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ABSTRACT

Two models for describing the behavior of dense gases have
been adapted for specific applications at the Savannah River Plant
(SRP) and have been programmed on the IBM computer. One of the
medels has been used to predict the effect of a ruptured Hy3 storage
tank at the 400 Area. The other model has been used to simulate

the effect of an unignited release of HyS from the 400-Area flare
tower,
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COMPUTER CODES FOR DISPERSION OF DENSE GAS

INTRODUCTION

The prediction of atmospheric concentrations of accidentally
released material downwind from the point of release is of consider-
able interest to the nuclear and chemical industries. The Savannah
River Plant handles hazardous quantities of both radicactive and
nonradicactive materials. The principal hazardous nomradioactive
material was HjS which was used in quantities of several hundred tons
in the process for extracting heavy water from natural water.* A
previous report (Crawfordl) addressed the consequences of a large
HpS release from the 400-D Area. <Crawford's work treated the release
as passive gas dispersion. Passive gas dispersion assumes that the gas
density is nearly equal to ambient air density; thus density does not
affect the dispersion., Recently, several organizations have expended
considerable effort on dense gas model development and field verifica-
tion. Although these efforts are incomplete because not enough field
data are available, enough new results are available to substantially
revise previous concepts based on passive gas behavior,

The purpose of this work was to adapt and augment existing
models of dense gas diffusion and dispersion, to predict locations
and concentrations during accidental releases for safety analyses,
and to incorporate these models into the emergency response
capabilities at SRP.

This report has categorized the releases into major types;
1) dense puffs resulting from breaks which spill or jet liquid
HoS onto the ground, and 2) dense gas plumes from unignited
elevated releases. These two types of releases are modeled separ-
ately with different techniques: a mathematical model for the
former, and a model from wind tunnel experiments for the latter.
Although this report is concerned with HS, the models can be
applied to other dense gases with a change in a few input variables.

* The heavy water production facilities at the Savannah River Plant
were shut down and placed in standby in January 1982,




MODEL FOR PUFF RELEASES RESULTING FROM LINE OR TANK RUPTURE

This model! deals with a sudden catastropic break in a line or
tank containing liquid HyS under pressure. The model is basi-
cally the same as that proposed by Fryer and Kaiser? who extended
and improved the models by Cox and Roed and Van Ulden.4 There
are three major changes or additions which are discussed later,

Assuming a sudden catastrophic break occurs in a tank or line
containing pressurized liquid H9S5, several release wmodes are

possible. For example,

e a small hole in the tank wall, resulting in a horizontal or
vertical jet,

e breaks in pipes leading from the liquid space,
¢ jets impinging on the ground or dike wall,
¢ a large hole in the tank wall.

All of the above release modes result in a mixture of H»pS
droplets, H9S gas, and ambient air. Research on the percentage
of Ho8 droplets, gas, and ambient air in a dense gas cloud
immediately after the release is not complete, In view of this,

it is desirable to deal only with a mathematical idealization of
the release,

Mathematical Model Describing the Cloud from
a Liquid Spill or Jet

The mathematical model describing the spill or liquid jet is
divided into four stages.

e Formation of a cylindrical source
e Slumping of the gas cloud
e Height growth

e Transition to a passive puff

Stage 1: Formation of a Cylindrical Source

During this stage, the liquid and gas exit rapidly from the
pressurized line or container and jets or spills onto the ground.
Evaporation proceeds rapidly as the liquid portion quickly cools
to its boiling temperature at atmospheric pressure. The vigorous




boiling of the liquid causes small droplets to be thrown into the
air. These droplets continue to evaporate and coel the surround-
ing air to the boiling temperature. Thus, a mixture of Hy8 vapor,
cooled ambient air, and liquid droplets are the immediate result
of the spill. Evaporation of the small droplets continues until a
balance between droplet vapor pressure and the H9S5S vapor occurs.
In several accident cases that have been studied, it appeared that
enough ambient air was mixed into the cloud at the outset to evap-
orate all of these tiny droplets. The formation of an initial
c¢loud resulting from evaporation of droplets and cooling of ambi-
ent air was also observed in several experiments in the United
Kingdom (McQuaidS). A ratio of about 10 parts entrained air to

1 part dense gas was observed in tests and is assumed ip the model
discussed in this report.

The initial source cloud composed of HgS vapor and cooled
ambient air is idealized as having the shape of a cylinder.

The large HyS tanks of the 400-D Area are contained within
a concrete dike on the bottom, sides, and ends. The effect of the
dike on the subsequent dispersion of the dense gas is not known
since very few experiments have been performed. It is known that
vigorous boiling will throw liquid particles high into the air
space above the dike walls and thus the dike would not contain the
cloud.

The dense gas cloud above the dike will elongate in the
direction of the mean wind. Because the elongation is dependent
on unknown details of air flow over and around the dike, a conser-
vative assumption will be to retain the cylindrical shape of the
dense gas volume throughout the puff history.

Dimensions of the initial cylindrical source are a function
of the density of the mixture and the amount released. Other
initial conditions needed as input to the model are the Pasquill
stability class for the atmosphere, the vertical temperature
difference in the lower atmosphere, wind speed, ground and air
temperature, and roughness length characteristics of the nearby
ground surface.

Stage 2: Slumping of the Gas Cloud

During the slumping phase, the dense gas cloud behaves simi-
lar to a liquid column flowing out of a cylindrical container
under the force of gravity. This simple liquid analogy has two
complications. The first is that wind shear at the top of the
cloud causes air to be entrained at the top; the amount of air
entrained is proportional to the longitudinal turbulence of the
air (9;) and is inversely proportional to a bulk Richardson number




appropriate for the dense gas cloud. This Richardson number is
obtained from the friction velocity, the density difference between
the cloud and ambient air, and a turbulence length scale., The con-
stant of proportionality (called the entrainment coefficient) is
being established by experiments. So far, there have been only a
few experiments to determine the entrainment coefficients, so this
variable in the model has considerable uncertainty, A conservative
estimate has been chosen for the model used here.

A second complication is that heat is transferred from the
ground to the cloud as long as the ground is warmer than the dense
cloud. This heat transfer is most significant if the transfer
mechanism is turbulent convection., The largest contribution will
be when the ground 1s very warm relative to the cloud. FRntrained
air also warms the cloud so its contribution must be included.

The equation for slumping of the cylindrical source (Yih®) is:

R_ . ooy o
T k. J(p Da) gh

P

a
where:
R = the radius of the cylindrical puff
t = time
K = a constant
P = the density of the puff
pa = the density of the ambient air
h = the height of the puff
g = the acceleration of gravity

Entrainment of air through the top and edge of the cloud
(Van Ulden*) is governed by:

dma d(pav)
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where:

V = volume of cloud ThRZ

m = the mass of entrained air
v, = the entrainment velocity
Q% = a3 constant for the edge entrainment




The addition of heat to the cloud is governed by an equation
of the form (Fryer and KaiserZ2):

4/3

2
4T IT Cpa ATa + o (TR") (ATg)
dt m c +m <

a pa g P8

where;

T = temperature of the puff

cpa = gpecific heat at constant pressure of air

ATa = Ta - T; i.e., ambient air temperature minus puff temperature
0 = a constant

ATg =T, - T; i.e., ground temperature minus puff temperature

cpg = the specific heat at constant pressure of the dense gas

m_ = mass of dense pgas,

Stage 3: Height Growth

The slumping phase terminates when the cloud begins to grow in
height because of entrainment of ambient air. During this stage,
entrainment at the top and heat transfer from underneath continue.
The cloud decreases in density and the height growth phase stops if
the vertical turbulent eddies penetrate the cloud substantially,
This is determined by the value of the Richardson number for the
cloud as described earlier. The maximum time in this stage can be
controlled in the model by limiting the Richardson number so that
it does not become smaller than a certain value. Another way of
terminating the model height gzrowth stage is by limiting the cloud
density to approach the ambient air density to within a small
finite difference.

Stage 4: Transition to a Passive Puff

When the Richardson number criterion is exceeded, the cloud
becomes a passive gas cloud whose behavior is modeled by a puff
dispersion code. At present, the puff dispersion’code assumes a
Gaussian model whose initial dimensions are specified from the
output of the dense gas code. Thus, the source cylinder is
transformed to the equivalent Gaussian shape and the dispersion
proceeds from that point by specifying dispersion coefficients
(Ox, Oy, Oz) calculated from atmospheric turbulence values. For
ease of application, the ?assive puff code assumes Briggs rural
dispersion curves (Briggs’/).
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The model calculates the southerly component of wind velocity
needed to '"push" the dense cloud up a slope typical of the 400-D
Area. This velocity can be calculated by equating gravitational
drainage forces to the drag force of the wind. The results show
that the southerly component varies from 1.6 to 1.9 m/sec, then
down to 1.1 to 2.2 m/sec as the puff evolves through Stages 2 and 3
mentioned earlier.

Tables 2 and 3 show the toxicity of HpS to humans. All sta-
bility categories result in lethal exposures of H38 at 100 m and
16 km downwind.

TABIE 2

Acute effects of hydrogen sulfide gas

Concentration (PPM) Time Effect

0,13 Sniff Odor detectable

10.0 8 hours Threshold Limit

60~-100 1 hour Mucous membrane irrvitation

200-300 1 hour Mucous membrane irritation (severe)
500-700 1/2 hour Coma

900 Minutes May be fatal

1000 Minutes Fatal

Courtesy of H. W. Gerarde, M, D., Ph.D., Medical Research Division,
Esso Research and Engineering Co.




el

TABLE 3

Hz8
PPM

50
100

100
150

150
200

250
350

350
450

a,_ - L v
Toxicity of hydrogen sulfide to humans
0-2 2-15 15-30 3060 1-4 4-8 B-48
Minutes Minutes Minutes Minutes ' Hours Hours Hours
Mild
conjunctivitis;
respiratory
tract irritation.
Coughing: Disturbed Throat Salivation and Increased  Hemorrhage
irritation of eyesa; respiration; irritation, mucous discharge; symptoms. and death.
logs of sense pain in eyes; sharp pain in
of smell. sleepiness. eyes: coughing.
Loss of sease Throat and Throat and eye Difficult Serious Hemorrhage
of smell eye irriation. irriation. breathing; irritaring and death.
blurred vision; effects.
light shy.
Teviation of aeyes; Irritstion of Painful Light shy; nasal Hemorrhage
loss of sense of ayes. secretion of catarrh; pain in and death.
smell. tears; weariness, eyes; difficult
breathing;
conjunctiviris.
Irriation of eyes; Difficult Increased Dizziness; Death.
loss of sense of respiration; irriation of weakness,
smull, coughing; eyes and nasal increased
irriation of trace; dull irriation;
eyes, pain in head; death.
weariness;
light shy.
Coughing; Respiratory Serious eye Severe pain in

500
600

600
700

Collapse and un-—
consciousness,

Collapse; un-
consciousness;
death.

disturbances;
irriation of
eyes; collapse.

Collapse; un—
consc jousness;
death,

Courtesy of U.5. Bureau of Mines.

Data secured from experiments on dogs which have

irriation;
light shy;
palpitation

of heart; a few
cases of deach.

eyes and head;
dizziness;
trembling of
extremities;
great weakness
and death,.

a susceptibility similar to humans.




The values shown in Table 4 are the ground level centerline
coucentration {ppm) as the center of the cloud passes by a point
10 km downwind. Estimates of HyS at 10 km vary from a few
hundred parts per million to 17 parts per million depending on
atmospheric stability,

TABLE 4

Maximum ground level centerline concentration at 10 km downwind due
to a puff of HyS in different stability conditions
A B & D E_F

—— —

17 18 19 25 184 443

WIND TUNNEL MODEL DESCRIPTION (Unignited Flare Tower Releases)

The release of unignited pressurized HsS in the vapor state
from an elevated stack or pipe (such as unignited gas issuing from
the flare tower) is modeled by results from a scaled release in a
wind tunnel. A series of tests performed at Colorado State
University (Hoot, et al®) have application to the HyS8 problem
in 400-D Area. These tests were designed to find the downwind
location of plume impact on the ground and the concentration of
negatively buoyant fluid at the point of touchdown., The wind
tunnel tests and similarity theory yield an equation to predict
the horizontal distances from the stack to the downwind point of -
plume touchdown.

F2

R a\3 ( hs)3 12 FRu
= D + 0,56 D }Y{— 2+ —} -1
d UO7V o o (Do) H ,/Fo—/;-

»
1

xy = the downwind distance to the point of touchdown

D = the stack diameter

=]
1]

the maximum plume rise above stack height

h = the stack height

- 16 -




FRH = a horizontal densimetric Froude number

‘i
|

_ Pa 1/2 _ v
RH v (p ~p 5gD - vor n
o A% o g' D

FR = vertical densimetric Froude number
1/2
F_ =7 Pa _ Uo
= (TR T S
S A\CEIREN Voo,

V = horizontal wind velocity

U = stack exit velocity

g' =glo, —e_ e,

Py = plume density at the stack exit
Py = ambient air density
g = acceleration of gravity

The coancentration at the point of touchdown is given as:

0 24 + hs -1.95
X= 3,10 5 5

VD0 o
where:
X = concentration, kg/m>
Q = source strength, kg/s

For tall stacks, where hg/H >> 1, the rise due to momentum
flux in the stack is insignificant. These equations predict that
as the amount of dense gas is increased, the distance to touchdown
decreases because of the greater mass of dense fluid. On the
other hand, for short stacks (hg/E << 1), the rise of the plume
due to momentum flux dominates; thus, the distance to touchdown
increases as the amount of dense gas increases hecause of the
dominance of the momentum of the plume.

- 17 -




RESULTS FOR DISPERSION FROM UNIGNITED FLARE TOWER RELEASE

Figures 7 and 8 show results from an unignited flare tower
for release rates from 0.001 kg/sec to 5 kg/sec through a 6-in.
diameter line. Figure 8 shows the distance from the release point
to the initial contact point with the ground. Figures 9 and 10 are
gsimilar except that the release is for a 20-in. diameter line.
Because of the dense gas, the larger release rates will result in
surface contact points at shorter distances with higher concentra-
tion. Figure 9 shows the HyS concentration at the contact point.
The results are calculated for horizontal wind speeds of 1.25,
2.50, 3.75, and 5.00 m/s. As expected, the higher wind speeds give
lesser concentrations at greater distances. The effect of ambient
temperature is insignificant over the range of 0°C to 40°C.

- 18 -
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FIGURE 1. Height growth of a dense gas cloud resulting from a 33-ton release of

liquid H9S in different atmospheric stability conditions.
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FIGURE 2. Radius growth of a dense gas cloud resulting from a 33-ton release of

liquid HS in different atmospheric stability conditions.
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FIGURE 3. Concentration of HyS versus distance downwind of the puff center for
a 33-ton release of liquid HjS.
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Height growth of a dense gas cloud resulting from a 33-ton release of
liquid Hy8 in different atmospheric stability conditions. Same as

Figure 1 except more detail of the plot is shown.
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FIGURE 5. Radius growth of a dense gas cloud resulting from a 33-ton release of
liquid HyS in different atmospheric stability conditions. Same as 3

Figure 2 except more detail of the plot is shown.
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FIGURE 6. Concentration of HyS versus distance downwind of the puff center for
a 33-ton release of liquid H9S. Same as Figure 3 except more detail
of the plot is shown.
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FIGURE 7. The distance from the release point to initial contact point with the
ground. The distance is calculated for four horizontal wind speeds for
a release from the 6-inch pipe.
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FIGURE 8. Surface H9S concentration from an unignited flare tower release. The
concentration at first contact with the ground is shown as a function
of four horizontal wind speeds.
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FIGURE 9. The distance from the release point to the initial contact point with
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for a release from the 20-inch pipe.
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