A model of the dilution of a forced two-
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Accidental releases of volatile liquid chemicals from pressurized storage vessels result in the
formation of high-momentum flashed jets with liquid phases comprised of extremely fine
droplets (aerosol). These jets are typically heavier than air. The subject of this paper is the
description of a turbulent entrainment model that predicts the trajectory and dilution of such
releases when the release point is elevated above ground-level in a horizontal wind. The model is
compared with available field test data for pressurized liquid releases and is found to describe the
observations to a degree of accuracy adequate for most hazard assessment purposes. The
comparisons include the field measurements made during the liquid ammonia (NH3) and liquid
hydrofluoric acid (HF) release test series, namely Desert Tortoise and Goldfish respectively, at the
US Department of Energy Fuels Test Facility. The model indicates that over the 3000 m distance
in which measurements were made, there is no need to invoke atmospheric turbulence to explain
the dilution of the ammonia jet. However, atmospheric turbulence is predicted to dominate the

mixing in the far field of the weaker HF jet.
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Increased recognition that most emergency releases
from chemical storage or process vessels involve the
escape of volatile, pressurized liquids has led to a need
for predictive models of two-phase liquid—vapour
forced plumes (jets). Releases of liquids from pressur-
ized vessels have high momentum. A rapid depress-
urization and expansion occurs just outside the release
orifice. During depressurization the liquid jet material
is converted into aerosol as a result of flashing to
vapour. Following external expansion to atmospheric
pressure, turbulent mixing of the jet with the atmos-
phere occurs and the surrounding air and water vapour
are entrained into the jet at a rate proportional to the
mean jet velocity!.

The temperature of the jet decreases with distance
from the release point, owing to the evaporation of the
jet aerosol by the entrained, relatively warm air. As a
result the water vapour in the entrained air may
condense to a fog. The observed persistence of visible
aerosol plumes produced by the release of volatile
liquids is probably due to condensation of the atmos-
pheric water content. Beyond some not very significant
distance from the release point (source) both liquid
phases, jet material and water, are consumed by
evaporation and the forced plume behaviour is one of
an all-gas heavier-than-air release. As dilution con-
tinues and the jet slows down, it begins to spread over
the ground under the influence of gravity and loses its
roughly circular shape. As demonstrated later, in this
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-intermediate jet slumping (or gravity current) phase the

rate of entrainment of air is still proportional to the
mean jet flow velocity, with the proportionality factor
taken to be a constant. In the final phase of jet
behaviour, far from the release point, the atmosphere
eddies determine jet dilution behaviour.

The SLAB?, FEM33, and DEGADIS* models
were developed to model the dispersion of ground-level
plumes of heavy gases released into the atmosphere.
They have recently been modified to account for the
presence of a liquid phase3-7. These models, however,
lack treatments of one or more of the following
phenomena that are of importance in understanding
and quantifying the behaviour of two-phase high
momentum releases: external depressurization close to
the source, condensation of entrained atmospheric
humidity, entrainment of the ambient by the jet’s
self-generated turbulence, and the motion of the
two-phase jet when released above ground level at
perhaps some non-zero angle from the horizontal.

A theory for the spreading of a steady-state
initially high-momentum two-phase jet in a horizontal
wind is proposed here, in which it is assumed that for
some rather large distance downwind of the release
location (in some cases of the order of thousands of
metres), the effects of buoyancy and/or atmospheric
turbulence on the inflow or entrainment velocity may
be ignored in comparison with the effects of turbulence
generated by the jet. This assumption is what disting-
uishes the present work from most of the previous
modelling efforts, which are based on the notion that
the rate of engulfment of air by the jet is determined by
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the atmospheric boundary layer and/or by gravity
beginning at relatively small distances from the source.
In the present model only two distinct phases of jet
entrainment behaviour are considered: mixing by the
jet’s self-generated turbulence in the near field and
mixing by environmental turbulence in the far field.
Moreover a fairly sharp transition point at which
near-field entrainment behaviour changes to far-field
behaviour is assumed. The intermediate phase involv-
ing the inhibiting effect of buoyancy on mixing into the
jetis regarded as insignificant.

In developing the two-phase jet dispersion model,
it is convenient to divide the jet into three regions: the
depressurization zone where aerosol formation takes
place, a two-dimensional ‘jet trajectory zone’ for above
ground-level releases, and a ground-level jet behaviour
zone beyond the distance to plume ‘touchdown’. The
depressurization zone is treated with a standard liquid
flash and momentum balance equation, as discussed by
Fauske and Epstein®. The trajectory and dilution of the
jet in the intermediate, elevated jet zone is predicted
with a two-phase version of the buoyant jet entrain-
ment models that were originally developed for smoke
stack or cooling water discharge plumes (see Gebhart et
al.®). Finally, the ground level dispersion process,
which includes gravity-driven lateral spreading as well
as turbulent entrainment of air and water vapour, is
approached with a steady-state version of the SLAB
entrainment model?, modified to include two-phase
flow effects.

Analysis

A schematic representation of the high-momentum
two-phase plume is shown in Figure I. The jet is

inclined and released above ground level. The jet
passes through several physical regimes along its path.
The regimes are modelled separately in the following
sections.

Zone of depressurization

In this region the jet undergoes a rapid depressuriza-
tion to or slightly below ambient pressure within a
distance from the release orifice of approximately two
orifice diameters. It is within this zone that the liquid

" disintegrates into fine droplets in the 10-50um size

range. The jet expansion in this region is rapid and due
almost entirely to vapour production; its interaction
with the atmosphere is negligible and very little mixing
between jet and ambient occurs. Thus friction, heat
and momentum exchange with the ambient environ-
ment at pressure P, are assumed to be negligible.

In an emergency release situation, liquid at high
pressure usually escapes from a vessel whose stagnation
condition is subcooled and exit choked mass flux
well-represented by

G=CpV2P,— Pj.s(TO)]ij 0]
where P is the stagnation pressure; P;(T,) is the
vapour (or saturation) pressure of the escaping jet
material corresponding to the liquid stagnation temper-
ature Ty; and p;; is the density of the jet material’s
liquid phase. This Bernoulli type expression shows
reasonable agreement in experimental comparisons.

A spacewise calculation of two-dimensional (or
axisymmetric) jet pressure and velocity profiles is
difficult. However, it is possible to estimate the fully
expanded jet properties at the end of the depressuriza-
tion zone, when the jet pressure everywhere has
approached the ambient pressure. High pressure
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Figure 1 Flow regimes of a high-momentum two-phase release and the coordinate system
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flashing liquids produce extremely fine droplets, so that
phase velocities and temperatures are quickly equal-
ized. The principle of conservation of momentum flux
applied to this homogeneous mixture provides a simple
relation between the fully expanded jet velocity u. at
the end of the depressurization zone and the break (or
choke) plane quantities
:£+ P],S(TO) P, (2)
Pif G

To obtain the quality of the fully expanded jet, x., we
invoke the condition of constant stagnation enthalpy*:

ho = hi,f.s(Pw) + xﬁh“g(Pm) (3)

The kinetic energy of the two-phase jet is notably quite
low (relative to that of an ali-gas sonic discharge) and
therefore is not included in the above equation. For the
all-liquid discharge considered here, Equation (3)
becomes

X, = Cj‘f[To - Tj.s(Poo)] (4)

his
The area of the depressurized jet A, is related to the
area of the break A, through the equation for the
conservation of mass:
AwG

U,
in which the expanded jet density, p., is given by the
definition

Ue

¢

X 1—x. ]!

pj.g.s(P%) - pj.(.a(Px) (5)
The volume occupied by the liquid at the end of
the depressurization zone can readily be shown to be
negligible. Thus the equilibrium quantity p; , (P ) can
be identified with the mass of the vapour per unit
spatial volume, i.e.

pj,g.c = pj,g,s(Pw) (6)
The mass of the liquid phase with respect to the same
spatial volume is given by

Pjie = (1 - xc) Pe (7)
The quantities u., A, pjg., and pj . are used as input
to the jet trajectory and dilution model.

Pe

Airborne jet trajectory zone

This zone begins when the jet is depressurized to
atmospheric pressure. The forced plume (jet) is not
necessarily released at ground level and the component
of initial jet velocity, u., is not necessarily parallel to
the horizontal ambient flow (wind), but may be
inclined away from it, horizontally. Thus near the
rupture opening (or vent) the solution of the equations
of motion may require that the jet rise. However,
further downstream the heavier-than-air jet is influ-
enced by the gravitational field and its trajectory is
similar in shape to that of a projectile (see Figure I).

*The reader should refer to the Nomenclature for the meanings
of the symbols and subscripts
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The trajectory ‘zone’ or, equivalently, the flight of the
jet terminates upon contact with the ground.

The equations are written to take account of a
steady, horizontal, wind. The wind direction orvelo-
city, W, does not change with altitude z, the jet lying in
the x, z plane (see Figure I). The mean velocity inside
the jet is denoted by the symbol u. The centreline of
the jet makes an angle 6 with the horizontal, s is the
distance along the jet, A is the cross-sectional area of
the jet, and C is the perimeter of the cross-section. For
simplicity, we assume that inside the jet the velocity,
vapour and liquid concentrations, and temperature are
uniform in the crosswind plane. Over the distance the
jet is airborne its cross-section is taken to be circular
and its radius R is assumed to be small compared with
the centreline radius of curvature (slender plume
approximation).

Once the jet is depressurized to atmospheric
pressure, the jet expands solely by entrainment of
ambient air. The principal assumption of this theory is
that, for some significant distance from the source, the
effects of atmospheric turbulence may be ignored,
provided the initial momentum of the jet is high
enough. Hirst!® performed an analysis on a limited set
of experimental data on buoyant jet flow discharged
into a uniform cross stream to determine the jet
entrainment velocity due to the jet’s self-generated
turbulence. Using the form suggested by Morton et al.!
as a basis, he constructed a correlation for the
entrainment velocity v.,. For jets with a two-
dimensional trajectory, his expression becomes

12
Ven = (7;)—) (Eolu — Wcos 8| + E;W|sin6])  (8)

where the term |© — Wcos 8] represents the relative
velocity of the jet with respect to the wind. Actually,
Equation (8) is a combination of the entrainment
model proposed by Hirst and the entrainment model of
Ricou and Spalding! for vastly different jet and
ambient densities, p and p., respectively. Precise
definitions of p and p., are given below. Equation (8)
reduces to the entrainment function of Hirst in the limit
p— p.. The constants of proportionality E; and E,
are called the entrainment coefficients. Ricou and
Spalding'! have verified through measurements that for
pure momentum jets (E; = 0) values of E lie within
the range 0.06 to 0.12.

Morton!? found that if a uniform velocity profile is
used E = 0.12 results in the best agreement between
theory and experiment. From data on buoyant water
jets discharged at varying angles into flowing aqueous
salt solutions, Hirst!® specified the values E4 = 0.057
and E; = 0.513. His value of E is consistent with the
lower end of the range recommended by Ricou and
Spalding for pure momentum jets (E; = 0). Hoult er
al. 13 suggested, also on the basis of experiments with
salt solutions and water, Eq = 0.12and E, = 0.6. Their
E, is in agreement with the upper end of the range 0.06
to 0.12. In the calculations which follow, we shall adopt
Equation (8) and use values of Ey and E; of 0.1 and
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0.5, respectively. The jet trajectory can now be
determined from the conservation equations for mass,
momentum and energy, using the entrainment equa-
tion to determine the rate of mass, momentum and
energy addition into the jet.

The equations for the conservation of mass of the
discharge material, air, and the atmospheric water
content are

d
& [(0;¢ + pjuAl =0 )
d
—(pauA) =pa,wvenc (10)
ds
d
e [(pw,g + pw,f)uA] = pw,g,wvenc (11)
ds

Note that in addition to the liquid aerosol of the
discharge jet material we allow for the possibility of
water droplet formation via condensation of the en-
trained water vapour within the cold jet (see Equation
(11)). Neglecting the volume occupied by the jet
aerosol and water droplets, we can express the overall
spatial density, p, of the three component two-phase
mixture as the sum of the spatial densities of the
components:

P=pPjgt Pist Pat Pugt Pus (12)

The momentum equation in the vertical direction
is a balance between plume momentum and mass:

d .
5 (PAu?sin6) = —g(p — p=)A (13)

where p. is the density of the air/water vapour
atmosphere, namely

P = Paw + Puge 14

The momentum equation in the horizontal direction is
a balance between jet momentum and momentum
entrained:

d d
£ 2 = W—
a (pAu?cos 6) st (pAu) (15)

Conservation of heat may be written in the following
form:

d
a (puAh) = pa,wvchh a,® + pw,g,muchhw,g,w (16)

where A is the overall enthalpy of the mixture within
the jet; it is given by the definition

ph = pj,ghj,g + pj,fhj,f + paha + pw,ghw,g + pw,fhw,f
17)

The energy equation, Equation (16), may be readily
converted from enthalpy to temperature as the depen-
dent variable by introducing the thermodynamic rela-
tion h(T) for each species, assuming the vapour phases
are ideal and the liquid phases are incompressible. The
height z of the jet above ground level is, in differential
form,

dz .
25~ sin 0 (18)

and the horizontal distance x from the rupture opening
is given by
dx

d_s =cos 8 (19)

Note that in writing the above equations, we have
neglected the length of the depressurization zone. This
length is typically quite small relative to the range of
the jet. To predict the densities of the vapour phases in
the presence of their condensed phases it is assumed
that thermodynamic equilibrium is locally achieved
within the jet. Thus, utilizing the ideal gas equation of
state, we have

Pi(T)

pj.g = R]T (20)
pw,g - Rw T ( )

The pressure within the jet is equal to the atmospheric
pressure P . This requirement gives

Py =p;RiT + py R T + p.R, T (22)

Finally, since the cross-section of the jet is taken to be
circular, the radius R, circumference and cross-
sectional area are related by the expressions

C =2u1R =2(nA)'" (23)

The above equations express the mathematical
formulation of the model and are sufficient to deter-
mine the nine coupled unknown quantities p;,, p;y,
Pwgs Pwir Pa W, A, T and 6 as a function of the
coordinates x,z. These quantities are subject to the
following initial conditions when x = 0 and z = z;:

Pig = Piger Pif = Pijte (24)
Pwg = Pwi =Py =0 (25)
u=u,A=A, (26)
T=T,,0=06, 27

The initial thermodynamic state of the mixture, at
the end of the depressurization zone, is one of jet
material aerosol in equilibrium with its vapour phase.
Downwind of the release point humid air is entrained
into the jet causing further evaporation of the liquid jet
material. At first water exists within the jet only as
vapour and Equation (11) is integrated with p,, ¢ = 0.
As aresult of a combination of the cooling of the jet by
the evaporation of the released liquid jet material and
the buildup in the water vapour concentration by
entrainment of the surrounding air, the water vapour
may become saturated so that both vapour and liquid
water are present in the system. In some systems there
is a tendency of jet material vapour to be soluble in
liquid water. This effect is ignored in the present
model. As the amount of air increases, the liquid water
also begins to evaporate. Ultimately all the water and
all the jet material are in vapour form. Usually the
water is the last to evaporate. The evaporation of the
water in the far field will tend to prolong the
persistence of the cool jet beyond the distance to .
ground contact.
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The zone of ground-level dispersion

This region begins at touchdown or, in mathematical
terms, when the elevation of the centreline of the jet is
equal to its radius (i.e. z= R, see Figurel). The
atmospheric dispersion of the ground-level jet is
affected by both entrainment of the atmosphere and
gravity spreading. Gravity spreading is driven primarily
by the excess hydrostatic pressure caused by the density
difference between the jet and the atmosphere.

In the initial phase of ground-level jet behaviour,
the turbulent motion within the jet is normally still due
to the movement of the jet itself and, accordingly,
Equation (8) for v,, remains valid. Of course in the
final phase of jet behaviour, far downwind of the
source, the energy containing eddies of environmental
turbulence dominate mixing and the ground-level jet
growth is strictly due to the action of the wind. The
far-field jet growth is assumed to be well-described by
the Gaussian plume, point source solution to the
atmospheric advection-diffusion equation. Accord-
ingly, a realistic equation for the entrainment velocity
in the far field is

W
C

ver =T [0, (0] e

which when combined with the conservation of mass.

equation gives the point source Gaussian solution for
the ground-level concentration of the released species
in the far field of the jet. In the above equation, g,(x)
and o,(x) are the dispersion coefficients (or standard
deviations) for the crosswind plane. The most widely
used o, and o, functions are the so-called Pasquill-
Gifford curves'*. These empirically determined func-
tions depend on the atmospheric stability classes. The
field observations reported by Burgess et al. 15 suggest
that the dispersion of heavier-than-air ground-hugging
vapours is best represented by Gaussian theory when
o, and 0, are based on the most stable atmospheric
condition, stability class F, regardless of the actual state
of the atmosphere. This recommendation is followed
here.

Close to the source, the entrainment velocity given
by Equation (8) greatly exceeds that given by Equation
(28) and vice versa at distances far from the source.
One would expect, therefore, a fairly definite transition
point (or perhaps a short transition zone) at which the
character of the jet changes when the near- and
far-field entrainment velocities are comparable. There-
fore, during the course of a calculation a switch is made
from Equation (8) to Equation (28) at the location in
which both equations predict the same entrainment
velocity, thereby merging the high-momentum jet
theory with the Gaussian plume model.

It is obvious that by equating the two entrainment
velocity laws, Equations (8) and (28), the intermediate
phase of jet behaviour involving buoyancy-dominated
dispersion effects has been assumed to be insignificant.
This assumption implies the dominancy of inertial force
over the buoyancy force. The ratio of jet buoyancy to
inertia is given by the Richardson number, defined by
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2g(p — p=)z

pu?
The work of Ellison and Turner!é showed that the
entrainment is not buoyancy dominated if Ri < 0.1. As
we shall see later on, this criterion is indeed satisfied for
volatile liquid chemical releases of practical interest. It
is worth noting that observations of smoke plumes from
a large power station suggest the sudden transition
assumed here, from jet momentum driven entrainment
to a wind dispersion”.

In the present model, the ground-level dispersion
is handled in the same way as the elevated dispersion,
except that the momentum equations, Equations (13)
and (15), and kinematic equations, Equations (18) and
(19), are replaced by corresponding equations that
account for gravity compaction and sideways spread-
ing. For simplicity we adopt the SLAB model (Morgan
et al.?) and assume that the cross-section of the
ground-level jet is rectangular, with height 2z and
radius (half-width) R. Note that z still represents the
vertical distance from the ground to the centreline of
the jet. Beyond ground contact, Equation (23) for the
perimeter of the jet is replaced by the expression

C=4z+ A)(22) (30)

Ri= (29)

This relation for the rectangular jet is derived by not
allowing entrainment to occur at the jet-ground inter-
face. The half-width of the jet R at ground contact is
calculated by setting the perimeter and area of the
rectangular ground-level jet equal to those of the
circular elevated jet. This ensures that in the post-
ground contact region the masses within the jet are
conserved and that the continuity and smoothness of
concentrations- and temperature-with-distance are pre-
served. A discontinuity in R will exist at ground
contact.

The momentum equation applied to the side edges
of the jetis

L (o) = (o - p.)22)° &)

where v is the velocity of the jet in the lateral direction
(or the spreading rate). The momentum equation in the
axial direction is

L (o) = W (pAw) - g5 [0 - p)47) ()

After jet touchdown, these equations are substituted
for Equations (13) and (15). The motion of the material
interface represented by a side edge of the jet is given
by the kinematic condition

dR
ua = Ve + 0 ‘ (33)
where v, and v are the velocities normal to the edge.
With the aid of the equation for the cross-sectional area
of the plume, namely A = 4zR, Equation (33) can be
written as follows

(34
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which replaces Equation (18) after plume touchdown.
Finally, during the gravity spread calculation, Equation

(19) takes the form
dx
— =1 (ie.0=
i (i.e.0=0) (35)

It should be mentioned that the only new variable
that appears after the transition is made from the
airborne plume to the ground-level dispersion is the
spreading velocity v; it is assigned the initial condition
v = 0 at the location of ground contact.

From this system of equations we can compute the
jet temperature, released species and entrained water
concentrations, jet boundaries, jet velocity, etc. as a
function of distance from the source. To utilize
available computer subroutines, the equations were
converted to an equivalent coupled system of first-
order ordinary differential equations by expanding the
derivatives in Equations (9)-(11), (13), (15), (16),
(31), and (32). Numerical integration was performed
using a library program based on the Gear!® method
(see also Hindmarsh!?).

Comparison of model results with field test
data

The tests whose results we have used for model
comparisons are: Desert Tortoise (DT) 4 liquid ammo-
nia (NH;) release; Goldfish (GF) 1 and 3 liquid
anhydrous hydrofluoric acid (HF) release; and Energy
Analysts’ (EA) 1 and 2 small-scale liquid ammonia and
propane releases. The choice of these tests is based on
the availability of good experimental data. The test
parameters are shown in Table 1. Additional test
details can be found in the references cited below. It
should be noted from the table that the liquids were
released in the direction of the wind approximately 1 m
above ground level as a horizontal jet (8, = 0). The
only exception was EA ammonia test 1 where the
release angle from the horizontal 6, = 10°. Thus in
most of the tests the jet made contact with the ground a
short distance downwind from the source. The release
heights were not reported for the Goldfish series of
tests. For the purpose of carrying out HF dispersion
calculations, a release height z, = 0.79 m was assumed.
Ammonia was released from this height during the
Desert Tortoise series of tests, which were conducted at
the same test site as the Goldfish tests.

The Desert Tortoise series test results were re-
ported by Goldwire ef al.?® and Goldwire?!. In Figure
2, the predicted profile for the DT4 ammonia plume is

presented out to 300 m from the source. Water droplet
formation is predicted to occur essentially at the
source. The jet is predicted to impact the ground at
2.92 m downwind from the source. Goldwire et al. V7
reported that a noticeable pool of liquid ammonia
persisted within at least 3 m of the source. The liquid
ammonia and water aerosols are predicted to evaporate
completely at 40.7 and 201 m downwind, respectively.
The actual plume was visible to a point approximately
400 m downwind, indicating, perhaps an overpredic-
tion of the entrainment rate. The calculation suggests
that the atmospheric water content is responsible for
long range visibility of the plume and not the liquid
ammonia.

In Figure 3, the predicted plume boundaries are
superimposed on the measured ammonia concentration
contours for two crosswind planes, at 100 m and 800 m
downwind from the release. The comparison indicates
fair agreement, although the predicted jet cross-section
at 800 m is somewhat higher than the experimental
data.

The temperature and ammonia concentrations
versus distance from the source are compared in
Figures 4 and 5. The predicted quantities represent
average values, while the experimental data for the
temperature in the far field and the concentration are
the measured values close to the centre of the jet at an
elevation of 1 m. The temperature measurements in the
near field, at the 3, 6, and 9 m locations, represent
those of the liquid ammonia deposited on the ground
just downwind of the source. As seen in Figure 4, the
model is in excellent agreement with the measured
temperatures in the near and far field. The model
performance in the far field, however, may not be as

WATER FOG FORMATION AT X = 0.056 m
TOUCHDOWN AT X=2.92 m
JET MATERIAL LIQUID EVAPORATED AT X = 40.73 m
1 WATER FOG EVAPORATED
I / AT X =201m
!
|

HEIGHT, m

210 240

Figure 2 Predicted jet profile for Desert Tortoise ammonia spill
Test 4 (DT4)

Table 1 Experimental conditions for field tests

Tis(Pa) Py To T. RH A, 2 6 w
Test Ref. Liquid  (K) (MPa) (K] (K) (%) (m?) (m) (ms-)
DT4 20,21 NH; 240 1.4 297 306 21.0 7 x103 0.79 0 4.5
GF1 26 HF 293 0.87 313 310 5.1 1.4 x 1073 — 0 5.6
GF3 26 HF 293 0.91 312 300 27.9 46x10* —_ 0 5.4
EA1 27 NH; 240 0.83 292 292 49.0 3.4x10°% 1.22 10 7.62
EA2 27 CsHg 231 1.03 289 289 51.0 1.05 x 104 0.8 0 5.08
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Figure 3 Predicted crosswind jet dimensions (——-) superim-

posed on measured ammonia concentrations for Desert Tor-
toise spill Test 4 (DT4). The predicted average concentrations for
the a, 100 m; and b, 800 m downwind locations are 6.5% and
0.92%, respectively.

40 T T TTITm T T TTITTT T T TTTTT

TEMPERATURE, ‘C
Py

|
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80 Lol e N
10° 10' 102 103
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Figure 4 Temperature as a function of distance from source for
Desert Tortoise ammonia Test 4 (DT4). The temperature
measurements (O) at the 3, 6, and 9 m locations are those of the
liquid ammonia deposited on the ground. The open points at 102
and 10° m downwind are measurements of the jet centreline
temperature at 1 m height. The predicted curve is crosswind
averaged values

good as the figure suggests, since the model predicts the
average temperatures while the measurements corres-
pond to jet centreline values at an elevation of 1 m. In
Figure 5, the model is seen to predict the ammonia
concentration at the 100 m position and underpredict
the concentrations at the 800 and 1000 m positions by
factors of 2.0 and 3.0, respectively (see also Table 2).
This level of accuracy is considered to be reasonable in
the field of modelling the dilution of chemical releases
in the atmosphere>. Again, the model results are
average values, while the experimental data are the
measured values at the centre of the jet.
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Figure 5 Ammonia concentration as a function of distance from
source for Desert Tortoise spill Test 4 (DT4): O, measurements
of the centreline concentration at an elevation of 1m. The
predicted curve is crosswind averaged values

Table 2 Comparison of theory with concentration measure-
ments

Concentration {mole fraction)?

DT4 GF3

Distance
downwind Measure- Prediction Measure- Prediction
(m) ment ment

100 6 x 10-2 6.5x1072 — —_

300 —_ —_ 9.5x 1073 1.0x 102

800 2x102 9.2x1073 —_ —
1000 —_ — 1.3x10°2 1.5x10-3
3000 5x 1073 1.6x10% 1.8x10* 29x10*

*Measured values at jet centreline 1 m above ground; predic-
tions are crosswind averaged values

Interestingly enough, the entrainment velocity v.,
given by Equation (8) did not fall below v, given by
Equation (28) during the course of the calculation that
produced the NH; concentration versus distance curve
of Figure 5. Thus for a distance downwind of the source
of at least 3000 m, it does not appear to be necessary to
invoke the presence of atmospheric turbulence due to
wind to explain the measured NH; jet dilution. While
at first sight this result may seem surprising, it should
be mentioned that many other examples have been
reported in the literature in which self-generated
turbulence dominates the jet mixing process far down-
stream of the source. Briggs?? compiled data which
show that Equation (8), with E;, = 0 and E; = 0.1, can
be applied to plumes extending 3000 m above an oil fire
(see also Turner?). The distance range over which
Equation (8) is valid was extended by another order of
magnitude: Wilson et al.?* and later on Sparks?
successfully applied the formula to describe plumes of
hot gas emitted from erupting volcanoes. Such plumes
reach heights greater than 40000 m. Slawson and
Csanadys’!” observations of smoke plumes released
from a power plant stack into a cross-wind showed that
the transition from plume-to-atmospheric generated
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entrainment occurs at distances as large as 425 m from
the chimney. Hoult et al.3 have applied an entrain-
ment formula similar to Equation (8) to explain data
collected on chimney plumes in a cross-wind and found
the formula to be valid over a distance of approximate-
ly 1800 m from the chimney. Note that in such chimney
plumes only buoyancy is responsible for plume momen-
tum at the source, yet self-generated turbulence domin-
ates the entrainment process far downstream from the
chimney. Finally, with regard to the DT4 NH; release
simulation, it is significant to note that the predicted
Richardson number is 0.02 at the source, rises to a
maximum value of 0.11 at about 200 m downwind and
then decays to zero in the very far field. Clearly, for
high-momentum jets, gravity is not an important
feature of the entrainment process. :
The hydrogen fluoride dispersion experiments
were conducted and reported by Blewitt et al. 2. The
liquid HF and atmospheric water condensate for Test
GF1 are predicted to evaporate in the near field, at
approximately 24 and 29 m, respectively. During GF1
the jet was visible to a distance of approximately 700 m
from the source. Thus the visibility of the jet in the far
field cannot be explained by the presence of water
droplets alone. Hydrogen fluoride and water vapour
exhibit a strong chemical interaction which results in

the formation of a condensed phase (aerosol) of .

HF/H,0 solution droplets. These relatively stable,
chemically produced droplets would be expected to
persist out to significant distances from the source. The
present model is based entirely on consideration of
local phase-change thermodynamic equilibrium. Chem-
ical reactions between the jet material and water
vapour are not considered. The measured centreline
temperatures and HF concentrations for Tests GF1 and
GF3 were found to agree well with the cross-wind
averaged values of the model. The measured and
predicted temperature and concentration versus dis-
tance curves for Test GF3 are shown in Figures 6 and 7,
respectively. The numerical solutions indicate that the
application of an entrainment equation for high-
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Figure 6 Temperature as a function of distance from source for
Goldfish hydrofluoric acid spill Test 3 (GF3): O, measurements
of the jet centreline temperature at 1 m height. The predicted
curve is crosswind averaged values
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Figure 7 Hydrofluoric acid concentration as a function of dis-
tance from the source for Goldfish hydrofluoric acid spill Test 3
(GF3): O, measurements of the jet centreline concentration at an
elevation of 1 m; solid curve, crosswind averaged values

momentum jets, namely Equation (8), is not valid for
distances from the source beyond about 80 m for the
HF tests. At this point the transition is made between
high-momentum jet and Gaussian plume entrainment
behaviour. Neglecting entrainment associated with
atmospheric turbulence will lead to over-estimates of
the concentration. The predicted maximum Richardson
number for both tests is only about 0.02 at about 10 m
from the source, indicating once again that buoyancy
does not influence the entrainment process in an
essential way.

Note from Tablel that the break area and
stagnation pressure for the NH; test are much larger
than the corresponding quantities for the HF tests. This
readily explains why the NH; jet in Test DT4 was
dominated by the momentum flux from the source at all
the concentration sampler stations, while the momen-
tum flux for the weaker (Test GF3) HF jet vanished
some distance upwind of the first concentration samp-
ler, and beyond this point spreading was dominated by
atmospheric turbulence.

Small-scale field releases of pressurized liquid
ammonia and propane were performed by Pfenning et
al.?7 (the Energy Analysts (EA) series). Using slides
and video tapes, the average profile of the visible
portion of the jet was obtained. No vapour concentra-
tion or temperature measurements were made. In Test
EA1 (see Table I) the liquid ammonia was released at
a 10° incline from the horizontal. Figure 8 shows the
predicted profile of the ammonia jet for Test EA1. The
visible jet extended approximately 45 m downwind,
with a maximum height of 3.7m. This is to be
compared with the prediction of 40.4 m, based on
complete water droplet evaporation, and the predicted
maximum height of 3.9 m. The predicted length of the
visible propane jet for Test EA2 is 17.9 m and the
predicted maximum jet height is 1.9 m. The visible
length and maximum jet height measured were 24 m
and 2.1 m, respectively. In both the EAl and EA2
releases the jet material aerosol is predicted to evapo-
rate completely before contact with the ground. This is
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Figure 8 Predicted jet profile for Energy Analysts’ ammonia
release test (EA1)

consistent with the observations of Pfenning er al. 2’
that in the tests no liquid accumulated on the ground.

Validity of aerosol generation model

Of the three jet spreading models that comprise the
present composite model of the dilution of a two-phase
chemical plume, the Gaussian plume model and, as

pointed out in the previous section, the high- -

momentum jet dispersion model are frequently used
and accepted in the literature on dispersion modelling
in the atmosphere (or hydrosphere). Thus we will focus
our attention on the validity of the jet depressurization
and aerosol formation model, namely Equations (1)
through (7), which represents a new addition to the
theory of dispersion modelling.

One of the principle assumptions of the theory
presented here is that during depressurization the
released liquid disintegrates into fine droplets by
flashing. From the laboratory studies of Brown and
York? and Gooderum and Bushnell? it is known that
the range of drop sizes achieved by flashing liquid jets is
10-50um. The local differences in temperature and
velocity between the vapour and such small aerosol
droplets are negligible. Thus thermodynamic equilib-
rium and overall momentum balance calculations are
sufficient to determine the flow rates of the phases
formed and the expanded jet diameter at the end of
depressurization zone; it is not necessary to determine
the droplet size distribution.

Of course, there is a threshold temperature below
which the jets will not shatter into fine droplets.
Bushnell and Gooderum® measured the flashing or
shatter temperature of superheated water jets under
conditions where the aerodynamic forces are of second-
ary importance (i.e. at low Weber numbers in a low
pressure environment). Their data show that the
amount of superheat that can be tolerated by a
single-phase orifice flow of water is given by the
equation

Tsh - Ts

N=——=~01 (36)
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where Ty and T, are the shatter and saturation
temperatures, respectively. Earlier work by Brown and
York? is consistent with this upper bound on liquid
superheat. However, a careful examination of the data
of both Bushnell and Gooderum*® and Brown and
York? indicates that, in practice, the actual shatter
temperature will fall below the maximum value corres-
ponding to N = 0.1, owing to Weber number effects,
vaporization upstream of the orifice, and the roughness
of the injector.

All the field data reported in Refs. 20, 21, 26, 27
correspond to an observed high degree of dispersion of
the liquid, and in most cases the value of N exceeded
0.1. However, the shattering of HF jet releases?
occurred for N = 0.065. The near explosive generation
of vapour and aerosol is not restricted to a particular
superheat value because flashing is a nucleation event
which depends very much on the foreign nuclei that are
present in the liquid. Suitable nuclei are: dissolved gas,
suspended dust or debris, and low pressure eddies
caused by orifice surface roughness or Weber number
effects. These nucleation effects are very difficult to
characterize and, therefore, it would be difficult to
further narrow the already narrow temperature range
between the liquid boiling point (at one atmosphere)
and observed jet disintegration. For example, in the
case of water jets released into the atmosphere?, the
minimum observed value of N = 0.03 is equivalent to a
liquid superheat necessary for flash evaporation of only
11 °C. Realistically, considering all the uncertainties
associated with an emergency release, any attempt to
distinguish between such a small. superheat and zero
superheat is unwarranted. The only sensible and
conservative approach is to assume that the liquid
release is shattered into fine droplets if it is heated
above its boiling point.

Finally, it should be mentioned that the jet
depressurization model employed here has been suc-
cessfully used to predict thrust and jet impingement
forces which accompany vessel ‘blowdown’ events3132,
The fact that predicted jet impingement forces give
reasonable agreement with water blowdown data indi-
cates that the model correctly estimates the fully
expanded asymptotic jet properties. In this regard, it is
of interest to note that Waitkus and Griffiths®® mea-
sured the velocity of a flashing phenol/formaldehyde
release just outside the vent. The present depressuriza-
tion model predicts a fully expanded jet velocity of
45.7ms~1.  The observed velocity of the
phenol/formaldehyde aerosol was 39.6 ms~1.

Conclusions

In this paper we have provided a modelling approach to
determining the dispersion hazards arising from the
release of pressurized liquid chemicals. The dilution of
the two-phase jet produced by the release has been
modelled taking into account the three regimes of jet
behaviour. A one-dimensional source model describing
the depressurization of the jet and two turbulent
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entrainment models describing the elevated and
ground-level behaviour have been presented.

The comparison of field observations of jet
temperature and dilution with the theory shows that the
predictions can reproduce the NH; data within a factor
of three. Within the limits of the observations, which
were made for distances downwind of the source of less
than 3000 m, there appears to be no necessity of
involving the presence of atmospheric turbulence due
to wind to explain the measured NH; jet dilution. The
value of the entrainment parameter Ey = 0.1, which
produces reasonable agreement between the field
observations and the theoretical calculations, falls
within the range of values Ey = 0.05-0.12 which gives
the best agreement between theory and laboratory
model experiments on entrainment by turbulent gas
jets. For the two selected HF release experiments,. the
model was observed to predict a transition from the
high-momentum regime to the atmospheric turbulence
regime of jet dilution at about 80 m downwind of the
source. The model is in good agreement with the
measured HF concentrations over the entire 3000 m
sampling distance. The difference in entrainment be-
haviour between the NH; and HF jets can be attributed
to the much larger momentum associated with the NH;
test compared with that for the HF tests.
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Nomenclature

A cross-sectional area of plume

Ayp area of vent or rupture opening

A, area of jet at end of depressurization zone

Cif heat capacity of liquid jet material
circumference of plume through which entrainment
occurs

Cp vent or rupture opening discharge coefficient

E¢.E; entrainment constants, see Equation (8)

g gravitational acceleration

G choked mass flux release rate, sce Equation (1)

h enthalpy (unsubscripted symbol pertains to the mean
plume enthalpy)

4 pressure

R radius of circular plume or half-width of rectangular

plume, or ideal gas constant (with subscript)

Ri Richardson number, see Equation (29)

s distance measured from the source along plume centre-
line

T temperature

u mean velocity inside plume

Ue velocity of jet at end of depressurization region

v spreading velocity of plume

Ven entrainment velocity

J. Loss Prev. Process Ind., 1990, Vol 3, July 289



Dilution of a forced two-phase chemical plume: M. Epstein et al.

air

w velocity of wind a
X distance measured from the source along the ground e at end of depressurization zone
Xe quality of jet at end of depressurization zone f liquid phase
z distance measured from ground to plume centreline fg liquid-gas phase transition

g gas phase
p density (unsubscripted symbol pertains to the mean j jet or plume material release

plume density) o stagnation or vessel condition

P density of the humidified atmosphere s saturated or equilibrium state
0y,0, Gaussian dispersion coefficients in y- and z- directions w water

® pertains to the atmosphere

angle of plume centreline with horizontal
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