance is given by

dm,

ds

where M is the excess momentum flux and p, is the ambient density and K is
a constant. Approximating the ambient density as a constant (strictly the fog density
varies with position) and approximating the excess momentum flux with its value at
the orifice (nd2u3p,/4), we find that

1 /dm, p,\*>°1
my dx 21 do'
Thus the specific air entrainment per unit mass of released liquid increases with

decreasing orifice size. This in turn implies a drop surrounding more dilute in HF and
as such increased HF evaporation.

= K(paM)0.59

Release pressure
According to the above analysis, the air entrainment rate per unit distance per unit
mass of released material is independent of the release velocity and hence the release
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Effect of pressure on capture

75 T - — T T
¢ Comp. 3 (Data}
70 T 8 Comp. 3 (Modal) |
® Comp.2 (Data)
- O Comp.2 (Model) | -
g 65 0.25 In. orifice il )
5 Release temperature 90 F
4] 60 [ ]
w > Y
X
E 55 | -4
4
e o)
50 [ 1
*
45 I o
40 : . . 1
45 65 85 105 125 145

Release Vessel Pressure { psig)

Fig. 9. Effect of pressure on capture.

pressure. Increasing pressure however, causes the jet to travel further and eventually
entrain more air. This causes the rainout to be reduced on increasing pressure.
Another factor contributing to decreased rainout at higher pressures is the decrease in
characteristic drop size. Fig. 9 confirms this dependence of HF rainout on the release
pressure.

Release temperature and vapor-phase chemistry

The release stream temperature has a complex influence on HF rainout. This is
because of the effect of vapor-phase chemistry. Two sets of tests (Composition 1 at
55°F and 90°F and Composition 3 at 78 °F versus Composition 2 at 110 °F) were
performed at Quest to assess the effect of release mix temperature on HF rainout.

Fig. 10(a) shows the HF rainouts plotted versus the release mix vapor pressure. For
the Composition 1 case, the data and the model show an increase in rainout with
decreasing temperature. The model shows a much stronger temperature dependence.
Interestingly enough, Composition 3 at 78 °F yields a lower rainout than Composi-
tion 2 at 110 °F although it has a slightly lower vapor pressure than the Composition
2 mix at 110 °F. The model also predicts this apparent anomaly.

The higher HF rainout obtained for Composition 2 (110°F) over Composition
3 (78 °F) can be attributed to the vapor-phase HF oligomerization effects. Although
the two mixtures have similar vapor pressures, the effects of HF oligomerization are
more pronounced at 78 °F (the oligomerization equilibrium is favored at a lower
temperature). This leads to a greater flux of HF (MW = 20.01) for the Composition
3 case than for the Composition 2 case. To verify this hypothesis, the model
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calculations were repeated by neglecting vapor-phase chemistry effects. Fig. 10(b)
shows the calculations of Figure 10a repeated without the vapor-phase chemistry. The
Composition 1 case results remain virtually unchanged because oligomerization
effects are small at these vapor pressures. The trends for the Composition 3 (78 °F) and

Effect of release temperature on capture
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Fig. 10. (a) Effect of release temperature on capture. Case 1: With HF vapor phase reaction equilibria.
(b) Effect of release temperature on capture. Case 2: With no HF vapor phase reaction equilibria.
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Predictions using D = 0.96¢/u
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Fig. 11. Predictions using D4 = 0.960/u. Predictions for PARC small scale release tests.

Composition 2 (110 °F) are reversed with respect to Fig. 10(a). Thus, in the absence of
vapor-phase chemistry, Composition 3 at 78 °F yields a higher rainout than Composi-
tion 2 at 110°F because of its lower vapor pressure. This exemplifies the need to
accurately describe the vapor-phase chemistry for HF in the release model.

3.3. Model evaluation using laboratory release data

Small scale HF /additive release experiments were performed in a flow chamber at
Pittsburgh Applied Research Corporation (PARC). The orifice diameter was
0.635 mm (1/40in) and the release pressure was approximately 50 psig. The flow
chamber was approximately 1 m long. The rainout liquid was collected in pans filled
with water.

Fig. 11 shows the HF captures compared to experimental values. The different
points correspond to different tested compositions. Since the mass release rate was
measured, the drop size was estimated using the same correlation as that used to
generate Fig. 6(d) (drop size = 0.96 g/u). Good agreement is observed.

4. Other model predictions

The model can be used to study the fog properties, effect of ambient variables and as
an aid for release flow chamber design.
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Fog properties as a function of vapor pressure
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Fig. 12. Fog properties as a function of vapor pressure.

4.1. Fog properties

The fog flow rate and momentum as well as the fog properties (temperature, density
and composition) are part of the solution obtained from the model. These properties
may be used to initialize atmospheric fog dispersion calculations for risk assessment
applications in situations where there is appreciable liquid rainout. For example, this
release model can become a front end of a more general model that continues the
atmospheric fog dispersion calculations after the liquid has rained out on the ground.

Fig. 12 depicts the fog density (at the location of rainout) as a function of the release
stream vapor pressure for releases at 140 psig and 90 °F through a half-inch orifice.
On the same graph, the corresponding HF concentrations in the fog are also shown.
As expected, fog density as well as HF fog concentration increase with increasing
vapor pressure. This is due to two reasons. The increasing vapor pressure promotes
HF evaporation from the drops and contributes to increasing aerosol formation.
Further, increasing vapor pressure by increasing HF concentration in the release
stream, decreases the air-to-HF weight ratio in the fog. This also contributes to an
increase in fog density.

4.2. Influence of ambient air conditions
The ambient air temperature and humidity influence the fog properties and this

influences the heat and mass transfer rates and as such the HF rainout. The wind
velocity influences the air entrainment into the jet and thereby affects HF rainout.
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Fig. 13(a) shows the dependence of HF capture on ambient air temperature at fixed
relative humidity. The results correspond to a HF/additive Composition 2 release
at 140 psig and 90°F through a 0.5in orifice. We see an increase in HF rainout
with decreasing air temperature. This is because decreasing air temperature results
in decreased heat transferred to the drops and as such colder drops. Further,
increasing air temperature at fixed relative humidity increases the total moisture in air
and this leads to increased aerosol formation and increased HF evaporation from
drops.

The dependence of ambient relative humidity on HF rainout is studied in Fig. 13(b).
As the humidity increases, HF rainout decreases. This is because increasing humidity
promotes aerosol formation. This condensation increases the fog temperature and this
in turn heats the drop. Further, the fog vapor becomes depleted of HF as the HF goes
into the aerosol. This increases the driving force for HF evaporation from the drops.
This trend of decreasing HF capture with increasing humidity was observed in
the large-scale Quest HF/additive tests. The first phase of these tests were con-
ducted with recirculating air in a closed chamber. The air was constantly humidified
with the water sprays. This essentially water vapor saturated environment yielded
lower rainouts than the tests conducted with ambient air flowing through the
chamber.

The effect of air speed is illustrated in Fig. 13(c). The HF capture is essentially not
impacted by typical variations in air speed. The HF evaporation is influenced by the
specific air entrainment (entrainment rate per unit distance), overall air entrained and
residence time. With increasing air speed, although the specific entrainment rate is
reduced, the jet traverses farther (because the reduced entrainment slows the jet less)
and the overall entrainment is probably not significantly impacted.

4.3. Effect of restricted air entrainment

As discussed in Section 2, a turbulent free jet entrains air from the surrounding and
expands. This section studies the consequence of limiting the available air for entrain-
ment at some fixed value. This study has significance in the correct design and
interpretation of flow chamber release experiments. In a flow chamber of fixed
geometry, the available air for entrainment depends on the chamber cross-sectional
area and the air speed through the chamber. For larger orifice releases and at higher
pressures, air entrainment could become restricted. To study this effect, we fixed the
air flow through the chamber at different values and calculated the rainout using the
model. The entrainment is assumed to occur unhindered until the quantity entrained
equals the air flow. At this point the entrainment is shut off. However, the jet
and droplet balances are continued to be solved till the jet centerline strikes the
ground.

Fig. 14 shows the HF rainout versus airflow for the case of a Composition 3 release
through a half-inch orifice at 140 psig. As expected, the rainout increases as the
available air for entrainment is decreased. This is due to two reasons. First, a lower air
to release liquid weight ratio results in a fog vapor more saturated in HF and this
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lowers the rate of HF evaporation from the drops. Second, it also results in a higher
two-phase jet density and this causes the jet to settle more rapidly thus reducing the
residence time. The effect is more severe for small air flows because the driving force
for HF evaporation is substantially reduced.

Effect of ambient air temperature on HF capture
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Fig. 13. (a) Effect of ambient air temperature on HF capture. (b) Effect of relative humidity on HF capture.
(c) Effect of air speed on HF capture.
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Effect of air speed on HF capture
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Fig. 13. Continued.

5. Equilibrium with two liquid phases

We have investigated the complete equilibration of an HF/additive jet with a fixed
quantity of entrained air [14] as a generalization of the well known Schotte Model
[6]- The model solution in general consisted of one liquid phase and one vapor phase.
Aerosol release tests have shown two liquid phases to be present. The first liquid phase
consisting of large droplets rains out on the ground. The second liquid phase is
airborne as a vapor-liquid fog and its presence renders the fog visible. The limitation
of restricting to one liquid phase in the Schotte model (complete equilibration) implies
that one cannot simultaneously describe both the phenomenon of rainout and that of
vapor-liquid fog formation. Thus, if the liquid phase is assumed to be present as large
drops, they rainout and there is no aerosol. On the other hand, if the drops are
assumed to be small enough to be airborne, then there is no rainout and there is only
a vapor-liquid aerosol.

An equilibrium solution with two liquid phases yielding an upper bound on the
aerosol formation may be obtained from this model by the application of a suitable
constraint. To obtain this solution, artificial constraints in the form of no water
exchange between the phases (mass transfer coefficient for water is zero) and no
interaction between the fog liquid phase and the parent drop phase are introduced.
HF evaporating from the drops interacts with moisture in the humid air to form the
aerosol (liquid + vapor). The aerosol particles are assumed not to interact with the
parent drops and thus any exchange between the aerosol particles and parent drops is
neglected. Thus complete equilibration is prevented. (On a sufficiently long timescale
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Effect of restricted air entrainment
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Fig. 14. Effect of restricted air entrainment.

Brownian diffusion of aerosol particles and collisions between parent drops and
aerosol particles will lead to an equilibrium with a single liquid phase.) The absence of
water condensation into the drops makes all the water vapor in humid air available
for aerosol formation and thus the conditions are most favorable for aerosol forma-
tion. After the jet has accumulated the specified amount of air (determined by solving
the two-phase jet model until the jet strikes the ground), entrainment and gravity are
shut off but the transport equations are solved until the closed system (released
material + entrained air) approaches equilibrium. This is indicated by the thermal
equilibration between the parent drop phase and the fog phase.

Fig. 15 shows the fraction of initial HF in drops, drop and fog temperatures as
a function of distance from the orifice for a Composition 3 release. The results suggest
a thermal equilibration of the fog phase and the parent liquid drop phase.
The asymptotic HF capture (defined as the HF in parent drop phase) appears to
be around 20%. The experimental value was 51.5%. It thus appears that the two-
liquid phase equilibrium model yields an upper bound on airborne HF or aerosol
formation.

6. Summary and conclusions
This paper describes a two-phase jet model that may be used to understand the

behavior of HF/additive releases and provide input to risk assessment and fog
dispersion models. This model is a generalization of that of Papadourakis et al. {4]
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Approach ot constrained equilibrium with two liquid phases
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Fig. 15. Approach of constrained equilibrium with two liquid phases.

and Woodward and Papadourakis [5]. The key conceptual element unique to this
work is the accurate description of the fog phase (accounting for HF vapor-phase
oligomerization and HF—water complex formation equilibria along with liquid-phase
formation). Such an accurate description is necessary to accurately predict the
transport processes between the parent drops and the surrounding fog. Moreover, the
knowledge of the fog properties are necessary to initialize atmospheric fog dispersion
models. This work also presents the first substantial effort at modeling multicompo-
nent releases that has been substantiated with extensive experimental data. Of par-
ticular importance is the dependence of fractional HF retained in the drops as
a function of distance from the orifice. Another salient aspect of this work is the
generalization of the equilibrium Schotte model [6, 14] to a system forming two liquid
phases. The solution of this model comes by marching the jet model solution to
equilibrium. This equilibrium solution yields a lower bound on the HF rainout or the
upper bound on the aerosol formation.

The initial parent drop size is an input to the model and different strategies for
estimating this are evaluated. While the simple Weber number criterion provides
a reasonable prediction of the data, it appears to overestimate the dependence on drop
size with release velocity. Much better agreement is observed for large and small scale
releases by making the drop size proportional to the surface tension and inversely
proportional to the release velocity. The studies emphasize that an adequate descrip-
tion of transport phenomena, fog equilibria, HF vapor-phase chemistry, jet trajectory
and drop size dependence on physical properties and release conditions are necessary
to describe experimental observations.
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There are areas for further improvement of the model. These include (i) drop size
correlation derived from detailed measurements of drop size distributions near the
orifice, (ii) accounting for any relative motion between the drops and the fog which
could be important for low pressure releases and (iii) tighter VLE model parameters
obtained from data over a wider range of compositions and temperature. These
improvements will be addressed in future publications as more data become available.
The model is also being generalized to handle flashing jets. Such jets may disintegrate
by flash atomization producing very small droplets [15]. While the physics of drop
evaporation presented in this paper apply for such releases as well, the drop size
correlations discussed here may not be appropriate. While the applications in this
paper are on subcooled jets, it has been found that the model also describes super-
heated HF/additive releases that do not flash atomize. Such applications will be
addressed in future publications.

Appendix A: HF/additive/water thermodynamics and fog equilibrium
A.1. HF/additive/water thermodynamics

Determination of the vapor compositions at a liquid—vapor interface and also the
fog properties requires an adequate representation of the HF /additive/water system
thermodynamics. The following assumptions are made [14]:

1. The HF/additive/water liquid phase nonidealities may be described by the
Non-Random Two Liquid (NRTL) liquid activity coefficient model [16]. In a 5-par-
ameter version of this model, the liquid-phase excess molar free energy of an
n-component system is given by

GE g Zk 1 TGk

Z N G Z thxk ’

In the above, R is the universal gas constant, T is the absolute temperature, x;
j=1,...,n are the liquid phase mole fractions and

Tij=aij+bij/T5 G,~j=e_°“i‘ci}-, i,j=1,...n

where a;;, b;; and «;; are binary parameters that may be regressed from binary VLE
data. In a 3-parameter version, the parameters, a;; and aj, are set equal to zero. The
liquid-phase activity coefficients and heats of mixing (excess enthalpy) follow readily
from the thermodynamic identities

iny = 2 ("G 2 _ (G
" m\RT )ropm wn’ RT OT\RT Jpe, j=1..

where n;, j =1, ... ,n are mole numbers and n is the total number of moles. Often
separate sets of binary parameters are required for predicting vapor pressures and
heats of mixing, especially if reaction equilibria in the vapor phase mask the true
liquid-phase activity coefficients. The parameters used in these calculations are the
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same as those given in Ref. [14].

2. The increase in vapor pressure of HF in droplets relative to bulk liquid of the
same composition is neglected. The errors from this approximation are expected to be
less than 0.1% [6].

3. An accurate description of the enthalpic effects associated with fog formation
requires a detailed treatment of the HF vapor-phase chemistry [6]. HF in the vapor
phase is assumed to exist as an equilibrium mixture of monomer, dimer, hexamer,
octamer and HF - H,O complex [6].

4. Other than HF oligomerization effects and HF—water complex formation, the
vapor phase is assumed to behave ideally. In other words, the fugacity coefficient of
each of the species in the vapor phase is assumed to be unity. In view of the fact that
the pressure during this mixing (atmospheric) is small, any errors from this assump-
tion are expected to be small.

5. The excess volume of mixing and excess heat capacities of the liquid phase are
neglected. The Poynting factor is set to unity and temperature dependencies of the
heat capacities are neglected.

The assumptions on the liquid and vapor phase behavior imply that the va-
por-liquid equilibrium is described by

Py; = x;7;P{*, i= HF, additive, H,O, (A.1)

where {y;}, {x;} and { P{*'} are, respectively, the vapor-phase mole fractions, the liquid
phase mole fractions and the pure component saturation pressures. Since HF in the
vapor phase exists as an equilibrium mixture of oligomers and HF-water complex, the
partial pressures of HF (Pyg) and water (P,) need to be defined. These partial
pressures are related to the oligomer partial pressures { Pug)}i=1,2,6,8, HF-water
complex partial pressure (P.) and pure water partial pressure (P, pure) as

Pyr = Pgr), + Pur, + Purs + Pars + BiPe, (A.2a)
Pw = Pw,pure + ﬂZPca (A2b)

where fi; and 8, are assumed to be related to the molecular weights of HF and water
(MW and MW,) by

B1 = MWyue/MWyr + MW,), B2 = MW, /(MWyr + MW,,).

The reference temperature is 25 °C and the reference state for HF is ideal monomer
vapor. For other components, the reference state is that of an ideal gas.

A.2. Fog equilibrium calculations

The fog properties at any axial position, s, are determined from an assumption of
local equilibrium. The equilibration of a mixture of HF, additive, water and dry air of
specified enthalpy and fixed total pressure results in general in a vapor-liquid fog. The
fog properties to be determined are its temperature (tc or T';), liquid or aerosol droplet
volume fraction (f,), liquid compositions (x;, i = 1,2,3), vapor compositions (y;,
i=1,2,3,4) and volumetric flow rate of fog (v¢).
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The molar feed rates of the four species ({; in the fog, i = 1, ...,4) and the total
enthalpy ( in the fog) are known at any axial location, s, from material and energy
balances (see Section 2.3). These flows along with the requirement of reversible
adiabatic and isobaric mixing, completely specify the problem of determining the fog
properties and flow rates. The final conditions are determined from the requirement
that the total system pressure be atmospheric and

Hijna = ¥ (A.3)

In order to solve this problem, it is necessary to express the enthalpy at any
temperature. The total enthalpy (Hyy,,) of the mixed system at any temperature,
(Celsius), is given by

Hfinal = Hvap + Hliq' (A4)
The vapor enthalpy (H,,,) can be expressed as

(hur Yur + hagaYaaa + huYy)
Yur+ Yaaa + Yy

Hvap = Maha + ¢V(MHF + Mg + Mw)

with the total molar flows and vapor and liquid molar rates given by

{ur = M + M,

lada = Mg + Miga,

lw=M, + M,
and the fog vapor molar enthalpies (MW HF = 20.01) given by

h, = Cps(t. — 25), Cp? = 6.96 cal/(gmol K),

h,, = Cp&(t. — 25), Cp& = 8.05 cal/(gmol K),

haaa = Cplaa(tc — 25),

hur = Cprr(te — 25) + A, Cpir = 6.96 cal/(gmol K).

In the expression for the total vapor enthalpy, ¢, is the fraction of total moles of

HF, additive and water that is vaporized and A is the enthalpy deviation function for

HF from ideal monomeric state (MW = 20.01) at temperature “t.”. This enthalpy
deviation is given by

_ V128H;, + y16AHg + y13AHg + y.AH,
Y11 +2y12 + 6y16 + 8y15 + ye

A (A.5)

where {yy;}, i =1,2,6,8 are the HF oligomer vapor mole fractions and y, is the
HF-water complex mole fraction.
The fog liquid enthalpy is given by

Hyq = (1 — ¢)Cnr + {aaa + (&) Hy
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where the liquid-phase molar enthalpy is given by
H; = Cpl(t. — 25) — Ass.

Denoting the heats of vaporization of HF, additive and water by Qur, Q.44 and Q.
respectively and letting HE denote the molar excess enthalpy of the liquid, we have

Azs = xurQur + XagQua + X0 Qw — H* (A.6)
Qur = 7231 cal/gmol, Q. = 10519 cal/gmol.

The liquid molar average specific heat (Cp') given by
Cp' = xurCphr + X2aCpPha + X Cpy - (A7)

Estimation of the enthalpy deviation function, A, requires the knowledge of HF
oligomerization and HF-water complexation equilibria. These reactions are de-
scribed by Ref. [6]

12775229 4797731
2 HF K, = — .
HF < HF,, 2 exp< RT R >, (A.8a)
41927495 138.5519
6HF < HF,, K¢ = exp( RT R ), (A.8b)
50120.984 165.8526
8HF < HF Kg = - .
had 8 8 p < RT R > s (A 80)
6266 22
HF + H,0 < HF -H,0, K. =exp (—R—T— - %9) (A.8d)

where the AH values are the the negative of the first constants appearing in the
expressions for the equilibrium constants. The calculation of the enthalpy deviation
therefore requires the knowledge of the individual species mole fractions. Since

P, = Pyp = P11 + P + P + Pig + 1P, (A9)

and the oligomer and complex partial pressures are related to that of the monomer via
the equilibrium constants, we have on letting f; = P;,

K. fiPy
B(fi)=fi+ Kofi + KefI + KsfT + 131@@
The above may be solved for the monomer partial pressure by Newton-Raphson
iteration once the equilibrium HF partial pressure P, and the temperature are known.
The individual mole fractions are then readily obtained from the knowledge of the
equilibrium constants.

A.3. Solution procedure

The solution of the above set of equations consists of the final temperature, fog
liquid and vapor fractions and the individual phase compositions. It consists of
a sequence of nested Newton—Raphson iterations. The outer loop solves the enthalpy
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balance and converges on the final temperature (HP flash). The nested inner loop
solves material balance and VLE equations that converges on the liquid fraction and
the two-phase compositions (TP flash). The solution procedure is started by estima-
ting the final temperature. Using this temperature and ambient pressure, one performs
the TP flash by solving the following material balances:

z]=ﬂYj+(1 _ﬂ)xjy J= 13273’4’

where {z;} are the overall mole fractions in the fog (based on HF molecular weight of
20.01). The apparent vapor mole fractions and liquid-phase mole fractions satisfy

™M=

Yi= Z xi=1.
1 i=1

In addition, VLE relations for the are expressed by

KPP =Y,/x, i=12,734.

These apparent K values for the HF, additive and water are given by
K2 = PP p/XiPapp, 1=1,2,3.

The real K value of air is taken as
K, = 50000/P.

The K values are initialized using Raoult’s law. Once the TP flash has converged,
the liquid and vapor fractions as well as the compositions are known. The actual
monomer vapor-phase composition may be found using Eq. (A.9) and the oligomer
and complex fractions via the equilibrium relationships (A.8a)-(A.8d). The total fog
enthalpy is then determined via (A.d4). If condition (A.3) is not satisfied, a new
temperature is determined by a Newton—Raphson scheme.

A.4. Fog property calculation

Once the equilibrium solution has been determined, the fog vapor and liquid
densities (pg, and pgy) as well as the overall fog density (p¢) may be readily calculated.
Let F denote the total molar flow rate (HF + additive + water + dry air) and let zyp,
Z,44, Zw and z, denote the overall mole fractions (HF molecular weight = 20.01). Let ¢,
denote the fraction of the moles of HF, additive and water that is liquid. Denoting the
liquid molar flow rate by L,

_ L(xgr + Xaga + Xw)

1= F(zyp + zaaa + 2w)

=1-¢,.

Defining the fraction of the total moles (HF + additive + water 4 dry air) that is
vaporized by v, we have

1—v=0LJF.
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Using the above,

(xuF + Xaaa + Xw)
(ZHF + Zadd + Zw)

¢1=01-v)

The fog liquid mass density, p¢, is given by

ZO.OIXHF + 1802xw + MWaddxadd + 28.97)(3
xHFVHF + waw + xaddVadd + xaVa

P =

»

where Vyg, Vag, Vw and V, are, respectively, the liquid molar volumes of HF,
additive, water and air. The liquid mass flow, w,, is computed as

Wy = (1 - V)F MWI
where MW, is the average liquid molecular weight given by

MWl = 2001xHF + 1802xw + Xagd MWadd + 28.97xa.

Thus the volumetric flow rate of fog liquid, v;, may be computed as
w, (1 —v)FMW,
P B P '

The fog vapor mass flow rate, w,, is given by

wy, = FMWgp —w,
where MWy is the feed average molecular weight computed as

MW; = 20.01zyr + 18.02z, + MW, 442,44 + 28.97z,.
The fog vapor mass density, p;,, is given by

_PMW,
va - RT s

where the vapor average molecular weight, MW,, is given by
MW, =20.01(y1; + 2y;2 + 6y16 + 8y1s) + 18.02y,,
+ 38.03y, + MW,4q Vaaa + 28.97y,.
The volumetric flow of fog vapor, v;,, is then obtained as
Uty = Wy/ iy
The fog liquid volume fraction, f;, written as

Un

fi_

vp + Uy
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Appendix B: Physical property estimation method

The calculations draw on several pure component and mixture properties. The
following is a summary of the estimation methods.

B.1. Vapor pressures

Pure component vapor pressures have been obtained from correlations in
NSRDS/AIChE Tables [17]. Liquid solution vapor pressures are predicted using the
NRTL liquid activity coefficient model. The NRTL model and parameters are
discussed in Ref. [14].

B.2. Ideal gas heat capacities

Constant values corresponding to 25 °C have been obtained from NSRDS/AIChE
Tables [17].

B.3. Liquid heat capacities

Pure component values are obtained from correlation in NSRDS/AIChE Tables
[17]. The liquid mixture heat capacity is obtained from

CPmix = Z x; Cp;,

where x; and Cp; are, respectively, the mole fraction and molar heat capacity of species
i. Thus excess heat capacities are set equal to zero.

B.4. Surface tension

The surface tension of pure components is obtained using NSRDS/AIChE Tables
[17]. The surface tension of the mixture is given by

-1 -1
Omix = Z Xi0; *,
i
where g; is the surface tension of component i in the solution.
B.5. Liquid molar volume

The pure component molar volumes are obtained from NSRDS/AIChE Tables
[17]. The solution molar volume is given by

Vmix = Z Xi Vi

where V; is the liquid molar volume of species i. Thus any volume change of mixing is
neglected.
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Nomenclature

Upper case

Cpt gas molar heat capacity

Cp! liquid molar heat capacity

D binary diffusivity

Dy droplet diameter

Dy, initial droplet diameter

Gt molar excess Gibbs free energy
AE molar excess enthalpy

H® apparent vapor molar enthalpy
Hiina total enthalpy of fog phase

Hyy total enthalpy of fog liquid
H,,, total enthalpy of fog vapor

Ny number flow rate of drops

P pressure

4 normalizing factor showing significance of vapor-phase association of HF
Q; heat of vaporization of species i
R universal gas constant

Ryp two-phase jet radius

T4 droplet temperature

T fog temperature

T, temperature of phase surrounding droplet
U drop centerline velocity

Uy drop x velocity

Uy, drop y velocity

Urp two-phase jet velocity

Urpx two-phase jet x velocity

Yrpy two-phase jet y velocity

X;(0—-) X coordinate of orifice
Y;(0 —) Y coordinate of orifice

Xt1p two-phase jet centerline x coordinate

Y1 two-phase jet centerline y coordinate

Y; apparent vapor mole fraction of species i as defined in Section 2.1
Y¥ apparent vapor mole fraction of species i at the vapor—drop interface
Lower case

d, orifice diameter

h, heat transfer coefficient

h molar enthalpy of the vapor phase

h; vapor molar enthalpy of species i (HF based on MW = 20.01)

hy molar enthalpy of droplet phase

g acceleration due to gravity
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Jo fi fog vapor and fog liquid volume fractions
m, air entrainment rate

my total moles present in a droplet

DPx> Py two phase jet momenta components

s centerline coordinate

Ug release velocity

7 fog volumetric flow rate

Ugy fog vapor volumetric flow

Vgt fog liquid volumetric flow

w wind velocity

Wy, Wy fog vapor and liquid mass flow rates

X; fog liquid mole fraction of species i

Vi real mole fraction of species i in fog vapor
y?2 mole fraction of dry air in ambient air

y2 mole fraction of water vapor in ambient air
z overall mole fraction of species i in fog (HF MW = 20.01)

Greek letters

A enthalpy deviation function

€ turbulence energy dissipation per unit mass

&p jet droplet volume fraction

£p0 initial jet droplet volume fraction

i molar flow rate of species i in fog (HF MW = 20.01)
0 angle of jet with respect to horizontal (see Fig. 1)
Ua dynamic viscosity of air

Pa Pa air, drop densities

Pre two-phase jet density

Pey density of fog vapor

Pl density of fog liquid

v total fog-phase enthalpy flow

w; parent drop mole fraction of species i

a surface tension
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