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Summary 

A depth-integrated quasi-three-dimensional numerical model (DENSBO) is used to 
calculate the transient behavior of heavy and cold gas clouds. Numerical calculations 
with such a model provide an opportunity to examine dense cloud characteristics ob- 
served in the field but difficult to reproduce or measure accurately. The numerical 
model reveals the characteristics of upwind motion of dense gases at the source, gravity 
waves induced on the cloud top by wind shear, and the variable hazard zones associated 
with gases released instantaneously, over a finite time and continuously. 

1 .O Introduction 

The use and transport of combustible hydrocarbon fuels having boiling 
points below ambient temperatures (liquified natural gas (LNG), ethane, 
propane or butane (LPG)) or similar storage and handling of toxic gases 
(ammonia, chlorine, sulfur dioxide, or hydrogen sulfide) invites questions 
concerning the consequences resulting from accidental release. Often such 
gases have molecular or temperature characteristics which result in negative- 
ly buoyant gas clouds which hug the ground and extend the hazard zone 
in time and space. This paper uses a depth-integrated numerical model 
(DENSBO) to illuminate the fluid physics of dense plumes during periods 
of gravity-spread/air-entrainment dominance. Mechanistic details for this 
model and verification runs are provided in a Part I companion paper [ 11. 

Systematic calculations with the physically realistic slab or primitive 
equations models provide an opportunity to examine transient plume 
characteristics often seen in the field but difficult to measure or reproduce. 
Morgan, Kansa, and Morris [2] used a similar depth-integrated model 
(SLAB) to do a parameter variation study of heavy gas dispersion. They 
reported the response of hypothetical releases as source rate, wind speed, 
atmospheric stability, type of gas and source duration varied. A sensitivity 
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study was performed to examine submodel choices for heat flux, surface 
drag, artifical diffusion, and entrainment model. They concluded that 
cold plume behavior is especially sensitive to surface heat transfer mech- 
anism and the level of plume turbulence assumed in the entrainment model. 
This paper will use the computationally fast DENS20 model to examine 
the following dense gas cloud characteristics: 
(a) Character of the upwind motion and breaking of the head wave, 
(b) Evidence for gravity waves on the cloud upper surface, 
(c) Source behavior during instantaneous, finite time, and continuous gas 

release, and 
(d) Shape of transient ignition zones. 

The following sections describe the formulation of the depth-averaged 
model, its credibility based on comparison with some field experiments, 
and numerical experiments to respond to the points raised above. 

2.0 A depth-averaged numerical model 

A wind-tunnel calibrated, depth-integrated numerical model was used 
to calculate the behavior of heavy and cold gas clouds released into the 
atmosphere at ground level. The model (DENSBO) is time dependent, quasi- 
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Fig. 1. Control volume for depth-averaged transport equations. 
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three-dimensional, and permits cloud heating from below and the entrain- 
ment of moist air. The model does not depend upon the Boussinesq assump- 
tion, but it does require the hydrostatic assumption. In Meroney [l] the 
model was verified by reproducing plume shape and concentration decay 
with distance and time for comparative cases from the Porton Downs [3], 
China Lake [ 41 and Colorado State University cold gas laboratory tests [ 51 
on dense gas behavior. 

The plume properties (height, width, density, velocities, enthalpy, and 
concentration) are treated explicitly in their dependence on the downwind 
direction and on time, but they are averaged over crosswind sections. A 
sketch of a typical cloud at some instant in time, as assumed by the DENS20 
model, is shown in Fig. 1. The model consists of six coupled, partial differ- 
ential equations which solve for plume width and section-averaged height, 
density, enthalpy, lateral and longitudinal velocities, and mass fraction. 
The equations were developed in a difference form using an implicit, second- 
upwind-difference, donor-cell approach. The difference equations are solved 
by sequential use of the Thomas algorithm. 

Formulae for the vertical and horizontal entrainment speeds, w, and ue, 
are based on perturbations of forms suggested by Eidsvik [6] and Ermak 
et al. [7]. Unspecified constants are determined by calibration of the model 
with laboratory data from Meroney and Lohmeyer [8] and Neff and 
Meroney [ 91. Expressions in the enthalpy conservation equation adjust for 
heat initially released when the cold plume entrains water vapor, but which 
is subsequently re-evaporated when the temperature of the plume exceeds 
ambient dew point. Surface heat transfer coefficients are predicted by an 
algorithm suggested by Leovy [lo] for mixed free and forced convection 
in the atmosphere. Alternative values for fully forced or fully free convec- 
tion can also be used. 

Readers interested in the details of model formulation are referred to 
Meroney [ 111 or Meroney and Lohmeyer [ 81. Other depth-averaged type 
models are described by Colenbrander [ 121, Zeman [13], and Morgan, 
Morris, and Ermak [ 21. 

3.0 Numerical prediction of dense cloud physics 

Versions of the depth-integrated model designed to run in two-dimen- 
sional, radially symmetric, or laterally symmetric coordinate systems were 
used as appropriate to illuminate the dense cloud physics. The following 
sections examine each point in order. 

3.1 Upwind motion and breaking of the head wave 
A two-dimensional version of the depth-integrated model was used to 

examine the effects of an opposing wind on the upwind cloud front. A two- 
dimensional square container of isothermal dense gas was released suddenly. 
Two cases are examined, one for specific gravity (SG), = 4.17 and one for 
(SG), = 1.2 while maintaining the same approach flow. 
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Figures 2 and 3 display the variation of the dense gas cloud height ratio, 
H/(H), and concentration, x, versus longitudinal location, X/(H), with 
time, t*. (All values are dimensionless with (HI) and (WI) equal to initial 
plume height and longitudinal extent, respectively, and dimensionless time, 
t* = tHo-“2 (gp. Concentration, x, is expressed in mole fraction.) The 
cloud initially surges upwind, deepens at the upwind front as a result of 
the opposing fluid field and then shifts downwind. At long time the height 
distribution becomes symmetric about the cloud center. More dilution takes 
place at the upwind edge of the cloud where the relative velocity of the 
wind about the cloud is greater. 
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Fig. 3. Concentration - Transient two-dimensional cloud growth, (SG), = 4.17, uR = 
2 cm/s, Ri, = 5500. 

Figures 4 and 5 display similar plots for the less dense cloud. In this 
case very little upwind movement occurs. The cloud moves only one cloud 
height upwind and then retreats downwind. The cloud attempts to send 
another gravity head upwind as the upwind gas retreats and piles up on 
itself under the influence of the shear flow, but this again fails, and finally 
the cloud moves downwind as a semicircular cloud. The concentration curves 
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suggest that, although larger relative velocities exist on the upwind side, 
there is relatively less surface over which to entrain. The greater cloud sur- 
face downwind presents an opportunity for more dilution even though it 
occurs at a smaller rate per unit area. Thus the concentration curves in Figs. 
3 and 5 slump in opposite directions. 

Two-dimensional Dense Cloud 

SG= I2 

2 .o HI = 5cm 

IE Wl= IOcm 

16 
“* =002m/r 

I.4 
= 2 4x lO‘~rn 

; 
I2 

1 
1.0 

0.6 

0.6 

0.4 

0.2 

0 
0 5 IO I5 20 25 

X/HI 

Fig. 4. Cloud height - Transient two-dimensional cloud growth, (SG), = 1.20, UR = 
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Fig. 5. Concentration - Transient two-dimensional cloud growth, (SG), = 1.20, UR = 
2 cm/s, Ri, = 347. 

3.2 Gravity waves on the upper cloud surface 
Plots of plume height, H/(HI), versus radial location, R/(RI), from a 

radially symmetric slab model calculation reveal an interesting cloud surface 
phenomenon. Figures 6 and 7 display progressive cloud profiles for calm 
and 0.2 m/s wind speed conditions. The depth-averaged equations produce 
the appearance of a gravity head at early times; however, an elevated cloud 
nose cannot be produced by a depth-averaged approach. Notice that the 
long-time cloud height is nearly constant with radius and time for low wind 
speeds. The cloud grows more rapidly for finite wind speed conditions, 
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Fig. 7. Cloud height, HI(HZ), versus radius, RI(RZ), Ri, = 20,000. 

because shear layer turbulence permits assymptotic lateral growth at a rate 
V, = u*, rather than Vg * l/R. 

Surface waves develop on the cloud top after about t* = 30. One’s first 
reaction might be that these waves are evidence of numerical instability; 
however, there is reason to believe the waves are actually a real phenomenon. 
Sketched on Fig. 8 are typical plots of local radial density, p, and the cloud 
height, H, at some time greater than t* = 30. Also displayed is the product 
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HZ, which is the depth-averaged hydrostatic pressure. The product term 
has a maximum, which means fluid to the left of the maximum will be 
accelerated toward cloud center, while fluid to the right of the center will 
be accelerated outward. The result is fluid moving toward cloud center as 
shown in the second sketch. As fluid piles up at the cloud center it produces 
local wave speed conditions which exceed the average fluid velocities, and 
a series of waves move outward. These waves grow in time as they induce 
additional pressure perturbations, high local velocities, and greater entrain- 
ment rates. The typical progressions of cloud shapes calculated are shown 
at the battom of Fig. 8. 
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Fig. 8. Schematic of growth of surface waves on dense clouds, 

Picknett [3] reported the presence of gravity waves during the Porton 
experiments. He notes: 

“Of special interest is the consistency in cloud height after the initial violent motion 
has subsided. . . . In this slow expansion phase the surface of the disc of cloud is some- 
times disturbed by regular undulations, 100-200 mm in amplitude, several meters in 
wavelength and traveling at perhaps 200 m s-‘, which may, perhaps, be gravity waves.” 

Picknett also commented on the “surprising” rate of cloud dilution after 
initial cloud collapse for such a low wind speed. He attributed this mixing 
to persistent cloud turbulence possibly aided by the gravity waves. 
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3.3 Surface behavior during instantaneous, finite time, and continuous gas 
release 

Puttock, Blackmore, and Colenbrander [14] suggest that only Test 8 of 
the China Lake Burro LNG Spill Series can be considered a “borderline” 
instantaneous gas cloud, while all other Burro tests behaved in a continuous 
or steady-state manner. Conditions for this case were selected to numerical- 
ly evaluate the implications of instantaneous, finite time, or continuous 
source conditions. Since the wind speeds which existed during Burro 8 were 
quite small (1.8 + 0.3 m/s and decreasing) and the boiloff times short (107 s), 
calculations were performed assuming that the entire cold gas volume was 
released instantaneously over the boiloff area (Fig. 9), and then the cal- 
culations were repeated with the boiloff spread over the observed release 
time (Fig. 10). Finally, a plume was simulated which boiled off the maxi- 
mum perceived LNG liquid-layer area continuously at an average rate equal 
to that occurring during the finite release scenario (Fig. 11). 

During the sudden release scenario the cloud almost immediately convects 
downwind, but during the finite time release the 5% isopleth is bound to 
the source until the end of the release time, whereas the 5% isopleth be- 
comes parabolic with an open end downwind during a continuous situation. 
The continuous release appears most hazardous in terms of downwind ad- 
vection of flammable gas; however, instantaneous release results in the 
widest plume isopleth. 
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3.4 Shape of transient ignition zones 
Meroney and Lohmeyer [15] studied the statistical characteristics of 

dense gas clouds released in an atmospheric-boundary-layer wind tunnel. 
They found that the maximum root-mean-square of the concentration fluc- 
tuations (standard deviatm could be related to the local mean concentra- -- 
tion by c’~/C,~ = 0.02/C,, where C, is the maximum volume or mole 
fraction concentration measured at a given location. This empirical expres- 
sion follows the functional form suggested by Chatwin [16], but the con- 
stant is chosen to bound 95% of the data taken by Meroney and Lohmeyer 
[8]. The constant should decrease with increasing plume Richardson num- 
ber, but the trend of the data was not clear. In addition the concentration, 
c may be considered distributed in a log-normal manner at low concen- 
tr%ons. Thus knowledge of the mean concentration, standard deviation, 
and probability distribution permits calculation of the ignition probability 
of gas, P. (P is the likelihood that a flammable gas mixture will exist at a 
given location during any instant of a dense gas spill.) 

TABLE 1 

Distances to lower flammability limit based on mean concentration or P = 0.05, for 
Burro trial no. 8 

Source c, = 0.05 P = 0.05 
condition 

XLFL trn) ta (s) XLFL (m) ta (s) 

Field data 340 200 - - 

Sudden release 330 130 657 280 
(DENSSO) 

Finite time release 280 180 650 330 
w, = 0.098 m/s 
tn = 107 s 
(DENSPO) 

Continuous release 280 180 653 355 
w, = 0.098 m/s 
(DENSBO) 

All numerical calculations with surface heat transfer by mixed convection and 7% relative 
humidity. 

Table 1 proposes hazardous zones for the three release cases discussed 
in the section above. Naturally the hazard zones are most extensive for 
situations where the mean concentration is advected the greater distances. 
These predictions of hazard zones are probably still conservative because 
of the conservative nature of the standard deviation algorithm used. The 
mean concentration tabulated by Koopman et al. [4] is for a lo-second 
sample average; whereas the computer program may be considered to 
produce an ensemble average. If the Burro 8 test were repeated many times 
it is 95% likely that flammable gases would not be present beyond 650 m. 

. 
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Of course it is also possible that the gas may be contained in a flammable 
pocket and not attached to the main flammable plume. 
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List of symbols 

B 
C 
c 
g’ 
WI) 
H 

UW 
h_l 
P 
R 
Re 
Ri, 

(SW 
t 
T 

4 u 
u* 
ve9 We 

V 

Vg 
(WI) 
X 
X,Y,Z 

20 

V 

P 
a 

Plume width 
Concentration fluctuation or wave speed 
Concentration mole fraction 
Gravitational constant 
Initial plume height 
Plume height 
Heavyside operator 
Buoyancy length scale 
Ignition probability 
Cloud radius 
Reynolds number, (g’oH)S H/v, 
Richardson number, (g’oHo)/u,2 
Specific gravity 
Time 
Time scale 
Velocity, velocity scale 
Friction velocity 
Entrainment velocities 
Plume volume 
Gravity spread velocity 
Initial plume width 
Mole fraction concentration 
Coordinates 
Surface roughness 
Kinematic viscosity 
Density 
Humidity 

Subscripts 

: 
Ambient air conditions, or arrival time 
Departure time 

m Maximum 
med Median 
0, i Initial value or ground level 
R Reference value 
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192 Lower and upper flammability limits 

Superscripts 
Ensemble average 

* Dimensionless value 
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