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ERRATA SHEET

Tables 8-15 and 8-16 are incorrect. Ignore, they will be
replaced in a subsequent errata.

Note in explanation: Runs 11 and 12 were initially performed
at incorrect flow rates. The tests were repeated and are
designated 11R and 12R.

Tables 8-9, 8-10, and 8-11 are incorrect. Ignore.
Note in explanation: Runs 6, 7 and 8 were initially performed

at incorrect wind speeds. The tests were repeated and are
designated 6R, 7R, and 8R.

Table 8-1 to 8-26. All 1/400 scale models utilize a z = 33 feet
: « o ref

whereas in Figures 2 of = 129 feet.

All 1/106 scale models utilize 2 of = 5.3 feet.

All 1/200 scale models utilize Bt ™ 25 feet.

Figures 23-1b. Eliminate.

Figures 25 to 36, Table 8, and Figures 23-1 to -4 and 24-1 to -2.
All CO2 data must be corrected to reflect fact that the number

of moles of natural gas released at the cold field conditions
exceed number of moles released during isothermal model tests.
Hence following formulae must be applied to both figures and
tables.

*n
X = =C x
Peorrected m © (= xm) Tboiloff

m
Tambient

(Typically C varies from 1.0 to 2.7 as X varies from 1.0

to 0.0)

K
K = . = C' K
pcorrected ambient
(Q eva}uated Tboiloff
to ambient or

STP conditions)

x_ + (1 - xm)

(Typically C' varies from 1.0 to 0.3 as X, varies from
0.0 to 0.3)



EXECUTIVE SUMMARY

Tests were conducted in the Meteorological Wind Tunnel and the
Industrial Wind Tunnel Facilities to evaluate the rate of dispersion
and extent of downwind hazards associated with the rupture of large
liquid natural gas cryogenic storage tanks. These tests were conducted
on two different dike storage areas, varying in scale from 1:400 to
1:200. In addition, approximate conditions under which the Capistrano
Test 044 (1/106 scale) occurred were simulated to provide a direct
validation of wind tunnel to field measurements. Two different
model release gases were used to simulate the behavior of the cold
methane plume. One was a gas of molecular weight 44 at 70°F and the
other was a gas of molecular weight 16 at -260°F. Concentration and
temperature measurements, and photographic records were obtained for
different wind speeds, wind directions and boiloff rates under both
neutral and stable density stratification. On the basis of the experi-
mental measurements reported herein, the following comments may be made:

1. The magnitudes and time variation of Case I Capistrano Test
044 concentrations substantially agree with the behavior of the field
measurements at most tested locations. The wind tunnel results follow
the mean dilution behavior of the LNG plume, but they do not exhibit
the large and intermittent concentration peaks at late times observed
in the field. This is attributed to the absence of plume meandering
and gustiness in the laboratory.

2. Bimodal plume distributions reported in earlier measurements
are once again observed in the ground concentration contours. Variation

of the peak concentrations found at a given distance are generally



slightly less than that suggested by equivalent Pasquill Diffusion
Category results.

3. Distances to the lower flammability limit (LFL) are slightly
greater for the Low Dike model than those observed for the High
Dike model under similar meteorological conditions. If the boiloff

rates for both models were the same the differences might be even

more pronounced.

4. Boiloff rates associated with concrete or insulated concrete
floors and walls in the High Dike considerably reduced the hazard

zone or distance to LFL.

5. Visualization of the transient boiloff phenomena suggest that
continuous releases should represent an upper bound to the transient
phenomenon. Unfortunately possible systematic errors between the gas
chromatograph and the aspirated hot-wire anemometer probe may preclude

any quantitative statement in certain cases.

6. Continuous releases made from 1/200 scale models of the High
Dike utilizing CO2 result in concentrations which agree well with
earlier Freon-Air release simulations. These measurements generally
exceed values taken behind the 1/400 models under equivalent situations
by a factor of two. This suggests a significant influence of the
tunnel side walls persists in the 1/200 scale models.

7. The dimensionless concentration coefficient xmaxﬁ¥efH2/Q is

a function of non-dimensional downwind distance x/H. Results for both

High and Low Dike, neutral and stable flows, and insulated versus

ii



conducting floor surfaces for the continuous releases studied
generally decay similar to Pasquill Diffusion Category C-D.

8. No consistent influence of the insulated versus the conducting
floor condition could be identified during continuous releases of
He-N2 model gas. The effects are thus judged to be small.

9. Visualization results suggest that heat transfer to an
uncooled dike model are excessive in the laboratory. No visible

plume @ccurs when He-N_, releases are made with plastic or room

2
temperature steel models.
10. Visualization of the influence of a ramp slope of 1/50
on a continuous boiloff rate from a model dike indicates slope of
this magnitude may cause significant plume asymmetries, large case to
case variabilities, and upwind movement of the cloud.
11. Upwind model tanks tend to introduce additional turbulence
which lessen the influence of slope and disperse gases more rapidly.
12. Plume liftoff experiments with line, area, and point sources

suggest that dimensionless distance to plume liftoff x/ib is a

function of a Froude number based on characteristic plume width, i.e.,
=3
p_ Uw
- R . and a buoyancy length scale, &, = gégg—.
gApQ b o US
a

2 b o
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LIST OF SYMBOLS

Dimensions are given in terms of mass (M), length (L), time (t),
moles (n), and temperature (t)

Symbol Definition
CH4 Methane
CO2 Carbon Dioxide
D Tank diameter [L]
d Dike diameter [L]
E Voltage
g Gravitational acceleration Lt_%
H Tank height [L]
h Dike height [L]
hC Convective heat transfer coefficient
He Helium
L Stability length parameter [L]
Qb Buoyancy length scale [L]
L.S. Length scale
M Molecular weight
m Mass boiloff rate I}dt'l]
N2 Nitrogen
n or c Moles Bwl}
n Exponent of velocity distribution

power law
Q Volumetric rate of gas flow [£3t-]]
q Quantity of heat [Lth-ﬁ
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1.0 INTRODUCTION

The objective of this study was to evaluate the rate of dispersion
and extent of downwind hazards associated with the rupture of large
liquid natural gas (LNG) cryogenic storage tanks. In particular the use
of diked storage areas to ameliorate the extent of potential damage was
examined. It is estimated that in the 1980 time period 0.04 trillion
cubic meterg per year of natural gas will be supplied in the form of
LNG. Thus safety at LNG facilities is of utmost importance to the gas
industry and the public. The hazards associated with LNG release are
fire and thermal radiation from such fires. If ignition does not occur
immediately during an accidental LNG release, the boiling LNG produces
vapors which are mixed with ambient air and transported downwind. This
cloud is potentially flammable until the atmosphere dilutes the gas
mixture below the lower flammable limit (LFL) (a local concentration for
methane below 5 percent by volume).

However the ultimate purpose of this study is to provide basic
information on the structure of vapor plumes resulting from LNG spills on
land for a realistic range of meteorological variables, source variables
and site features. Small scale models of the tank-dike complex were
placed in a meteorological wind tunnel capable of simulating the
appropriate meteorological conditions. Mean concentrations of LNG
vapor were determined by sampling concentrations of tracer gas released
from the LNG spill with CO2 or a cooled He-Nb gasmixture to simulate the
LNG vapor. Overall plume goemetry and behavior were obtained by

photographing smoke or water vapor condensed by the chilled gas.



1.1 REVIEW OF PREVIOUS SIMULATION EFFORT

Dispersion of the LNG vapor and the resulting concentrations are
affected by the following primary factors:

A. Meteorological variables--wind speed, wind direction,

thermal stratification, relative humidity, and temperature
of the land surfaces relative to temperature of the air.

B. Source characterjistics--geometry of tank-dike complex, and

source strength (boil-off rate).

C. Site features--topographical features and thermal properties

of soil.

During Phase I research (see Neff, et al., 1977) on the influence
of gas and site features on dispersion during an LNG spill, it was found
that ground level concentrations may remain at levels above the Lower
Flammability Limit (LFL) for distances in excess of 1,500 meters. These
tests included high and low tank-dike combinations, neutral and stably
stratified flow fields, and various continuous boiloff rates. On the
‘basis of experimental measurements reported in Neff, et al. (1977), the
following conclusions were drawn:

1) The dimensionless concentration coefficient xﬁHZ/Q is
a function of non-dimensional downwind distance x/H. This
function suggests an initial decay rate in the region x/H < 10
that is less than the decay rate in the region of x/H > 10,

and perhaps data should be evaluated in terms of a different
length scale related to buoyancy parameters.

2) The dimensionless concentration coefficient curves
asymptotically approach the slope of those given by the appropriate
Pasquill diffusion category for both neutral and stable flow.

3) Visualization of similar tests for the range of model
scales used (1:130 to 1:666) indicate a similar plume geometry.
Concentration results of the different model scales agree to
within the experimental accuracy of approximately + 20%.
Similarly identical tests also show good agreement.



4) The effect of the increased aerodynamic turbulence of
the High Dike over that of the Low Dike does not appear to
influence the far downwind dispersion pof methane gas for a
continuous release. (Note however that one expects the
boiloff rate of the Low Dike to be greater than that of the
High Dike)

5) Modeling of an adiabatic plume in a low humidity
atmosphere by the use of a Freon 12-N, simulation gas at 70 F
tends to give lower concentrations at the same sampling positions
than that of modeling unrestricted plume behavior with the use of
a He-N, simulation gas at -260 F. This difference was noted to
be as ﬁigh as 1:6.

A number of questions were left unresolved by the Part I study,
these include the effects caused by:
a) Initial heat transfer to the plume at the tank dike complex,
b) Heat transfer to the cold plume from the underlying surface,
¢) Influence of local terrain on plume shape and trajectory,
d) Variable boiloff rates versus continuous releases at a
constant rate, and

e) The influence of model scale compared to full scale spill

behavior.

1.2 MEASUREMENT PROGRAM

Part II measurements will examine the sensitivity of distance to
LFL for continuous and transient releases to features such as:
a) Initial heat transfer to the plume at the tank/dike complex,
b) Heat transfer to the cold plume from the underlying surface, and
c) Influence of local terrain on plume shape and trajectory.

The following sections discuss the details of each measurement phase.
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1.2.1 Heat Transfer Influence on LNG Plume Behavior

The influence of heat transfer on LNG plume dispersion can be
divided into three phases. First, the temperature (and hence S.G.)
of the plume at exit from the dike is dependent on the thermal diffu-
sivity of the tank-dike materials, the volume of the tank-dike structure,
the actual boiloff rate, and the details of dike geometry. A second
plume phase involves the heat transfer from the ground surface
beyond the dike to lower the plume density. A series of tests
were performed to bound the potential heat transfer to a LNG plume.
Since earlier measuremenfs indicate that background stratification is
a predictable characteristic in plume dispersion only a few stable
stratification conditions are considered. Thirdly, once the plume is
heated to a buoyant condition there is still some questions as to
whether 1ift off will occur. A separate series of tests were performed
to permit determination of an appropriate lift off parameter to charac-

terize plume 1ift off.

1.2.1.1 Tank/Dike Transient Heat Transfer Study

Several time scales are involved in this process--i.e., the time

C_ L
scale for heat conduction (t ~ p—IL—), the time scale for heat transfer

C_¥ K
to the LNG gases (t ~ %GF-J, and the time scale of the buoyant plume
Tc

(t o~ ﬁ). Matching these time scales simultaneously would require
analysis of the interior structure of an actual tank complex, specifi-
cation of special materials for model constriction, and model construc-
tion.

An evaluation of this problem suggests no tank model materials exist
which will satisfactorily model heat transfer time scales adequately.

Cases were considered to evaluate sensitivity of the transient plume



dispersal to tank/dike changes; however there is no guarantee these will
result in quantitatively similar results to a field case. Rather it is
expected a bounding influence of different conditions can be determined.
The influence of dike material on heat transfer was studied by visual-
ization of He-N, model gases. The appropriate runs are cases 35-42 in

2

the test matrix.

1.2.1.2 Controlled Surface Heat Flux Study

The trajectory of an LNG plume will be dependent upon the rate of
entrainment of water vapor andthe rate of heat transfer to the plume
from the ground surface or the unmixed ambient air. Large addition of

heat can result in a buoyant LNG gas plume early in its release history.

Some analysts have suggested this rate is sufficient to cause vertical
department of the flammable plume from the area.

Laboratory and field measurements made to date do not seem to
support a rising plume scenario. Nevertheless, it would be informative
to determine under what circumstances plume rise may occur. Runs 45-54
were performed to examine the influence of heat transer from soil surface

to LNG plume.

1.2.1.3 Plume Lift Off Experiment

Whether or not a buoyant plume or puff can lift itself off the
ground in the presence of turbulent diffusion and wind shear depends
on how the buoyancy-induced velocities compare with the turbulent
velocity fluctuations. A criteria suggested by Briggs (1973) for

lift off is

Lp - EH(80/0)

U*2
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Analytical considerations suggest a value of 2 + 2.5 for a critical
value. Unfortunately no measurements are available to confirm this
number. Briggs himself suggests a factor of + 4 accuracy in the number
he recommends. Order of magnitude calculations for typical LNG release
conditions suggest that even with large heat transfer to the plume the
conditions may be marginal for plume 1lift off for many meteorologically
typical situations. (A plume where S.G. = 0.975, a depth of 2 meters,
and in a wind field at 4m/sec would not necessarily rise!)

A program was included to evaluate the physics of this lift off
process. Buoyant gases under point, line, or area release configurations
at ground level were examined for lift off visually at various wind
speeds. Plume buoyancy was regulated by changing Helium volumetric
source strength, and visualization was affected by marking with TiCJL4

smoke trace.

1.2.2 Time Dependent Plume Behavior

Peak to mean concentration information and transient concentration
conditions represent an important facet in the evaluation of plume
flammability limits. Past plume measurements suggest peak/mean ratios
may vary between 2-10 depending upon the circumstances and location within
the plume. Because of the scale distortion of time, phenomena occur much

faster in the laboratory than in the atmospheric prototype. Time scale

U

in the laboratory varies as tm = tp EE' %%- , and the velocity scale is
P VL

determined by Froude number scaling, thus 0, = UP fg

ILm 1
Thus for iE-— 700
tm vy Lm v 1

tp  Lp 400 *“

1
20



Since fluctuations of 0.1 sec are significant in the atmosphere, a response
to 0.01 sec phenomena is at least required in the laboratory.

The use of different molecular weight gases suggest the use of thermal
conductivity type probes (TSI-1440) capable of response to 100 khz. These
probes are jointly responsive to temperature, plume concentration, and
humidity to the first order as

EZ o AT

™
where M is molecular weight and AT is temperature difference between
a sample and the sensor wire. Currently Colorado State University staff
are evaluating the characteristics of a conventional single film TSI-1440
as well as a two-film design specified by Colorado State University. The
two-film design has been utilized in an isothermal release situation to
examine probe characteristics and phenomena variations to bound the
behavior.

To validate the instrumentation an 80 foot field spill performed at
Capistrano as part of the AGA Phase II program has been simulated.
Capistrano test 044 from American Gas Association (1974) was simulated
at a 1 to 106 scale. Runs 9,10 and 23,24 include continuous and
variable boiloff releases for this case.

A systematic evaluation of the characteristics of boiloff near
typical High and Low Dike designs at two model scales encompasses
runs 1 to 8, 11 to 22, and 30 te 33 in the text matrix. These measure-
ments include two wind speeds, two boiloff ratios, two model scales,

and two stratification conditions in different combinations.



TEST MATRIX FOR QUANTITATIVE INSTRUMENTATION EXPERIMENTS

SIMULATED STRATIFICATION i SIMULATED BOILOFF RATE MODEL CONSTRUCT 10N SURFACE DESCRIPTION
MEASUREMENT | RUN | DIKE** ulm;s GLFFORD (0 ussc;:ir:on STEEL ALUM INUM
TECINIQUE | NO. | HIGH [ LOW | 7% 120" 16 |NEUTRAL CAT.G -115°C/100m |CONTINUOUS VARIABLE  IF VARIABLE) | PRECOOLED STEEL PLASTIC |(CONDUCTING) INSULATED
Co, TESTS CONCENTRATION
1 / ¢ / v’ 2400 v /
2 v v v 4 1400 ¢ ¢
3 / / / / 2400 / ¢
4 / v v / 1400 v v
5 ‘o v v 2400 7 v
6 / / / / 2400 / v/
7 v/ / / / 1400 / ¢
2 | ¢ / v 2400 / ‘
9  CAPISTRANO 044 v v/ / 202 4 /
10 CAPISTRANO 044 / v/ v/ 141 / /
1 7/ 1/200 7 / v/ 1400 / ¢
12 7 1/200 / / v 1400 v/ v
13 v ' ' i’ SoIL v 4
14 / I v / CONCRETE i/ /
15 v/ v/ / L INSUL .CONCRETE v/ L
g |1 7 / v v SOIL ‘ /
E 17 v / / Vv CONCRETE ¢ [
.@ 18 v / v .' INSUL .CONCRETE / v
% 19 v ' v SOIL / 7
-] 20 [4 / / / SOIL 4 v
= 21 ’ [ / / CONCRETE v/ /
22 ¢ 4 4 solL / 4
23 CAPISTRANO 044 V. v/ I ¥ CASE 1 / 7
24 CAPISTRANO 044 7 v CASE 11 / v/
CO, VISUALIZATION
25 ¢ i / / S0IL ¢ !
6 / / 4 / soIL [4 /
27 W / /. S01L / v
= 28 v v v/ / soIL F 4
| g HeN, VISUALTZATION
g 29 v / / / SOIL / /
= 30 / v ¢ / SOIL / !
§ 31 / / / v/ SOIL v v
32 / v/ / v SOIL v /
33 il 7 i/ SOIL v /
34 / / v L4 soIL v v
35 ‘o / / so1L / /
36 / v/ v v S01L (4 v/
HeN, CONCENTRATION
57 4 v / / 2400 v v
38 v v v / 2400 s ¥
E 39 /o / / 2400 v /
40 4 ¢ / / 2400 / 6
g 4 / / ’ / 2400 v v/
42 / / / / 2400 v/
3
3 43 A / v 2400 ¢ v
a4 / / Vv v 2400 v /
45 v 7 7 s 2400 v i
46 /oA / / 2400 / ¥
*DEFINED AT 10 METER HEIGHT
SDEFINED AT HEIGHT OF § FT
**1/400 SCALE UNLESS OTHERWISE STATED




1.2.3 Ramp Effects

Since the LNG plume is buoyancy dominated, surface slope can act to
either accelerate or decelerate a dense plume lying on that surface.
Earlier tests performed by Hall, et al. (1975), at Warren Springs Labs,
U.K., demonstrated that for some Froude number/slope combinations this may
be an effect of first order. Since the proposed Salton Sea site for a
field program has slopes up to 1/50, a series of flow visualization tests
were performed. To isolate the influence of slope, a series of simple
area source releases were studies as well as releases from the 1/400

High Dike model both alone and in the presence of dummy upward tank

structures,

This report is supplemented by a motion picture (in color) which
shows the plume behavior for different dike configurations and ramp
and dummy tank arrangements. Black and white plot sequences for the
ramp and dummy tank arrangements as well as the plume lift off results
have been provided R & DA.

Details of the model and test configurations are presented in
Section 2.0. In addition experimental equipment are described.

Section 3.0 discusses the results obtained and their significance.

1.3 MODELING CRITERIA

The increasing need to study environmental problems in areas of
complex boundary conditions has motivated serious efforts to simulate
atmospheric boundary layers in the laboratory. Successful simulation
permits both applied and fundamental studies of flows with complex
boundary conditions on a scope which would be prohibitive in the field

because large expenditures of time and money would be required.
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Modeling criteria has been discussed in detail in the report by
Neff, et al. (1977), "Wind Tunnel Study of the Negatively Buoyant
Plume Due to an LNG Spill'", Section 2.0. Additional consideration
during phase II has been given to the constraints imposed by simulation

of heat transfer characteristics of the plume dynamics.
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2.0 DATA ACQUISITION AND ANALYSIS

Measurements in wakes require considerable care, both in their
acquisition and in their interpretation. In this section the methods
used to make measurements and the techniques used in converting
directly measured quantities to meaningful physical quanties are
discussed. Attention is drawn to the limitations in the techniques
in an attempt to prevent misinterpretation or misunderstanding of the
results to be presented in the next section. Some of the methods

used are conventional and need little elaboration.

2.1 WIND TUNNEL FACILITIES

The majority of the experiments were performed in the Meteo-
rological Wind Tunnel (MWT) shown in Figure 1. This wind tunnel,
expecially designed to study atmospheric flow phenomena, incorporates
special features such as an adjustable ceiling, a rotating turntable,
temperature controlled boundary walls, and a long test section to
permit adequate reproduction of micrometeorological behavior. Mean
wind speeds of 0.2 to 130 ft/sec (0.14 to 90 mi/hr) in the MWT can
be obtained. Boundary-layer thickness up to four feet can be developed
"naturally'" over the downstream 20 feet of the MWT test section.

Thermal stratification in the MWT is provided by the heating and cooling
systems in the section passage and test section floor. The flexible
test section roof on the MWT is adjustable in height to permit the
longitudinal pressure gradient to be set at zero. A set of vortex
generators were installed two feet downwind of the entrance to give

the simulated boundary layer an initial impulse of growth. From six

to 40 ft a set of 12 roll-bond aluminum panels were placed on the tunnel

floor. These panels were connected to the facility refrigeration system
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and cooled to approximately 32°F. From 40 ft to the end of the test
section a permanently installed set of cooling panels were used to also
lower the aluminum floor temperature to a level of 32°F. The free
stream temperature was raised to a level near 115°F as prescribed by the
Bulk Richardson number. The facility is described in detail by Plate
and Cermak (1963).

Visualization experiments associated with the influences of ground
slope, the wake influence of additional upwind LNG storage tanks, and
the character of buoyant plume lift off were performed in the Industrial
Aerodynamics Wind Tunnel (IWT) shown in Figure 2. This wind tunnel
features an adjustable ceiling, a rotating turntable, and large uninter-

rupted expanses of glass side walls which facilitate photography.

2.2 MODEL CONFIGURATIONS

Capistrano Test 044 Model

Test 044 from the Capistrano Series supported by the American Gas
Association (1974) involved spills into an 80 ft diameter by 1.5 ft high
dike. This test was modeled utilizing a 1/106 scale circular plenum
with a porous punched plate upper surface. The plenum diameter was 9.0
inches, and the plenum was fed by a tube inserted beneath the model
through the oval tunnel floor.

Representative High and Low Dike Models

Two different LNG tank and dike facilities were modeled, one
entitled the Representative High Dike, the other the Representative Low
Dike. The drawings indicating full-scale dimensions were supplied by
R & D Associates and are presented as Figure 5. For both the High and
Low Dikes two different model scales were made--1:400 and 1:200. The

1:200 scale models were constructed from lucite and styrofoam. At the
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1:400 scale, two High Dike models were made, one of plastic and one of
steel. These two steel models were made in the form of liquid nitrogen
reservoirs so that a release gas of helium and nitrogen at -260°F would
not be preheated during flow within the model. Figure 6 shows a schem-
atic of the construction of these models.

Terrain and Dummy Tank Models

A false floor with a rising slope of 1 to 50 was constructed to
insert into the IWT. This floor shown in Figure 7 was inserted 30 feet
from the tunnel entrance and extended 24 ft downwind. The 1/400 Repre-
sentive High Dike Model and the 1/106 Capistrano Area Series were placed
on the sloping floor ~8.5 feet from its inception.

Dummy tanks were constructed from styrofoam at the 1/400 scale High
Dike dimensions. These were placed 2 to 3 dike diameters upwind of the
model High Dike to evaluate wake influence on the continuous LNG spill
conditions.

Line, Area and Point Source Models

Figure 8 reviews the dimensions and locations of representative
line, area and point sources installed in the IWT dummy plume 1lift off
visualization.

Reference velocity measurements were made at a one foot height.

Typical velocity profiles have a power law index n=.15.

2.3 FLOW VISUALIZATION TECHNIQUES

Smoke was used to define plume behavior over the LNG Facility. The
smoke was produced by passing the simulation gas mixture through a con-
tainer of titanium tetrachloride located outside the wind tunnel and
transported through the tunnel wall by means of a tygon tube terminating

at the dike inlet within the model. The plume was illuminated with arc-
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lamp beams. A visible record was obtained by means of pictures taken
with a Speed Graphic camera utilizing Polaroid film for immediate exam-
ination. Additional still pictures were obtained with a Hasselblad
camera. Stills were taken with camera speeds of approximately one
second. A series of color motion pictures were also taken with a Bolex
motion picture camera mounted on a movable dolly which was traversed

the length of the tunnel parallel to the plume trajectory at the average

wind speed. A film log of the scenes recorded on 16mm film is included

as Table 3.

2.4 WIND PROFILES AND TEMPERATURE MEASUREMENTS

A Datametrics Series 800-L Linear Flow Anemometer was utilized to
measure the upstream velocity profiles in both the neutrally and stably
stratified flow fields. This instrument is accurate to within two percent
of its reading. Measurements of temperature were made with a miniature
thermistor (Fennal glass coated bead) system constructed by Yellowsprings
Corp. (YSI Model 42 SC).

A1l the concentration and visualization experiments were carried
out over the range of conditions shown in Table 2. For the neutral flow
situation a velocity profile similar to that shown in Figure 9 was ob-

tained. This profile may be approximated by the relation

gLEl = G—JE—)O'IZ where z and U £ for the prototype conditions are
ref  “ref ref re

presented with the profile in Figure 9. For the stable flow situation
a velocity and temperature profile similar to that shown in Figure 10

was obtained. This velocity profile may be approximated by the relation

U(z) _ z 0.4
U = (Z ) .

The Bulk Richardson number for stable flow was 0.67.

ref ref



15

2.5 MEASUREMENT TECHNIQUE FOR CONTINUOUS BOILOFF SIMULATION

Two different simulation gases were premixed and stored in large
high pressure tanks. One was pure carbon dioxide, COj, which was
released at room temperature. The other was a mixture of 50% helium
and 50% nitrogen which was precooled in a liquid-nitrogen filled heat
exchanger and released at -260°F. These two gas mixtures had molecular
weights of 44 and 16 respectively. Depending upon the test being under-
taken, one of these gas mixtures was allowed to flow from the model,
simulating the exit flow rate and buoyancy effects due to the density
difference between LNG vapor and the ambient atmosphere. This gas was
metered by Fischer-Porter precision flow rators which were adjusted for
pressure, temperature, and molecular weight effects as necessary.
Figure 11 contains an outline of the two different gas release systems.

For all of the tests involving continuous release concentration
data the release gas flow rates were held at different constant values
selected from the time history of the full scale boiloff rate curves.
Magnitudes simulated are indicated in the Summary of Concentration

Tests, Table 4.

2.5.1 Gas Concentration Measurements

After the flow in the tunnel was stabilized, the appropriate
model gas was released from the model dikes at the required rate.
Samples of air were withdrawn from the sample points isokinetically and
analyzed. The flow rate of the model gas mixture was controlled by a
pressure regulator at the supply cylinder outlet and monitored by a
Fischer and Porter precision flow meter. The sampling and detection

systems are shown in Figure 11.
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Samples were analyzed by use of a Model 8500 Carle Gas Chromato-

graph with a thermal conductivity cell sensor.

The procedure for analyzing the samples was as follows:

1) 2 cc volumes of the source gas, tunnel background air, and
sample gases from within the plume were introduced into the
thermal conductivity cell of the Model 8500 Carle Gas
Chromatograph individually.

2) The output from the heated thermister was integrated for each
of these gases and the readings in volt-seconds were recorded.

3) The correction for background level was performed on the

sample gases. (volt-sec sample) (volt-sec sample) -

corrected
(volt-sec background)

4) The percentage of source gas remaining at each sample point

is expressed as percent methane.

(volt-sec sample) dx(lOO]

correcte
(volt-sec source)

% methane) =
5) The dimensionless concentration parameter (xﬁfesz/Qm was

calculated for each sampling point knowing that

x = (% methane) * 100

T = mean speed of wind at reference height

ref

L = reference length (either tank height H or reference height
zref)
subscript m = under model conditions
6) Since the dimensionless concentration parameters are equivalent
between model and prototype, one may calculate percent methane
at points in the field under any condition with an equivalent
Froude number, density ratio, and dimensionless source ratio

and similar approach velocity and Richardson number profiles.
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For example, say that a boiloff of 944.6 1bm/sec of methane
under a mean wind speed of 22 ft/sec over a tank height of

129 ft is of interest. Then for a point where

e gl
xu
( rgf ) 9?3&? = 9021 ft3/sec, and where

5= 1:0; Qp =

P gas @ -260°F = .10471bm/ft3.
CH,

: _ XU H? Q
%methane = 100 Xp X =HZ |P X 100

Q|m

_ 9021 -
= 1.0 x 52(129) x 100 25

2.5.2 Errors in Concentration Measurement

The reference state for the thermal conductivity detector is
established by a constant carrier gas flow. At this baseline level the
output from the detector was set at zero. When a sample passes through
the detector the output from the detector rises to a level proportional
to the amount of tracer gas flowing through the detector. Since the
chromatograph used features a temperature control there is very low
drift. The integrator circuit is designed for linear response over the
range considered. A total system error can be evaluated by considering
the standard deviation found for a set of measurements where a precali-
brated gas mixture is monitored. For an appropriate calibration gas
(helium or carbon dioxide) the average standard deviation from the
integrator was five percent.

Since the source gas was premixed to the appropriate molecular
weight and repetitive measurements were made of its source strength

the confidence in source strength concentration is similar. The flow
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rate of the source gas was monitored by Fischer-Porter Flowmeters which
are expected to be accurate to * two percent including calibration and
scale fraction error. The wind tunnel velocity was constant to + 20
percent at such low settings. Hence the cumulative confidence in the
measured values of xﬁHz/Q will be a standard deviation of about + 20
percent, whereas the worst cumulative scenario suggests an error of no
more than * 30 percent.

The lower limit of measurement is imposed by the instrument sensi-
tivity and the background concentrations of tracer gas in the air within
the wind tunnel. Background concentrations were measured and subtracted
from all measurements quoted herein; however, a lower limit of ~5-10 ppm
of the source gas is unavoidable as a result of background CO2 of He levels
plus previous model gas releases. An upper limit with the instrument used

does not exist; however, long chromatograph columns are necessary to

avoid overwhelming the detector when concentrations are very high.

2.6 MEASUREMENT TECHNIQUE FOR VARIABLE BOILOFF SIMULATION

To obtain an accurate prediction of the extent of hazard associated
with the vaporization of liquefied natural gas spill the model should
simulate the variable boiloff rate of the gaseous methane characteristic
to that of a given spill configuration. For the model simulations performed
in the present study R § D Associates provided the desired characteristic
boiloff rate curves for the models tested. These boiloff curves for the
prototype situation along with the actual model gas release rates
measured by a Datametrics Series 1000 Mass Flow Transducer are presented
in Figures 12-17. These gas flow rate curves with time were obtained
by the use of a programmed cam to close a micrometer needle valve

controlling the flow of simulation gas at a predetermined rate.
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Figure 18 shows a schematic of this valve arrangement and the location
of the mass flow transducer used to measure the resultant flow rate vs.

time.

2:6.1 Gaé Concentration Measurements

As a result of this time dependent release of simulation gas
(CO2 for all tests performed), concentration measurements at test
points downwind of the spill site must be taken on a real time basis.
It was necessary to have a high frequency response to concentration
so that peaks of methane concentrations above 5% (the lower flammability
limit of methane in 'air, LFL) would be detected. To satisfy these
requirements an aspirating dual film probe was designed for use with
this study.

The basic principles governing the behavior of such a probe have
been previously discussed by Blackshear and Fingerson (1962), Brown and
Rebollg (1972), and Kuretsky (1967). A diagram of the design of this
probe is presented in Figure 19.

A vacuum source sufficient to choke the flow through the small
orifice just downwind of the.sensing elements was applied. One film
was operated in a constant temperature mode at a temperature above
that of the ambient air temperature. This was accomplished by a
feedback amplifier which maintained a constant resistance through
adjustment of the heating current’. A change in output voltage from
this sensor circuit corresponds to a change in heat transfer between
the hot-wire and the samplingreﬁvironment.

The heat transfer rate from a hot tylindrical film to a gas
flowing over it depends upon the film diameter, the temperature

difference between the film and the gas, the thermal conductivity
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and viscosity of the gas, and the gas velocity. For a film in an
aspirated probe with a sonic throat, the gas velocity can be expressed
as a function of the ratio of the probe cross-sectional area at the
film position to the area at the throat, and the specific heat ratio
and velocity of sound in the gas. The latter two parameters, as
well as the thermal conductivity and viscosity of the gas mentioned
earlier, are determined by the gas composition and temperature. Hence,
for a fixed probe geometry and film temperature, the heat transfer rate,
or the related voltage drop across the film, is a function only of
the gas composition and temperature.

Figure 21 shows the measured variation of the voltage drop
with percentage of CO2 in a C02-air mixture, for a typical mixture
temperature and four different values of the film temperature. For
an overheat ratio of 1.23, the voltage drop varies essentially

linearly with the CO, concentration, so this particular overheat

2
ratio was used in the wind tunnel measurements.

The voltage drop of the hot film also depends upon the ambient
gas temperature. In the tests involving a stable (thermally
stratified) atmospheric boundary layer, the gas temperature varied
over several degrees, and this produced an additional voltage
variation which was essentially linear with temperature (Figure 20).
To compensate for this variation, the second film in the probe was
operated as a resistance thermometer by passing a very small constant
current through it. The resulting voltage drop varied linearly with
the gas temperature, as shown in Figure 20 and was independent of gas

composition. This voltage was electronically amplified by the proper

factor and subtracted from the voltage of the first film to give a
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signal which varied linearly with CO2 concentration and was independent
of temperature (within a few percent) over the temperature range of

the wind tunnel tests. Figure 22 presents a flow chart of the instru-
mentation used to process the signals and record the results. Eleven
different cases were considered with a variable boiloff. These were
summarized in Table 4. For each test the different locations where
instantaneous concentration vs. time plots were obtained are shown in

Figure 4. For each test position up to five replications were performed.

2.6.2 Errors in Concentration Measurement

Without temperature compensation and the flared fitting attached
to the front of the probe to reduce pressure fluctuations (Figure 19)
the noise and baseline drift detected were so severe concentration
measurements of 5% CO2 in air were barely detectable in a wind tunnel
environment. But with the addition of these two improvements the
noise level was reduced to 0.1% CO2 in air and the maximum baseline
drift was also about this value. Since the effective sampling area of
the probe is now greater than the area of the probe inlet and the sensor
is located 4 in. from the probe inlet the fine structure of concentration
variation may be partially erased. The limiting factor for the upper
frequency response of the actual concentration signal is that of the
travel time from the sensor to the sonic choke. At high frequencies
the correlation between concentration fluctuation and velocity fluctuations
(velocity fluctuations are a result of the changes of sonic velocity
with concentration) at the sensor begin to decline. With the probe used

an upper frequency response of 1000 Hz would be a fair estimate.



22

It is difficult to estimate the maximum possible error in these
measurements due to the involved relation between temperature and con-
centration responses of the sensor. Considering the errors involved
in thermal compensation and the accuracy of the concentration standard
used, one might estimate a maximum error of about 3.5% of the reading

for above 4% CO2 and +0.15% for readings less than 4% COZ'
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3.0 TEST PROGRAM RESULTS

The test program consisted of (1) a qualitative study of the flow
field around the different tank and dike facilities by visual observation
of the plume released from a model area; and (2) a quantitative study of
gas concentrations produced by the release of a tracer from the model
area. The test conditions are summarized in Table 4 and the test matrix
in Section 1.2. Both of these qualitative and quantitative studies were
performed with two different model simulation gases. One was Carbon
Dioxide at 70°F to model the characteristics of an adiabatic plume in a
low humidity atmosphere. The other was a Helium-Nitrogen gas mixture
at -260°F to model plume behavior without placing the above restrictions
on heat transfer rate and atmospheric conditions. For a more complete
description of simulation gas characteristics refer to Sections 2.5
and 2.6,

Downwind distances refer to lengths converted from model to
prototype as measured from the center of the respective model. Unless
otherwise noted, the term wind velocity refers to the velocity in the
approach stream at a reference height of 10 meters for the High and Low
Dike Tests and 5 feet for the Capistrano 044 tests. A velocity at any
reference height is available by referring to the appropriate velocity

profile (Figures 9-10).

3.1 CONTINUOUS BOILOFF RELEASE CASES

Turbulent diffusion of a simulated LNG plume for three different
LNG tank and dike complexes, two model gas mixtures, two atmospheric
stratifications, two scale ratios, and a number of wind speed and boil-
off rate combinations were studied in Runs 1-12 and 45-54. Mean

concentration measurements were obtained for as many as 23 different
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sample points distributed over a ground level zone up to 900 feet wide
and from 160 to 6500 feet long and in the vertical over a height of 0

to 200 feet. A representative layout of the grids used is shown in
Figure 3. One is referred to Table 8 and the locator table provided

for the specific location of each sampling point for the tests performed.

All concentration data has been placed into the forms of

X E-ref H2 : ;
K = —q and ¥ x 100 in Table 8. ¥ represents a normalized
concentration or dilution observed at a sample point, Q is a volumetric
boiloff rate, afef is the mean wind speed measured at Zef An explana-
tion of how these values are obtained and how to use them is given in
Section 2.5.1. The ranges of the various scaling parameters and test
conditions are summarized in Tables 1 and 2 for prototype and model,

respectively. For the specific test conditions for each test performed

one is referred to in Table 4.

3.1.1. Behavior of CO2 Model Gas Simulation

Continuous releases made from 1/200 scale models of the representative
high dike utilizing CO2 result in concentrations which agree well
with earlier Freon-12—N2 simulations performed by Neff, et al. (1976).
Dilutions measured during Run 11 of the present report at a boiloff
rate m = 250 1bm/sec fall between Runs 19 and 30 of the earlier report
where m = 420 1bm/sec and m = 160 lbm/sec, respectively. Similarly,
results from Run 11R of this report at m = 1400 lbm/sec fall between
measurements of Runs 9 and 19 where m = 2400 lbm/sec and m = 420 lbm/sec
respectively. These measurements generally exceed values taken behind

the 1/400 models under equivalent situations up to a factor of two.
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Since in the earlier study by Neff, et al. (1976) Run 1 therin at 1/200
scale and Run 101 at 1/500 scale displayed a similar trend the more
recent results suggest a continued significant influence of the tunnel
side walls persists for 1/200 scale models.

In order to obtain a comparable characteristic curve among sites of
different tests, the test conditions were grouped on the basis of model,
release gas flow rates, stability, and simulation gas. Figures 23-1 to
23-4 present CO, model gas results in terms of ﬁ}ef H2/Q vs. x/H. The
data do follow trends expected for dispersion in the atmosphere. Values
fall between or somewhat below Pasquill Diffusion Category C and D.

In Neff, et al. (1976) stable background stratification tended to
result in concentration decay rates which approached Pasquill Diffusion
Category F. In the present results, there is no significant difference
noticeable between the neutral and stable dispersion cases. Since one
might expect that a buoyant plume will generate its own entrainment rate
this seems reasonable. Perhaps the earlier differentiation noticed for

1/200 scale models is again a result of plume blockage.

3.1.2. Behavior of He-N2 Model Gas Simulation

Runs 45 to 54 concerned tests made to discern the effects of
surface heat transfer characteristics and stratification on He-N2
model gas releases from 1/400 scale models of the representative high

and low dike cases. Figures 23-5 and 23-6 present the He-N, model gas

2
results in terms of ¥ E;ef HZ/Q vs. x/H as before. The data follow
similar trends to the CO2 release situations. No significant differentia-

tion appears between high and low dike or neutral versus stable

stratification.
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No consistent influence of the insulated versus the conducting
floor conditions could be identified. The effects are thus judged to be

small.

3.2 VARIABLE BOILOFF RELEASE RESULTS

A comparison of model data (Case I) with Capistrano Field data is

presented in Figures 25 and 26. Curves of mean concentration decay,

with height for selected downwind sites of the Capistrano Cases,
Representative High Dike, and Representative Low Dike are presented

in Figures 27, 28 and 29, respectively. Selected curves of mean concen-
tration decay with distance for the Capistrano Cases and the Representa-
tive High Dike are presented in Figures 30 and 31, respectively.

Ground contour plots of peak concentration, obtained by visual
interpolation, for all tests except those with a dike surface of
insulated concrete are presented in Figures 32, 33 and 34. Observed
lower flammability limit (LFL = 5 percent) contours as a function of
time after the spill are presented for a Representative High Dike and

a Representative Low Dike in Figure 35. Figure 36 presents ground
contours of the hazard zone (zone in which a peak value of five percent
was observed) for the High and Low Dikes under the different conditions
tested. Table 6 presents the maximum distance to the lower flammability
limit for all the tests performed. Tables 7-1 to 7-11 summarize the
maximum peak concentration value observed in each test and the maximum

peak at different times observed in each test.

3.2.1. Comparison of Capistrano 044 Field Data with Model Test Data

The model Capistrano Case I test yield consistently higher concen-
trations than that of Case II test, which is to be expected since it describes

a higher boiloff rate. In a comparison of the mean behavior of these model
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tests to those of the Capistrano 044 Field test, the Case II model
results always yield lower concentrations than those observed in the
field. When a comparison is made betwgen model Case I and the field,
the time and magnitude of highest concentrations observed at most of

the test locations is in good agreement. Figures 25 and 26 display the
dilution time history of the model Case I and the field situation super-
imposed upon each other for the test positions (320', 0', 0') and

(640', 0', 0') respectively. The three differences observed between

the results are (1) the timing of the plume's arrival at the measurement
location is not exactly the same, (2) the concentrations in the plumes
leading edge for the model are lower than that observed in the field,
and (3) the model does not predict the large and intermittent concentra-
tions peaks at late times that were observed in the field. The first
two differences may be explained by considering that diffusion of air
across the perforated release plate into the cavity below occurs between
model tests. This would result in low concentrations of model gas within
the plenum being released at the start of each test. These lower concen-
trations would be entrained by the wind and swept downwind faster than
the main plume's bulk, thus giving the appearance of a faster travelling
plume with low concentrations at the leading edge. These arguments are
reinforced by noting that in the model the first major peak (the plume
actual leading edge) occurs at the same time as that observed in the
field. The third major difference, that of high peaks observed at late
times for the field case, may be do to gustiness and changes in wind
direction and speed that are present in the atmosphere but not present

in the wind tunnel.



28

The above inconsistencies between model and prototype may not be of
major importance for hazard evaluation since in the plume leading edge
where the highest concentration occurs the model and prototype agree
quite well. Similar agreement for model and prototype was observed for
test locations (320', 0', 10'), (320', -80', 0'), (640', -100', 0') but
for location (160', 0', 0') the agreement was poor. The field data
observed a maximum peak of 47 percent while the model data observed a
maximum peak of 17 percent. This inconsistency may be the result of
bad field data, improper modeling of the ground and release geometry,
or the large effective sampling area on the instantaneous concentration
sampling probe. If the plume thickness was significantly less than the
height of the effective sampling area of the probe the high concentrations

at the ground level may be under estimated.

3.2.2. Comparison of High and Low Dikes

The existence of a bimodal plume distribution as cited by Neff,
et al. (1976) for the High and Low Dikes is once again observed in the
ground contour plots of concentration for the Representative Low and
High Dikes (Figures 33 and 34). The characteristic-signature of this
bimodal distribution disappears with a low wind speed for the High Dike,
whereas it is still a very strong characterisiic with Low Dike at a low
wind speed. For the Low Dike, this bimodal distribution may be both a
function of the aerodynamic flow pattern around the tank and the
geometric layout of the square dike being placed at a 45° angle to the
wind direction. As a result of uneven spreading of the plume from the
Low Dike, the distances to the LFL (Table 6) are slightly greater than
those observed for the High Dike under similar meteorological conditions

and similar boiloff rates (Figures 13 and 16). By inspection of observed
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hazard zone contours (Figure 36) this effect may be of greater importance
than shown in Table 6 as the distance to LFL is still increasing at the
most lateral sample position tested for neutral flow. If the wind
direction at the Low Dike was at 0°, this effect of bimodal spreading
possibility would not be as pronounced, thus yielding a hazard zone
distance similar to that of the High Dike. The effects of the plume
release at a more elevated plane and the increased aerodynamic turbulence
of the High Dike do not appear to reduce its hazard zone over that of

the Low Dike. But it should be clarified that for the boiloff rates
considered, the volume of spilt LNG is much greater for the High Dike
than for the Low Dike. The modeling of boiloff rates for utilization of
concrete and insulated concrete floors and walls in the High Dike were

very effective in reducing the hazard zone--see Table 6.

3.3 VISUALIZATION RESULTS

Visual examination of gaseous plume outlines tagged with a smoke
tracer or moisture provide qualitative guidance concerning the signifi-
cance of different parameters. Plume behavior has been recorded photo-
graphically on black and white stills and 16 mm color film where
appropriate. Print copies and film records have been forwarded
separately to R & D Associates. Only those black and white views which
display a typical behavior pattern are included herein since report

reproduction methods 1limit the quality of half-tone copies.

3.3.1 Tank/Dike Heat Transfer Results

Film records of Runs 30 to 42 listed in Table 3 document the visual
behavior of transient boiloff releases of cooled He-N2 from High and Low

Dike LNG tanks. Releases from the precooled steel tank models produced
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dense plumes which rolled over the dike lips and moved downward with a
shallow, wide cross-section. There was no evidence of plume liftoff.
The appearance of the transient boiloff plume some moments after passing
a given downwind station looked very similar to the structure and size
of continuous release plumes of equivalent boiloff rate examined by
Neff, et al. (1976).

When a room-temperature steel model or a room-temperature plastic
model was utilized under the same release conditions as above, no

visible plume was obtained. Apparently the precooled He-N, warms

2
significantly inside the model/dike walls; since plume visualization
depends upon moisture condensation, no visible plume appeared. This
behavior confirms the earlier estimates that heat transfer time scales
during laboratory release will be significantly less than the equivalent
release and dispersion time scale. This effect is an apparently

unavoidable result of different governing physics and scaling laws

for dispersion versus conduction within the model.
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3.3.2 Ground Slope Effects

Table 11 summarizes the flow visualization tests. The picture
numbers refer to the flow visualization photographs submitted separately
to R § D Associates. Pictures 1 through 24 illustrate the effects of
ground plume geometry. Pictures 1A through 2Z4A present the same con-
ditions on a flat (zero slope) surface. All pictures presenting a
side-on view were taken first. The test runs were then repeated for the
overhead sequence. A comparison of the side-on and overhead pictures
taken under the same conditions indicates a lack of repeatability of the
basic shape of the plume (e.g., Pictures 3 and 4). Two caveats are
in order, however. First the lighting conditions (and shadows) make
the overhead pictures difficult to interpret; secondly, permanent light-
colored blotches, unrelated to the presence of LNG vapor, appear in both
sets of photographs.

The sloped section of the wind tunnel floor begins about 7 feet
upwind of the model and ends about 15 feet downwind. Thus, one would
expect that for a range of wind speeds enough vapor would accumulate
downstream (upslope) to overcome the wind pressures. The vapor should
then begin to travel upwind. Since this phenomenon is an unstable one,
it is not inconceivable that the transients associated with the start-
up process could influenee the final steady state condition. Also,
random perturbations could conceivable cause the vapor motion to switch
from an upwind to a downwind character.

In addition to the lack of repeatability, a marked asymmetry in
the vapor cloud was occasionally observed (e.g., Picture 8A, overhead).
This type of asymmetry is almost certainly caused by a non-planar

perturbation in the wind field, either associated with the vapor
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injection (a Coanda attachment perhaps) or irregularities in the ramp
construction. In either case, such asymmetries could probably be
removed in highly controlled experiments. Symmetric vapor clouds

are illustrated in Pictures 9A through 12A. A comparison of these
pictures, which were taken under flat terrain conditions, with
Pictures 9 through 12 (2 percent slope) indicates the effect of ground
slope, which for the higher boiloff rates resulted in upwind travel of
the vapor.

The location of the upwind boundary of a dense plume on a rising
slope is a result of the balance between gravity forces and the drag
forces imposed on the cloud eddy by the approach wind. Since for a
continuous release the total cloud excess weight continues to increase
it is not surprising that for significant boiloff rates upstream flow
eventually results. Thus the cloud behavior becomes a complicated
function of Froude number, Reynolds, and time. A short finite release
even at a large boiloff rate may not be expected to continue upwind
spread as its cross-sectional (or frontal area) increases since this
increases the drag by the approach wind.

Figure 37 displays the typical behavior of a dense plume emitted
from the 1/400 Representative High Dike Model at two prototype windspeeds.
In the upper photograph although plume reflection from the side walls
has occurred upwind motion is minimal. At the lower wind speed, however,
the dense plume develops its own reverse circulation and reverse wake
near the surface! Notice the circular wave produced by the dense spill
at the base of the tank. Figure 38 displays the equivalent conditions

as the previous figure but for a zero ground slope.
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3.3.3 Upwind Tank Influence

Pictures 25 through 36 from Table 11 show the effect of two
upstream obstacles on the shape of the vapor cloud. A comparison of,
for example, Pictures 21 through 24 with Pictures 25 through 28 seem to
suggest that the presence of obstacles tends to lessen the effects of
ground slope. In addition, they seem to discourage the formation of
asymmetrical vapor clouds. The presence of one upstream obstacle does
not appear to have as significant an influence on the vapor cloud as
does the presence of two obstacles.

The diluting influence of added wake turbulence is not unexpected.
Earlier investigators have suggested effective increases in plume
standard deviation weighted by obstacle size and upwind obstacle. One

expects increases proportional to

%bstacle = o x (1 + CAf(AX))
obstacles

where A = cross sectional area of obstacle
f(Ax) = decreasing function of separation distance

C = constant of order one.

3.3.4 Buoyant Plume Liftoff Behavior

Whether or not a buoyant plume or puff can 1lift itself off the
ground in the presence of a shear flow depends upon the buoyancy induced
forces compared with the velocity induced pressures on the buoyant gas
cloud. More than fifty-eight combinations of source configurations, and
velocity, and plume flow rate were considered to evaluate the behavior
of a buoyant gas versus a neutrally buoyant gas. Table 10 records the

estimated distance to plume 1ift off for these cases. Thirty-four
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cases of interest were recorded on black and white film. Typical 1lift
off behavior is displayed in Figure 39.

Since plume kinematics may be expected to be governed by buoyancy
and inertial forces these results have been sealed by the relevant

buoying length scale, %). Hence,

X . _ X
% o 8beQ

i3

DaU

versus 3
p UW

Fr = =
g24pQ

has been plotted in Figure 40. The data clearly show that for conditions
to the right of the solid line a buoyant plume may be expected to remain
near the ground surface; whereas for low windspeeds or high buoyant flow
rate situations 1lift off may occur for conditions to the left of the

line.
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Picture 20; U = 23 ft/sec, m = 2400 1bm/sec

Picture 16; U = 16 ft/sec, m = 2400 lbm/sec

Figure 37. High Dike on Sloping Ground Surface
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Picture 20A; U = 23 ft/sec, m = 2400 lbm/sec

Picture 16A; U = 23 ft/sec, m

2400 1bm/sec

Figure 38. High Dike on Flat (Zero Slope) Ground Surface



Figure 39a. Line Source in a Shear Layer: Q = 2.25 cfm, U = 0.75 ft/sec

Air



Figure 39b.

Line Source in a Shear Layer:

Helium

Q= 2.25 cfm, U = 0.75 ft/sec

S8
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TABLE 1

PROTOTYPE CONDITIONS

Full Scale
Characteristic High Dike Low Dike Capistrano]
Tank Diameter D (ft) 240 128 -
Height H (£ft) 129 121 s
Dike Diameter d (ft) 260 330 x 305 80
Height h (ft) 80 21 a
Boiloff m 1bm
Rates s ey 2680 2513 202
me cfm 1.54 x 106 1.44 x 106 1.6 x 10S
m_. 1bm 100.0 231.6 20.2
min —
s5ec
Q, cfm 5.59 x 10% 1.33 x 10° 1.6 x 10*
Velocity Uy mph 7+, 16 7, 16 128
AT /1000 ft 25 25 0
S.G. @ boiloff 1.4 1.4 1.4
CH
4
11‘..'.3/;)a 0.4 0.4 0.4
Re_ = 7 7 7 6
ey = UHd/v 1.55 x 107, 3.56 x 10 2.13 x 107, 4.89 x 10 8.40 x 10
U
Frd o=y 0.030, 0.16 0.022, 0.12 0.302
p
g——d
Pa
RiB = RJB 0.67 0.67 0
P m
Times sec 1, 200, 1000 1, 200, 1000 1, 200, 1000

[+]
Ty = 201°R, o

* at 10 meters
A at 5 feet

= 26.5 lbm/£t>, oy

= 0.1047 1bm/f£t>, v
B

.68 x 107% £t%/sec



TABLE 2

MODEL CONDITIONS

Full-Scale 1/200 Model

Full-Scale 1/400 Model

Capistrano 1/106

Characteristic High Dike Low Dike High Dike Low Dike
Tank Diameter D (in) 14.4 7.68 Tal 3.84 =
Height H (in) 7.74 7.26 3.87 3.63 .
Dike Diameter d (in) 15.6 19.8 x 18.3 7.8 9.9 x 9.15 9.1
Height h (in) 4.8 1.26 2.4 .63 5
Fr, = Fx, 0.03, 0.16 0.022, 0.12 0.03, 0.16 0.022, 0.12 0.302
m
.G @ boiloff 1.4 1.4 1.4 1.4 1.4
CH
4
= 2R
(8o/0), = GO 0.4 0.4 0.4 0.4 0.4
a -~
Uy ft/sec 0.7, 1.6 0.7, 1.6 0.5, 1.2 o . 17
5494, 12535 7563, 17260 1935, 4643 2664, 6233 7637
Re = U . d/v
Dm = H
(T 1am) - .140)g
Ri, = : . 0 0 0.67 0.67 0
B T(U,-U )2
H " .14H
AT °F/ft 0 0 9 9 0
Boiloff ™
5 X ; ) 1.0
Orpas Qe cfm 2.72 2.55 0.48 0.45
Qin cfm 0.10 0.24 0.018 .042 0.1
Time® sec 0.07, 14.1 0.07, 14.1 0.05, 10, 50 0.05, 10, 50 0.1, 19.4, 97.1
70.7 70.7
1 A m, 2 i 1 %2
* = = —_— = —_— =
Uy = (T57)° Uyp AT, = AT ) (—RHT) AT, [(L.S ] L.S. = AT
P
Uu_ L u L
_ 1 1.4 = m o m, 2 1%, 1.2 1 2.5
o, = GB) = (L.s.)? S L = 2 Y= % 6297 = Q. )
tn Uay Ly L.S. L.S. P % qup L % TE L.S. Q, 5

68
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TABLE 3
FILM LOG FOR FLOW VISUALIZATION
Reel No. 1 - 2% Upwind Grade Tests Filmed in the Industrial Aerodynamics

Wind Tunnel. Model Gas of CO, @ 22°¢.

SIMULATED SIMULATED
WIND SPEED BOILOFF RATE

RUN # SOURCE DESCRIPTION (£ps) (1b,/sec)

1 Area Source 23 160

(Capistrano 044
1/106 Scale Model)

2 L 23 420

3 n 23 1200

4 " 23 2400

5 g 16 160

6 i 16 420

7 1 16 1200

8 W 16 2400

9 " 30 160

10 " 30 420

11 t 30 1200

12 " 30 2400

13 High Dike 16 160

(1/400 Scale Model)

14 i 16 420

15 i 16 1200

16 L 16 2400

17 " 23 460

18 n 23 420

19 f 23 1200
20 L 23 2400

21 " 30 160
22 i 30 420
23 by 30 1200

24 " 30 2400
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TABLE 3 (continued)
FILM LOG FOR FLOW VISUALIZATION
Reel No. 1 (continued) - 2% Upwind Grade Tests Filmed in the Industrial

)
Aerodynamics Wind Tunnel. Model Gas of CO, @ 22°C.

2
SIMULATED SIMULATED
WIND SPEED BOILOFF RATE
RUN # SOURCE DESCRIPTION Eeps) (1b,/sec)
25 High Dike 30 160
(1/400 Scale Model
with 2 Upstream
Obstacles)
26 o 30 420
27 " 30 1200
28 " 30 2400
29 " 23 160
30 " 23 420
31 LA 23 1200
32 " 23 2400
33 " 16 160
34 u 16 420
35 " 16 1200
36 L 16 2400
37 High Dike 16 160
(1/400 Scale Model
with 1 Upstream
Obstacle)
38 " 16 420
39 " 16 1200
40 " 16 2400
41 " 23 160
42 2 23 420
43 I 23 1200
44 u 23 2400
45 " 30 160
46 u 30 420
47 u 30 1200

48 ki 30 1400
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TABLE 3 (continued)
FILM LOG FOR FLOW VISUALIZATION

Reel No. 2 - Flat Grade Tests Filmed in the Industrial Aerodynamics
Wind Tunnel. Model Gas of CO, @ 22" e,

SIMULATED SIMULATED
WIND SPEED BOILOFF RATE
RUN #  SOURCE DESCRIPTION (£ps) (1b,/sec)
1-A Area Source 16 160
(Capistrano 044
1/106 Scale Model)
2-A k. 16 420
3-A u 16 1200
4-A L 16 2400
5-A t 23 160
6-A L 23 420
7-A b 23 1200
8-A L 25 2400
9-A L) 30 160
10-A i 30 420
11-A " 30 1200
12-A L 30 2400
13-A High Dike 30 160
(1/400 Scale Model)

14-A 1 30 420
15-A " 30 1200
16-A " 30 2400
17-A " 23 160
18-A L) 23 420
19-A 1 23 1200
20-A u 23 2400
21-A LY 16 160
22-A " 16 420
23-A " 16 1200

24-A H 16 2400



93

TABLE 3 (continued)
FILM LOG FOR FLOW VISUALIZATION

Reel No. 3 - Variable Boiloff Tests Filmed in the Meteorological Wind

Tunnel.
SIMULATED SIMULATED
SIMULATION BOILOFF CHARAC- WIND SPEED
RUN # SOURCE DESCRIPTION GAS TERISTIC OF: (fps)
1v High Dike (1:200)  CO, @ 22°c.  Soil 10
1VA 1 " Concrete 10
2V H Y Soil 16
3v " 1 Soil 23
4V Low Dike (1:200) " Soil 10
4VA " M Concrete 10
5V il " Soil 16
(% T 1 Soil 23
7V High Dike (1:400) 1 Soil 10
8V i " Soil 23
9V Low Dike (1:400) U Soil 10
10V b i Soil 23
11V High Dike (1:400) 50% He - Soil 10
50% N2 @
-160°C
12V L b Soil 23
13V Low Dike (1:400) L Soil 10

14V " n Soil 23



SUMMARY OF CONCENTRATION TESTS
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TABLE 4

:gv MODEL WIND SPEED STRATIFICATION BOILOFF RATE SURFACES
(mph) (1bm/sec) MODEL FLOOR
1 High 1:400 7o Neutral 2400 Steel Aluminum
2 High 1:400 Neutral 1400 Steel Aluminum
3 High 1:400 16* Neutral 2400 Steel Aluminum
4 High 1:400 16 Neutral 1400 Steel Aluminum
5 Low 1:400 7 Neutral 2400 Steel Aluminum
6R  High 1:400 7 Stable 2400 Steel Aluminum
7R High 1:400 7 Stable 1400 Steel Aluminum
BR Low 1:400 7 Stable 2400 Steel Aluminum
9  Capistrano 12 Neutral 202 Steel Aluminum
10 Capistrano 12 Neutral 141 Steel Aluminum
11R  High 1:200 7 Neutral 1400 Steel Aluminum
45 High 1:400 7 Neutral 2400 Cold Steel Aluminum
46 High 1:400 16 Neutral 2400 Cold Steel Aluminum
47 Low 1:400 7 Neutral 2400 Cold Steel Aluminum
48 Low 1:400 16 Neutral 2400 Cold Steel Aluminum
49 High 1:400 7 Neutral 2400 Cold Steel Styrofoam
50 High 1:400 16 Neutral 2400 Cold Steel Styrofoam
51 Low 1:400 7 Neutral 2400 Cold Steel Styrofoam
52 Low 1:400 16 Neutral 2400 Cold Steel Styrofoam
53 High 1:400 7 Stable 2400 Cold Steel Aluminum
54 Low 1:400 7 Stable 2400 Steel Aluminum
13 High 1:400 7 Neutral soi1’ Steel Aluminum
14 High 1:400 T Neutral Concrete Steel Aluminum
I8 High 1:400 7 Neutral In::i:gad Con- Steel o _—
16 High 1:400 16 Neutral Soil Steel Aluminum
17 High 1:400 16 Neutral Concrete Steel Aluminum
18 High 1:400 16 Neutral Insulated Con- Steel Alusdniis
crete
19 Low 1:400 7 Neutral Soil Steel Aluminum
20 High 1:400 7 Stable Soil Steel Aluminum
22 Low 1:400 7 Stable Soil Steel Aluminum
23 Capistrano 12 Neutral Case I Steel Aluminum
24 Capistrano 12 Neutral Case II Steel Aluminum

* at 10 meters
A at 5 feet
t refer to Variable Boiloff Curves, Figures



TABLE 5a

APPROXIMATE DISTANCE (FT) DOWNWIND TO THE LFL 5
(Obtain by Simulation Gas Pure CO2 of M.W. 44 @ 70°F)

Surface Conti- STRATIFICATION
Wind Description nuous
Direc- [ATumi- | Insu- | Boiloff Neutral Stable Cat. G. X
Model tion num lated (1bm/sec) I0 ft/sec 16 ft/sec 23 Tt/sec 10 ft/sec 16 ft/sec 23 ft/sec H
-
High Dike 0 X 2400 730 5.6
1/400 Scale Model X 1400 400 3.00
Steel Construction X 2400 450 3.50
X 1400 = "
X 2400 1500 11.50
X 1400 1080 8.50
Low Dike 0 X 2400 1730 14.50
1/400 Scale Model X 2400 1500 12.50
Steel Construction
Capistrano 044 0 X 202 420
X 141 300
High Dike 0 X 1400 2370 18.2
1/200 Scale Model X 1400
Styrofoam Construction
* H = Height of tank L.D. = 121 ft.
H.D. = 129 ft.

S6



TABLE 5b

APPROXIMATE DISTANCE (FT) DOWNWIND TO THE LFL

(Obtain by Simulation Gas He-N

of M.W. 16 @ -260°F)

2
Surface Conti- STRATIFICATION
Wind Description nuous
Direc- | Alumi- | Insu- Boiloff Neutral Stable Cat. G X
|Model tion num lated (1bm/sec) 10 ft/sec | 16 ft/sec | 23 ft/sec 10 ft/sec 16 ft/sec 23 ft/sec | H*
High Dike 0 X 2400 900 7.00
1/400 Scale Model X 2400 1200 9.90
Steel Construction X 2400 587 4.50
X 2400 1210 9.50
X 2400 ~ -
Low Dike 0 X 2400 1590 13.25
1/400 Scale Model X 2400 1130 9.50
Steel Construction X 2400 1710 14.25
X 2400 1700 14.00
X 2400 963 8.00
* H = height of tank L.D. = 121 ft.

H.D.

129 ft.

96
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TABLE 6

APPROXIMATE DISTANCES (FT) DOWNWIND TO THE LFL
FOR A VARIABLE RELEASE OF CO2

MODEL NEUTRAL STABLE
7 mph 12 mph 16 mph 7 mph
High Soil ~850 ~700 ~800
High Concrete ~300 ' <300
High Insulated Concrete <300 <300
Low Soil 1000 1000
Capistrano Case I 700
Capistrano Case II 400




TABLE 7-1
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF
Low Soil - 1:400

Wind Speed - 7 mph
Stratification - Neutral

Position (ft) Max imum Maximum Peak Occurs at Time (sec)

X Y z Peak 71 106 141 177 212 283 354 424 495 566 636 707 849 1061 1314
450 -300 O 15.5 9.2 15.5 14.5 12.6 10.7 7.8 6.8 6.3 5.8 5.8 5.1 1.8 0 0 0
450 -150 0 11.1 2.9 6.8 11.1  10.4 7.0 5.3 2.1 2.3 1.3 2.4 2.5 2.4 0 [ 0
450 0 (1] l'4.4 2.2 2.9 3.4 3.2 4.4 2.5 -4 - | .9 1.2 1.2 1.0 0 0 1]
450 150 0 1.1 107 111 10.7 8.6 7.6 5.8 4.8 4.6 2.9 2.9 4.4 3.9 2.5 .4 0
450 300 O 15.2 6.8 15.2 14.0 11.1 8.7 6.3 5.8 5.3 4.8 4.6 4.9 3.9 3.6 0 o
1000 -400 O 5.1 0 0 1.2 4.6 5.1 3.9 3.3 2.7 2.2 1.9 1.7 1.7 1.9 .5 0
1000 -200 o© 2.6 0 .6 2.1 2.6 1.8 1.3 .8 1.0 o5 .9 1) 1:2 0 0 0
1000 1] [ 4.0 (1] 1.5 2.9 3.6 4.0 2.5 2.1 1.9 1.3 .9 1.0 1.6 0 0 o
1000 0 33 .8 ¢ .3 2 8 8 5 .5 6 3 3 .3 2 0 0 o
1000 0 66 1.0 0 -2 i2 1.0 .8 iz K .3 .6 .4 L 3 0 (i o
1002 200 U] 3.8 0 1.3 2.7 2.5 3.8 2.4 1.7 1.6 1.4 1.6 ) o 1.3 0 ] 0
lo0g 400 0 4.9 0 0 4.0 4.7 4.9 4.1 2.9 2.8 2.7 2.3 2.2 2.0 1.8 g 0
2000 o o 1.2 0 0 0 0 .2 1.0 1.1 1.2 1.1 1.0 .9 .7 .5 5
3500 o o 1.0 0 0 0 0 0 0 4 .8 1.0 1.0 1.0 1.0 o7 5
3500 0 33 .8 0 0 0 1 A .3 6 .8 7 7 6 6 4 4
3500 0 66 .7 0 0 0 0 0 0 4 .7 .5 4 .4 4 .4 3
5000 o 0 .6 0 [ 0 0 0 0 1 2 2 4 5 3 4 2
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TABLE 7-2
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF
Low Soil - 1:400

Wind Speed - 7 mph
Stratification - Stable

Position (ft) Maximum Maximum Peak Occurs at Time (sec)
X Y i Peak 71 106 141 177 212 283 354 424 495 566 636 707 849 1061 1414
450 -300 0 19.6 13.6 19.6 1.6 15.0 12.5 7.9 6.1 5.4 57 4.6 4.5 4.6 1.3 4] 0
4590 -150 0 13.9 10.7 12.9 13.9 13.2 11.8 8.9 9.3 8.9 8.6 8.4 8.6 8.6 5.4 1.8
450 0 0 3.6 | 1%} 1.8 3.0 3.6 2.7 2.3 3.2 2.3 2.3 2.7 2.5 2.9 3.2 3.0 2
450 150 0 _ 8.9 5.0 8.2 8.9 7.9 6.4 5.7 5.0 5.4 5.7 5.0 5.0 5.0 2.9 .4 0
<50 300 0 16.9 3.6 16.8 16.9 15.4 10.7 7.1 547 5.0 4.3 3:9 3.6 3.6 1.1 0 0
450 450 0 13.2 0 Tl 15.2 10 7.9 5.0 3.9 2.9 1.8 1.6 1.4 I.1 0 0 0
1600 -200 0 - 3.2 0 .4 2.3 3.6 4.2 3.4 2.7 1.4 1.1 .6 o 5 o 0 0
1000 0 0 5.0 0 0 1.2 3.9 4.8 5.0 3.2 2.9 3.2 2.2 2:1 2:1 1.8 0 0
. 1000 0 33 2.5 .5 .3 1.6 2.5 2.3 1.2 1.6 1.7 1.3 o7 1.1 1.4 .5 .5
1000 0 66 1.9 .5 .5 o .9 .9 1.0 1.1 1.2 1.3 1.3 1.4 1.5 1.6 1.9 0
1000 200 0 3.6 0 0 1.8 3.6 2.9 2.5 1.3 o7 .9 .9 .9 6 7 .S 0
2000 0 0 2.3 1 1 1 2 3 1.1 2.1 2.1 2.0 2.0 1.8 1.6 1-2 9
3500 0 0 1.0 0 0 (1] 0 0 0 e .4 .9 .9 9 9 wd .3

66




TABLE 7-3
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF
High Soil - 1:400

Wind Speed - 7 mph
Stratification - Neutral

Fosition (ft) Max imum Maximum Peak Occurs at Time (sec)

X Y Z Peak 71 106 141 177 212 283 354 424 495 566 636 707 849 1061 1414
450 -450 0 8.3 0 8.0 B.3 i 6.3 5.2 4.4 3.6 3.1 3.5 3.5 2.5 0 0 0
450 -300 ] 11.5 6. 11.5 10.8 7.8 7.5 6.2 5.3 4.8 4.4 3.8 3.4 2.8 0 0 0
450 0 0 11.5 11.5 11.0 6.1 4.7 1.0 1.1 I 1.7 Z.2 L& ) 0 0 0
1000 -200 0 3.1 0 0 2.9 3.0 3.1 2.5 1.9 1.5 1.5 1.2 1l 8 6 . ]
1000 0 0 3.7 0 0 5 3.0 3.7 z.5 1.7 1.4 1.0 8 6 8 6 .8 o
1000 0 33 2.4 0 3 2.4 1.2 1.3 1.8 1.0 7 8 5 3 6 4 -3 0
1000 0 66 .6 5 4 6 2 .6 1 4 4 1 1 2 3 2 0
1000 200 0 4.1 0 0 2.8 4.1 3.7 2.8 1.8 T 7 3 5 3 2 .2 Q0
2000 0 0 .B 0 1 1 4 7 .8 6 6 5 3 2 o2 1
3500 (1] 0 .4 0 0 0 1 1 3 -4 4 3 3 2 2 1 0 0
3500 0 33 «5 1 1 0 0 2 .4 5 5 4 3 5 .2 1
3500 0 66 .5 0 0 1 0 1 1 4 3 2 3 2 2 1 .1 0
5000 0 0 ok 0 0 0 0 0 0 0 1 2 2 2 2 1 JE 0

00T



TABLE 7-4

PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF

High Soil
Wind Speed

- 1:400
- 7 mph
Stratification - Stable

Position (ft) Maximum Maximum Peak Occurs at Time (sec)

X Y Z Peak 106 141 177 212 354 424 495 566 636 707 849 1061 1414
450 0 0 10.3 10.3 4. 3. 5. 3 5. 5.2 5.4 7.3 6 7. 7. 7. 0
450 150 0 11.8 11.8 11. 10. 9. 2 8 8.2 8.6 9.5 9 10. ¥hs: 8. T
450 300 0 15.4 14.3 15. 12, 10. 9 5. 3.9 3.9 3.2 2 2. 0 0
450 450 0 10.0 7.5 8. 10. 7. .6 1 5 4 .4 0 0 0 0 0
1000  -200 0 3.0 .4 1 2. 3. .1 1 0 0 0 0 0 0 0 a
1000 0 0 2.7 +D 2. 2 ] 4.5 .9 9 1 0 0 0 0
1000 0 33 1.1 .5 -5 5 .5 7 1. 0 0
1000 200 0 2.9 .9 25 2x % 7 2. 2.0 1.8 1.2 1 Es i 1 0 0
2000 0 0 1.4 0 0 0 .4 1 1.4 1.4 1.0 0

10T



PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF

High Soil

Wind Speed

TABLE 7-5

- 1:400

- 16 mph @ 10 meters
Stratification - Neutral

Position (ft) Maximm Maximum Peak Occurs at Time (sec) '

b § z Peak 71 106 141 177 212 283 354 423, 495 566 636 707 849 1061 1414
450 -300 o 11.1 0- 0 2.9 7.7 1.1 9.3 7.8 6.8 4.8 3.3 2.9 2.7 2.5 .8 .6
450 -150 0 11.1 o 1.0 4.8 11.1 9.7 8.1 6.8 5.2 4.7 4.5 2.9 2.5 2.3 2.7 1.4
450 0 0 6.4 3.9 3.9 3.9 3.5 6.4 1.4 1.4 1.4 1.0 3.5 1.2 1.0 -8 .1 0
430 150 ] 12.4 o 0 3.9 12.4 11.0 6.8 5.2 4.3 3.9 3.3 2.3 1.9 1.4 1.4 .8
450 300 o 12.4 [} 0 4.8 9.1 12.4 7.8 5.8 5.4 4.8 3.5 2.7 2.1 .97 4 -4
450 450 0 10.9 o o /] 6.8 10.9 10.9 9.7 6.8 4.8 3.7 1.4 [ 0 0 0
150 600 o 2.1 0 0 0 0 [} = 2.1 .5 0 0 o ] o 0 [\]
10 -200 o 2.1 o 1.6 2.0 Z2.1 1.6 1.2 .8 .6 .6 -5 .3 .3 o 0 0
1000 0 0 1.4 [} 1.2 1.2 1.3 1.4 .8 .5 .3 .3 «2 .1 .1 .2 .4 0
1009 0 33 1.5 .1 1.4 1.5 .6 .6 .6 .5 .4 .4 .3 -3 .4 0 0 0
1000 0 66 17 s 1.7 .8 .6 9 .8 -4 -4 -3 .3 .3 % J 0 o 0
10060 200 o 2.2 0 .1 .2 .8 1.8 1.8 2.2 1.3 1.1 1.1 .8 .5 .3 -4 o2
2000 o 0 5 .1 -8 -4 .5 .4 .3 .2 .2 -1 .1 .1 «1 .1 .1 0
3500 o 0 -3 L] [ 0 -1 .2 .3 -3 ol .1 .2 .1 -1 .1 .1 0
3500 0 35 -3 .1 .1 -1 -] .3 .3 .2 .2 .2 .2 .2 .2 -2 0 0
3500 0 66 -4 .1 .1 .1 .1 .3 .3 -2 -2 .1 .1 ! 1 -2 [} 0
5000 0 0 -3 0 .1 .1 .1 o1 .3 .3 .3 1 .2 .1 .1 0 0 0

201



TABLE 7-6
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF
High Concrete - 1:400

Wind Speed - 7 mph
Stratification - Neutral

Position (ft) Max inum Maximum Peak Occurs at Time (sec)

X z Peak 71 106 141 177 212 283 354 424 495 566 636 707 849 1061 1414
450 -150 1] 3.3 0 4 2.6 3.0 3.3 2.2 2.0 1.8 1.9 2.1 1.1 9 1.2 .7 0
450 0 0 19 0 o7 1.9 1.5 1.6 1.8 1.5 1.4 9 .8 1.2 1.5 .6 .4 v
450 150 0 2.6 ok o 2.4 2.6 2.6 1.5 1.5 1.5 1.7 1.2 1.4 1.4 1.2 .6 0
1000 -200 0 9 0 1 3 4 6 .8 9 7 6 4 5 3 .3 .1 .1
1000 0 0 5 1 1 1 1 2 .5 5 4 3 3 3 2 -2 o] «l
1000 0 33 5 1 1 2 3 3 .4 4 4 4 3 3 3 -3 .2 .2
1000 0 66 4 1 1 2 3 4 3 4 4 3 3 3 3 <2 ] ad
1000 200 0 8 0 1 2 4 6 .6 3 3 5 4 4 4 .3 .2 o |
2000 0 0 2 1 1 1 1 1 od 1 2 2 2 2 1 w2 2 .1
3500 0 0 1 1 1 1 1 1 -1 1 1 1 1 % ] .1 o | .1 0

£01



TABLE 7-7
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF
High Concrete

Wind Speed - 16 mph
Stratification - Neutral

Position (ft) Max imum Maximum Peak Occurs at Time (sec)
X s Peak 71 106 141 177 212 283 354 424 ) 495 566 636 707 849
450 0 | 0 -5 1.1 1.0 L1 1.0 -9 .7 .5 .6 3 .5
1000 0 .6 0 0 .3 .4 .5 5 .6 .3 .4 .4 .3 o2
1000 0 .6 0 1 2 5 6 5 -8 5 4 3 3 2
10c0 33 .4 1 1 2 3 4 3 .4 4 3 3 3 3
1cou 66 .4 0 1 3 2 2 3 = | 2 3 3 4 2
1080 0 <5 0 0 2 4 5 .4 4 4 4 4 4 3
2000 0 ol 0 0 0 1 1 il 1 1 1 1 1 1
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TABLE 7-8
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF

High Insulated Concrete - 1:400

Wind Speed - 7 mph
Stratification - Neutral
Position (ft) Max imum Maximus Peak Occurs at Time (sec)
X Y F4 Peak 71 106 141 177 212 283 354 424 495 566 636 707 849 1061 1414
450 0 0 3 0 0 0 % | " | 3 .3 2 . .4 R ) -4 3 0
1000 =200 0 .2 o 1 ok o 0 .1 .1 .1 .2 .1 .1 o | .1 0
1000 0 0 3 0 0 2 1 2 .2 2 3 2 3 1 2 2 0
1000 0 33 3 0 1 1 1 1 .2 2 1 1 3 2 2 3 0
1000 200 0 2 1] ] 0 1 0 <1 2 2 1 2 2 2 1 g

SOT



TABLE 7-9
PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF

High Insulated Concrete - 1:400

Wind Speed - 16 mph
Stratification - Neutral
Position (ft) Mao i mum Maximum Peak Occurs at Time (sec)
X Y z Peak 71 106 141 177 212 283 354 424 495 566 636 707 849 1061 1414
150 o 0 5 0 0 0 2 .3 3 3 5 4 5 3 3 0 0 0
1000 -200 © 2 0 1 1 1 .1 1 1 1 1 2 1 0 0 0 0
1000 o o 3 1 .1 1 1 1 1 1 2 3 2 2 2 0 0 0
1600 200 o 1 0 0 0 0 0 0 1 1 o 0 0 0 0 0 0

90T



TABLE 7-10

PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF

Capistrano Case 1
Wind Speed - 12 mph @ 5 ft.
Stratification - Neutral

Position (ft) Maximum Maximum Peak that occurs at time (sec)

X y z Peak 51 77 103 129 154 206 257 309 360 412 463 515
160 0 0 16.9 14. 16.9 16.5 11.8 9.3 Tl 4.9 3.8 3.0 3.0 3.4 3.0
320 -80 0 9.9 6. 9.0 9.0 10.0 5.4 1.8 0.8 0.5 0.2 0.6 0.1 0.4
320 0 0 9.9 Zs 8.8 9.9 6.9 4.3 3.2 2.3 2.1 17 19 1.7 1.5
320 0 10 4.7 3. 4.7 2.4 3.8 3.0 2.4 2.3 1.5 1 1.2 1.6 1.4
320 80 0 9.2 S 9.2 8.3 6.7 3.4 1.0 0.4 0 0 0 0 0
640 -100 0 4.7 0. 3.8 4.7 3.9 3.6 0.3 0.2 0.2 0.2 0.1 0.2 0
640 0 0 5.3 1. 4.1 4.7 5.2 4.1 2.8 1.3 1sd 0.8 0.6 0.6 0.6
640 0 20 2.0 0. 1.1 2.0 1.0 0.9 1.1 0.5 0.5 0.6 0.5 0.7 0.3
640 100 0 4.1 1. 3.6 4.1 3.9 2.9 0.7 0.3 0 0 1} 0 0
960 -80 0 3.1 0. 1.4 2.3 3.1 2.6 1.6 0.8 0.6 0.4 0.3 0.5 0.4
960 0 0 3.0 0. 1.5 2.8 2.8 2.6 1.5 1.3 0.8 0.6 0.6 0.5 0.5
960 0 20 1.9 0. 0.8 1.6 1.9 1:5 0.8 0.6 0.4 0.4 0.5 0.5 0.3
960 80 0 2.4 0. 1.4 1.7 2:1 2.4 1.2 0.9 0.5 0.6 0.4 0.3 0.2

LOT



TABLE 7-11

PEAK CONCENTRATION DATA FOR VARIABLE BOILOFF

Capistrano Case II
Wind Speed - 12 mph @ 5 ft.
Stratification - Neutral

Position (ft) Maximum Maximum Peak that occurs at time (sec)

X y = Peak 51 77 103 129 154 206 257 309 360 412 463 515
160 0 0 13.7 13.7 10.3 L8 8.0 6.6 6.0 5.8 3.4 4.0 3.6 3.4 2.3
320 -80 0 4.8 2.3 4.8 4.0 1.7 0.8 2.1 0.3 0.9 1.3 0.7 0.1 0.2
320 0 0 6.6 6.6 6.1 4.7 6.0 4.0 3.8 2.5 22 2.2 1.6 a9 1.0
320 0 10 3.4 3.2 2.4 3.0 3.4 2.2 2.8 3.0 Zmd 1.2 2.3 1.9 1.1
320 80 0 4.9 3.2 4.9 3.0 2.4 2.8 0.1 0.1 B.l 0.1 0.1 0.1 0
640 -100 0 1.4 0.4 1.4 1.2 1.2 1.0 0.5 0.8 0.4 0.5 0.6 0.1 0.3
640 0 0 2.7 1.1 2.7 2.7 2.7 1.9 1.6 1.3 1.4 1.0 1.0 0.9 0.7
640 0 20 1.1 0.7 0.7 0.9 0.8 0.6 Ll 0.6 0.5 0.7 0.7 0.6 0.8
640 100 0 2.2 0.2 0.6 2.2 1.7 1.1 1.0 1.0 0.2 0 0.3 0.3 0
960 -80 0 2.1 0 1:3 1.7 251 1.5 0.5 1.0 0.6 0.6 0.4 0.4 0.8
960 0 0 1.7 0 1.1 1.6 1.7 17 1.5 1.0 0.9 0.6 0.5 0.6 0.5
960 0 20 1.0 0 0.9 0.9 0.9 0.9 0.9 1.0 0.7 0.5 0.5 0.4 0.4

960 80 0 1.8 0 0.4 1.8 1.6 1.7 1.0 0.7 0.7 0.2 0.1 0.3 0.3

801



TABLE 8

LOCATOR TABLE MEAN CONCENTRATION RESULTS

CO, Release MW44

He-N Release MW16

2 2
Wind Speed Wind Speed
Boiloff Rate 7 mph 12 mph 16 mph 7 mph 16 mph
Model (1bm/sec) (10 ft/sec) (18 ft/sec) (23 ft/sec) (10 ft/sec) (23 ft/sec)
High Dike 2400 1,6,9 3 17,2125 18,22
1/400 1400 2,7,10
High Dike 1400 14
1/200 250 15 16
Low Dike 2400 5,811 19,23,26 20,24
1/400
Capistrano 202 12
044
1/106 141 13

60T
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Table 8-2

NEUTRAL

7 MPH
1400 LB/S

RUN NUMBER

Y(FT) L(FT) DILLUTION K COEF X 10=2

X(FT)
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Table 8-3

NEUTRAL

E TYPE
F
P
F

=0 -0
cununzacT

RUN NUMRER

Y(FT) Z(FT) UILLUTION K COe¥F X 10=-2

X(FT)
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DILLUTION K COEF X 10-2

Z(FT)

NEUTHAL
1400 LKH/S

16 MPH
Y(FT)

Table 8-4
X(FT)

113
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Table 8-5

NEUTHAL

7 MPH
2400 LR/S

IVE
Ow
40
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1/
TI
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IFICA
SPEED
OFF R

E
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L= =]

DIKE TYPE
CA

TR

IN

Ol

nunzo

RUN NUMBER

Y(FT) Z(FT) OILLUTION K COEF X 10=-2

X(FT)
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Y(FT) Z(FT) DILLUTION K COEF X 10-2

Table 8-6
X(FT)
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Table 8-7
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Y(FT) Z(FT) DILLUTION K COEF X 10=-2

X(FT)
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TABLE 9-1
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH C02 GAS

'MODELING POSITION]  TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY START | STOP
Low-So0il 1:400
Wind Speed -.67 ft/s
neutral | 1 14 1 10" 25"
" 1 1 14 2 1o" 1'51%
M | 1 14 3 159 2125
M | 1 14 4 15" 145"
2 1 I 14 5 10" | R4 0 b
2 | 1 11 O 15" 1'25"
H 3 1 14 7 Lo 1 F22
1 5 1 11 8 L o™ 1+20"
. 35 | 14 9 Lo" 1 20
. 3 1 14 10 o Fr2gh
W 3 l 14 11 1o Ir2om
" 3 1 14 12 10" 120M
. 5 1 14 13 10" 1'20"
L 5 1 14 14 10" 1r2o"
" 5 1 14 15 10" 120"
" 5 1 14 16 1" 1'20"
= 5 | 14 17 Lo" 1%20"
L 8] 1 14 18 Lo 120"
" O | 14 . 19 10" I *3gr
) ¢ I 14 20 10" )
" (no pood) 1 1 14 2l o ] 220N
k! 1 1 14 L0 Lo L L
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TABLE 9-2

TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH C02 GAS

MODELING POSITION] TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
Low-Soil 1:400

Wind Speed -.67 ft/s

neutral 4 1 14 23 | 10" 1'20"
o 4 1 14 24 | 10" 1'20"
" 2 1 14 25 | 10" 1'20"
M 2 1 14 26 | 10" 1'20" |
" 2 1 14 27 | 10v 1%20m
i 7 1 14 28 | 10" 2'10"
" 7 1 14 29 | 10" 2'10"
" 7 1 14 30 | 10" 2110"
o 8 1 14 31 | 10" | 2vzom
4 8 1 14 32 | 10" 21571
" 8 2 13 33 | 10" 2%10"
" 8 2 13 34 | 10" 2r10"
" 9 2 13 35 | 10" 2vigw
¥ 9 2 13 36 | 10" 2e1gv
" 10 2 13 37 | 10" 2'10"
" 10 2 13 38 | 10" 2110"
" 10 2 13 39 | 10" 2'10"
" 10 2 T 13 40 | 10" 2v10"
" 10 2 13 41 | 10" 2'10"
" | 2 13 42 | 10" 1141
i 11 2 13 43 | 10" 2710
L 11 2 13 44 | 10" 2'10"
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TABLE 9-3
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO, GAS

2
MODELING POSITION TAPE CHANNELS TIME COD
INFORMATION NO. CONC.| TIME CODE | DAY | START | STOP
Low-Soil 1:400
Wind Speed -.67 ft/s
neutral B 2 13 45 | 10" 1'20"
" B 2 13 46 | 10" 1'20"
i B 2 13 47 | 10" 1'20"
" B 2 13 48 | 10" 1'20"
" A 2 13 49 | 10" 1'20"
" A 2 13 50 | 10" 1'20"
" A 2 13 51 | 10" 1'20"
" A 2 13 52 | 10" 1'20"
" C 2 13 53 | 10" 1'20"
" C 2 13 55 | 10" 1'50"
" c 2 13 56 | 10" 2'00"
" D 2 13 57 | 10" 1'50"
" D 2 13 58 | 10" 1'50"
" D 2 13 59 | 10" 1'30"
o E 2 13 60 | 15" 140"
" (out of tape) E 2 13 61 | o 1'22"
i E 3 12 62 | 10" 1'41"
" E 3 12 63 | 10" 1'40"
" F 3 12 64 | 10" 2'00"
" F 3 12 65 | 10" 1'50"
" F 3 12 66 | 10" 1'50"
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: TABLE 9-4
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO, GAS

2
MODELING POSITION TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
High-Soil 1:400
Wind Speed -.67 ft/s
neutral 1 3 12 67 | 10" 1.x350
" 1 3 12 68 10" R 1L
" 1 3 12 69 10" 1r20"
1" 3 3 12 70 10" 1rig"
" 3 3 12 71 10" 140"
L 3 3 12 72 10" 140"
" 3 3 12 73 Lo 140"
i 5 3 12 74 10" 112"
" 5 S 12 75 10" 1%35"
H 5 3 12 76 1.1 1745"
" 6 3 12 77 1o" 1'30"
L 6 3 12 78 10" 14354
& 6 3 12 79 10" (1%30")
o 6 3 | e 80 10" 1v50"
n 2 3 12 81 10" 1v35"
" 2 3 12 82 10n 1'30"
o 2 3 12 83 10" 145"
M 4 3 12 84 10" 1rg2"
" 4 3 12 85 10" 140"
" 4 3 1.2 86 10" 1'o0"
" (signal jumped) 7 3 12 87 10" 205"
" 7 3 12 88 10" 1'30"
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TABLE 9-5
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE

FOR VARIABLE BOILOFF SIMULATION WITH CO2 GAS
MODELING POSITION| TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
High-Soil 1:400
Wind Speed -.67 ft/s
neutral 7 3 12 89 | 10" 1r12"
" 7 3 12 90 | 10" 1152v
" 8 3 12 91 | 10" 1151
by 8 3 12 92 | 10" 145"
" (no good) 9 3 12 93 | 10" 1120m
& 9 4 11 94 | 10" 210"
L 9 4 11 95 | 10" 2'00"
e 10 4 11 96 | 10" 152"
& 10 4 11 97.{ 10" 1'54"
" 10 4 11 98 | 10" 1'50"
" 11 4 11 99 | 10" 150"
n 11 4 11 100 | 10" 11504
= 11 4 11 101 | 10" 1'50"
L 11 4 11 102 | 10" 21 35"
" A 4 11 103 | 10" 1229
" A 4 11 104 | 10" 120"
" o 4 11 105 | 15" 1x25"
High-Concrete 1:400
Wind speed .67 ft/s
neutral 1 4 11 106 | 10" 140"
b 1 4 11 107 | 10" 1'54"
i 1 4 11 108 | 13" 14584
i 1 4 11 109 | 10" 140"
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TABLE 9-6
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO, GAS

2
MODELING POSITION TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY START STOP
High-Concrete 1:400 |
Wind speed .67 ft/s
neutral
(background) 3 4 11 110 | 10" 204"
1 3 | 4 11 120 10" 1145
i 3 4 11 112 11" 2'o0"
L 3 4 0| 113 10" 1'50"
" "3 4 11 114 | 10" 1'50"
L 5 4 11 115 10" 140"
4 5 4 11 116 10" 1'41"
1 5 4 21 i 7 10" 2'00"
! 5 4 113 118 o" 140"
£ 6 4 11 119 10" 1'40"
" (end of tape) 6 4 11 120 10" 1*58"
" 6 5 10 121 10" 1*41"
" (no x-y plot) 2 5 10 122 10" I 351
" 2 5 10 123 | 10" {1'35M)
1 2 5 10 124 10% 1Y50"
L 2 5 10 125 io" 145"
" 4 5 10 126 o™ 1'50"
EL 4 5 10 127 10" 130"
" 4 5 10 128 10" 1'30"
il ’ 7 5 10 129 10" 1'40"
" 7 5 10 130 10" 1'50"
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TABLE 9-7
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE

FOR VARIABLE BOILOFF SIMULATION WITH C02 GAS

MODELI&G POSITIO TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY START | STOP
i 8 5 10 131 10" 2'00"
" B 5 10 132 10" 1'45"
i B 5 10 133 10" (1'30™)
" (time code off by

40 sec) B 5 10 134 10" 1'45"
" B 5 10 1335 10" 130"
L c 5 10 136 10" 220"
4 C 5 10 137 | 10" 2'00"
High - R&D Concrete*
1:400
Wind speed .67 ft/sec
neutral 1 5 10 138 | 10" 1'40"
" 1 5 10 139 10" 1'30"
0 1 5 10 140 10" 140"
g 3 5 10 141 10" 1'20"
4 3 5 10 142 10" 1'20"
i 3 5 10 143 | 10" 1'40"
" 5 5 10 144 s 130"
n 5 5 10 145 o 1r20"
b 5 5 10 146 5" 120"
L 2 5 10 1ay | m 120"
" (background) 2 5 10 148 | 5" 1'10"
L 4 5 10 149 | 5" 1132m
I 4 5 10 150 | s" 1'20"
" (tape end) 4 5 10 151 il 1230




143

TABLE 9-8
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO, GAS

2

MODELING POSITION] TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
High - R&D Concrete*
1:400
Wind speed .67 ft/sec
neutral
(not recorded) 2 5 10 152
High - R&D Concrete*
1:400
Wind speed 1.16 ft/sed
neutral 3 6 9 153 | 5" 60"

(maybe [4)
L 2 6 9 155 | 5" 50"
L 4 6 9 156" | 51 50"
" 1 6 9 157 | 6" 116"
i 1 6 9 158' | 5% 11 38"
High - Concrete 1:400
Wind speed 1.16 ft/seq
neutral 1 6 9 159 | 5" 126"
o 1 6 9 160 | 5" 1'16"
u 1 6 9 161 | 5" o i
L 3 6 9 162 | 6" 122!
4 3 6 9 163 | 5" 11310
" 3 6 9 164 | 5" 120"
1 5 6 9 165 | 5" 120"
1t 5 6 9 166 | 6" 120"
it 6 6 9 167 i 5" 1v20"
" (motor off valve opepn) 6 9 168 | 5" 1+25"
L 169 | 5" 1'v3.0M
" 6 6 9 170 | 5" 1'10"
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TABLE 9-9
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO2 GAS

MODELING POSITION| TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
High - Concrete 1:400

Wind speed 1.16 ft/seq

neutral 4 6 9 171 | 10" 1.v20"
" 4 6 9 172 5 1420
¥ 2 6 9 173 | 15" 1r25m
" 2 6 9 174 | 10" L1251
L 7 6 9 175 | 15" 11151
High - Soil 1:400

Wind speed 1.16 ft/seq

neutral 7 6 9 176 | 10" 1v25"
H 7 6 9 177 | 10" 1'10"
" 7 6 9 178 | 10" 1% 2n
" 7 .6 9 179 | 10" 1ryon
& 8 6 9 180 | 10" 1r204
1 9 6 9 181 | 10" 1'30"
L 9 6 9 182 | 10" 1'20"
" 10 . 6 9 183 | 10" 120"
" 11 6 9 184 | 10" 1'o0"
L 11 6 9 185 | 10" 1v1o"
" 11 6 9 186 | 10" 110"
Y 3 6 9 187 | 10" 120"
s 3 6 9 188 | 10" 1r20"
" 5 6 9 189 | 10" 1v10m
u 5 6 9 190 | 10" 1'00"
i 5 6 . 9 191 | 10" 11on
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TABLE 9-10

TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO2 GAS

MODELING POSITION TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
High - Soil 1:400

Wind speed 1.16 ft/se{

neutral

(ran out of tape) 5 6 ) 192 | 10" 110"
L 5 7 8 193 | 10" 120!
2 5 7 8 194 | 10" 1'o5"
" 6 7 8 195 10" L1
it 6 7 8 196 10" 1ro0"
L 6 7 8 197 10" 1'oo"
= 4 7 8 198 10" 100"
" 4 7 8 199 10" 1'o0"
" 2 7 8 200 | 10" 1*00%
A 2 7 8 201 | 10" 1'o0"
it 1 7 8 202 10! 110"
n 1 7 8 203 | 10" 125"
" 1 7 8 204 10" 1-+20"
b B 7 8 205 20" 1'30"
" B 7 8 206 | 20" 1r2om
n A 7 8 207 20" 1r1io"
u A 7 8 208 | 20" Jraom
" C 7 8 209 20" 1+20"
" C 7 8 210 | 20" 120
i D 7 8 211 20" 130
it A 7. 8 212 20" 110"
2 1 7 8 213 1 Zpv L33 1
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TABLE 9-11
TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE

FOR VARIABLE BOILOFF SIMULATION WITH CO2 GAS

MODELING POSITIO TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CODE DAY | START | STOP
Capistrano - Case I
Wind speed 2.45 ft/sed
neutral 1 7 8 214 | 30" 1'41"
It 1 7 8 215 | 20" 2'10"
" (motor off, value

open continuous) 2 7 8 216 | 20" 111"
" (no 217) 2 v 8 218 20" 127
H 2 7 8 219 20" 126"
u 2 7 8 220 20" 1'30"
i 3 7 8 221 20" 1'26"
" 3 7 8 222 22" 129"
Lk 4 7 8 223 20" (1'30™)
t 4 7 8 224 | 20" 4y
" 4 7 8 225 | 20" 130"
" 5 7 8 226 | 20" 1'25"
& 5 7 8 227 | 20" 1'05"
L 5 7 8 228 | 16" 1¥a5y
" 6 7 8 229 201 105"
L 6 7 8 230 23" 55"
g 6 7 8 231 20" 50"
Low - Soil 1:400
Wind speed - .67 ft/sdc
stable B 1 2 1B 35" 2'10"
u 1 1 2 2 20" 2'30"
" 1 ] 2 3 25" 2y28n
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TABLE 9-12

TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO2 GAS

MODELING POSITION]  TAPE CHANNELS TIME CODE
INFORMATION NO. CONC.| TIME CoDE | DAY | sTArT | stop
Low - Soil 1:400

Wind speed - .67 ft/sqc

stable (3) 1 2 4 | 32 210"
" 3 1 2 5 | 20m 1'30"
" 5 1 2 6 | 3o ?

v (16° ©) 6 1 2 7 | 20" 1'50"
m 17° ©) 4 1 2 8 | 20" 1'30"
v 12° ) 2 1 2 9 | 20" 1'40"
" 7 1 2 10 | 40" 215"
n (10° ©) 7 1 2 11 | 20 200"
n (10° ©) 8 1 2 12 | 20" 215" .
v 13° ) 9 1 2 13 | 207 210"
" A 1 2 14 | a0 1'55"
n (13° C) C 1 2 15 20" 1'25"
v 11° ©) A 1 2 16 | 20" 1'20"
n 11° ©) A 1 2 17 | 20" 1'10"
High - Soil 1:400

Wind speed .67 ft/sec

stablg

v 11° ©) A 1 2 18 | 20" 1'00"
v 1° ¢ A 1 2 19 | 20" 1'10"
v (12° ©) C 1 2 20 | 20" 2'05"
v (14° ©) 1 1 2 21 | 20" 1'30"
" (13° ©) 3 1 2 22 | 20" 1125
" (13° ©) 3 1 2 23 | 20" 1'10"
v (16° C) 5 1 2 24 | 30" 2120"_|
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TABLE 9-13

TAPED DATA RECORD OF ASPIRATING PROBE RESPONSE
FOR VARIABLE BOILOFF SIMULATION WITH CO2 GAS

MODELING POSITION]  TAPE CHANNELS TIME CODE
INFORMATION NO. coNc.| TIME CODE | DAY | START | sTOP
High - ‘Soil 1:400

Wind speed .67 ft/sec

stablg

v (17° ©) 5 1 2 25 | 25" 115"
% (17° 6 4 1 2 26 | 25" 1'10"
v 13° ©) 2 1 2 27 | 20" 1'15"
v 11° ©) 7 1 2 28 | 25 1'55"
n 11° ¢ 8 1 2 29 | 20 1'25"
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TABLE 10
APPROXIMATE DISTANCES TO LIFTOFF FOR GROUND RELEASED

BUOYANT PLUMES IN A CROSSFLOW BOUNDARY LAYER

Line Source: y = 4 feet, x,= 40 feet from tunnel entrance

(74
n ¥ 0./5

a.'

' =

| o

777 77 7 77 77
Helium and Air: x (ft) = o
Flow Rate (cfm)

Velocity 0.75 cfm 1.5 c¢fm  2.25 ¢fm 3.00 cfm
(ft/sec) (10) (20) (30 (40)
0.55 3 1.5-2 1.5 1
0.75 9 6 2-3 2
1.5 x. > 15 7 6 4
2.5 x> 15 x > 11 x > 11 7

Area Source: 9 inch diameter, x (ft)

Flow Rate (cfm)

Velocity 0.75 cfm 1.5 cfm 2.25 c¢fm 3.00 cfm
(ft/sec)

0.52

0.75

1.50

2.50

4.00 X

vV = O QOO
V = OO0 O
Nnooo o

=
0 O OO O

Point Source: x (ft)

Flow Rate (cfm)

Velocity 0.75 cfm 1.5 cfm 2.25 c¢fm 3.00 cfm
(ft/sec)

2.50 0 0 0 0
4.00 T 1.5 1.5 0
6.50 ? 2.5-3.0 2.0 2.0
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TABLE 11-1

IDENTIFICATION CHART FOR
CONTINUOUS FLOW VISUALIZATION EXPERIMENTS

PURE CO2 TRACER

SOURCE TERRAIN (o a1 R U O )
DESCRIPTION DESCRIPTION | NUMBER (os) (16, /sec)
~Area Source 2% Grade 1 23 160
(Capistrano 044 Upwind
1/106 Scale Model)
n " 2 23 420
n " 3 23 1200
" " 4 23 2400
" " 5 16 160
’ L 6 16 420
" " 7 16 1200
" " 8 16 2400
" " 9 30 160
. " 10 30 420
" " 11 30 1200
" " 12 30 2400
High Dike " 13 16 160
(1/400 Scale Model)
" " 14 16 420
. " 15 16 1200
it " 16 16 2400
u u 17 23 460
x ; 18 23 420
" W 19 23 1200
y " 20 23 2400
: " 21 30 160
¥ " 22 30 420
" . 23 30 1200
i L 2 30 2400

*Photographs provided separately to RED Associates
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TABLE 11 -2 (continued)

IDENTIFICATION CHART FOR
CONTINUOUS FLOW VISUALIZATION EXPERIMENTS

PURE CO2 TRACER

SOURCE TERRAIN PLCTURE® | o piiED - SURLATED
DESCRIPTION DESCRIPTION NUMBER (fps) (]bm/sec)
Area Source Flat Surface 1-A 16 160
(Capistrano 044
1/106 Scale Model)
" . 2-A 16 420
" " 3-A 16 1200
" . 4-A 16 2400
" £ 5-A 23 ' 160
b " 6-A 23 420
" - 7-A 23 1200
" . 8-A 23 2400
" " 9-A 30 160
! i 10-A 30 420
" " 11-A 30 1200
- " 12-A 30 - 2400
High Dike . 13-A 30 160
(1/400 Scale Model)
" ! 14-A 30 420
" : o 15-A 30 1200
" . 16-A 30 2400
" " 17-A 23 160
. & 18-A 23 420
" " 19-A 23 1200
" . 20-A 23 2400
. " 21-A 16 160
" " 22-A 16 420
E " 23-A 16 1200
* . 24-A 16 2400

*Photographs provided separately to R&D Associates
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TABLE 11-3 (continued)

IDENTIFICATION CHART FOR
CONTINUOUS FLOW VISUALIZATION EXPERIMENTS

PURE CO, TRACER

2

SOURCE TERRAIN | PICTURE® | Bl | o AT
DESCRIPTION DESCRIPTION | NUMBER (fps) (1Hn/sec)

High Dike 2% Grade 25 30 160

(1/400 Scale Model Upwind

with 2 Upstream

Obstacles)
" " 26 30 420
" " 27 30 1200
= ’ 28 30 2400
. " 29 23 160
" " 30 23 420
8 " 31 23 1200
" " 32 23 2400
" " 33 16 160
& " 34 16 420
. " is 39 16 1200
" " 36 16 2400

High Dike . 37 16 160

(1/400 Scale Model

with 1 Upstream

Obstacleg
" " 38 16 420
" " 39 16 1200
" " 40 16 2400
. b 41 23 160
" " 42 23 420
& v 43 23 1200
- " 44 23 2400
. " 45 30 160
" " 46 30 420
" " 47 30 1200
! " 48 30 1400

*Photographs provided separately to R&D Associates
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