DATA APPENDIX TO
THE BEHAVIOR OF LNG VAPOR CLOUDS:
Wind-Tunnel Tests on the Modeling
of Heavy Plume Dispersion

FINAL REPORT

(July 1979 - September 1981)

Prepared by

D. E. Neff and R. N. Meroney

Fluid Mechanics and Wind Engineering Program
Department of Civil Engineering
Colorado State University
Fort Collins, Colorado 80523

CER81-82DEN-RNM25

For
GAS RESEARCH INSTITUTE

Contract No. 5014-352-0203

GRI Project Manager
Steve J. Wiersma

Environment and Safety Department

March 1982



GRI DISCLAIMER

LEGAL NOTICE This report was prepared by Colorado State University as

an account of work sponsored by the Gas Research Institute (GRI).

Neither GRI, members of GRI, not any person acting on behalf of either:

a.

Makes any warranty or representation, expressed or implied
with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of
any information, apparatus, method or process disclosed in
this report may not infringe privately owned rights; or

Assumes any 1liability with respect to the use of, or for
damages resulting from the use of, any information, apparatus,

method, or process disclosed in this report.
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RESEARCH SUMMARY

Data Appendix to the Behavior of LNG Vapor Clouds:
Wind-Tunnel Tests on the Modeling of Heavy Plume
Dispersion

Civil Engineering Department
Colorado State University

Fort Collins, Colorado 80523

GRI Contract Number: 5014-352-0203

D. E. Neff and R. N. Meroney

July 1979 - September 1981
Final Report

The objective of this task was to simulate in a wind
tunnel idealized LNG spills to improve knowledge of
physical modeling similarity and provide empirical
descriptions of plume behavior that are applicable
to a Tlarge range of atmospheric plume scenarios.

When Tliquefied natural gas (LNG) spills from a
storage vessel or transportation container. The LNG
vaporizes and a potentially flammable cloud is
formed. Techniques to predict the extent of the
flammable zone are needed to assist in developing
siting criteria and plant layout design.

An extensive data base on the structure of different
laboratory heavy plumes was obtained. These experi-
ments included a Tlarge range of conditions for
source gas specific gravity, gas flow rate, gas time
duration, and wind speed. The deviations in plume
similarity as a result of different modeling
approximations were examined. A useful empirical
description of all the continuous plume tests was
developed, and its applicability to field conditions
discussed.

An LNG vapor plume at boiloff conditions is heavier
than air. Although the plume will eventually become
positively buoyant due to heat absorbed from the
surroundings, much of the dispersion will occur
while the plume density is greater than the that of
air. The dispersion during the heavier-than-air
phase may be approximated in a wind tunnel by means
of isothermal-model plumes produced by high-
molecular-weight gases. In laboratory tests, heavy
gases were introduced into the wind tunnel via an
area source of constant diameter mounted flush on
the wind-tunnel floor. The floor was level and
smooth for all tests. Concentration sensors down-
wind of this source were used to measure the
structure of the different model plumes tested.
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Project
Implications

This work has produced a useful empirical descrip-
tion of wind tunnel modeling of continuous-spill
LNG plume dispersion. However, several factors
concerning the scaling of turbulent motion are not
yet sufficiently understood to clarify the range of
applicability of wind tunnel plume data to field
conditions. Additional tests will be carried out
in a future project. Colorado State University is
currently investigating the surface heat transfer
effects on the dispersion of LNG plumes. Results
from this task will also be used to identify future
research that is necessary to clarify the applic-
ability of wind tunnel tests to large scale releases
of LNG.

GRI Project Manager

Steve J. Wiersma
Manager, Safety Research
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Table 1. Summary of Visual Plume Data

Source
Source Gas Gas Upwind
Specific Flow  Wind Plume Latenal Pune Exgent
Run  Symbol Gravity Rate Speed Extent x=0 cm x=61 cm x=122 cm x=244 cm x=366 cm
No. p_/p Q u@ L L L L L L
F e 2.1 cm u Ho Hx Hx Hx Hx
(ccs) (cm/sec) (cm) (cm) (cm) (cm) (cm) (cm)
1 1.38 43 19.7 10 32.5 80 90 100
2 1.38 65 19.1 10 37.5 90 105 155 165
3 1.38 107 20.5 14 54.5 110 150 157.5 190
4 1.38 207 19.7 23.5 90 160 190 245 270
5 1.38 72 29.5 8 25 65 80 95 105
6 1.38 145 29.6 11.5 34.5 75 100 135 155
7 1.38 207 27.9 15 50 100 120 160 185
8 1.38 346 27.3 19 75 120 160 205 220
9 1.38 85 39.8 8 20 50 65 100 125
10 1.38 170 38.9 10 30 70 85 115 140
11 1.38 330 38.3 14 45 100 125 150 190
12 1.38 83 53.3 7.5 15.5 35 50 75
13 1.38 162 52.2 7.5 20 50 60 85 110
14 1.38 327 52 10 25 65 75 110 130
15 2.59 102 18.2 23.5 95 165 215 275 300
16 2.59 153 18.5 35 117.5 195 240 315 340
17 2.59 205 18.8 50 142 250 280 335 340
18 2.59 256 19.2 50 160 255 290 350 370
19 2.59 86 32.3 19 60 105 140 175
20 2.59 173 31.3 27 98 145 185 225 250
21 2.59 85 38.7 14 42 90 110 130 160
22 2.59 123 38.5 17 57 105 135 155 190
23 2.59 205 38.7 24 75 125 155 190 220
24 2.59 80 50.4 10 30 65 75 95
25 2.59 160 49.9 12 41 90 105 140 165
26 2.59 240 50.0 18 55 100 125 150 175
27 4.18 51 20.3 25 80 145 180
28 4.18 77 20.4 30 102.5 165 210
29 4.18 102 20.4 42 130 193 225 310 370
30 4.18 128 20.8 52 150 215 270 335 370
31 4.18 43 32.4 12 42 100 125
32 4.18 87 33.5 22 75 125 155 205
33 4.18 163 33.4 35 115 175 210 275 320
34 4.18 251 32..3 50 152 215 260 330 370
35 4.18 61 38.4 14 45 95 105 155
36 4,18 102 37.4 22 65 115 145 190 230
37 4.18 195 39.3 32 104 158 185 245 285
38 4.18 40 51.0 8 20 55 70
39 4.18 80 50.5 12 36 80 90 130
40 4.18 120 50.8 12 52.5 95 105 150
41 4.18 192 49.9 17.5 72.5 110 140 170 190

+Symbols used in all figures uniess noted differently on the figure
*Source Diameter for all tests = 15 cm

*Coordinate system referenced to source center

*Lateral distances are all full plume width values



Table 2.

Aspirated Probes

Continuous Release Concentrations Tests Taken with Hot Wire

Source Wind _
Source Gas Gas Speed X

Data Specific Flow at t
) gj; . Gga};ty Rgte 2LeM 42305 x=61 x=122  x=244  x=366

No. g4 (ccs) (cm/sec) (cm) (cm) (cm) (cm) (cm)
42" 3 1:38 170 20 0.189 0.103 0.050 0.018 0.012
43 6 1.38 110 20.2 0.146 0.069 0.035 0.015 -
44, 7 1.38 242 26.5 0.264 0.139 0.075 0.037 0.021
45, 9 1.38 170 30 0.192 0.102 0.050 0.021 0.015
46 12 1.38 100 33.4 0.134 0.069 0.033 0.012 0.007
47 14 1.38 100 33.4 0.134 0.072 0.030 0.015 =
48 15 1.38 170 40 0.225 0.114 0.051 0.021 0.015
49, 17 1.88 105 42.5 0.148 0.074 0.030 0.009 0.003
S0, 18 1.38 222 44 0.222 0.121 0.061 0.023 0.010
51 20 1.38 170 50 0.201 0.100 0.041 0.017 0.007
52 22 1.38 340 51 0.273 0.152 0.074 0.031 =
53 23 1.79 98 42.4 0.19 0.10 0.041 0.019 0.005
54 25 1.79 144 48.1 0.22 0.115 0.055 0.026 0.012
5b 27 1.79 347 64.5 0.28 0.16 0.085 0.033 0.018
56 29 2,89 170 25 0.237 0.128 0.06 0.024 0.016
57 32 2.59 87 30.1 0.13 0.068 0.032 0.014 =
58 34 2.59 170 37 0.21 0.116 0.065 0.028 0.014
59 37 2.59 224 41.2 0.238 0.125 0.071 0.036 0.022
60 40 2.59 79 49.8 0.125 0.08 0.043 0.016 0.008
61 42 2.59 170 51.5 0.206 0.112 0.061 0.029 0.017
62, 44 2.59 170 63.5 0.18 0.109 0.056 0.025 0.01
63 46 2.59 204 68.1 0.20 0.11 0.055 0.021 0.013
64 49 2.59 280 75.5 0.225 0.135 0.075 0.029 0.011
65 51 2.59 170 77.5 0.201 0.114 0.049 0.012 0.005
66, 53 4.18 60.5 33.5 0.095 0.048 0.025 0.01 0.006
67 55 4.18 192 35 0.1%2 0.115 0.062 0.032 0.018
68, 59 4.18 139 44.2 0.14 0.09 0.047 0.024 0.013
69 62 4.18 192 50 0.191 0.116 0.067 0.03 0.021
70 66 4.18 55 55.4 0.085 0.05 0.024 0.01 0.005
e 68 4.18 310 58.4 0.255 0.14 0.081 0.05 0.028
72 71 4.18 192 70 0.191 0.104 0.06 0.025 0.017
73 75 4.18 126 73.1 0.13 0.075 0.04 0.013 0.005
74, 78 4.18 192 86.5 0.166 0.091 0.049 0.017 0.006
75 80 4.18 280 96.5 0.14 0.08 0.04 0.015 0.005
76 81 4.18 192 100 0.146 0.084 0.04 0.014 0.006
%Source Diameter for all tests = 15 cm

*Coordinate system referenced to source center
*A11 tests were isothermal, T_/T_=

*XA11 tests are continuous rel&as@ plumes

1

iFor all tests concentrations were measured on half the groundlevel plane
For these tests vertical concentration measurements were made at center
1ine points downwind

AField Conc.

gas condition.

values in Data Tables have been converted to an LNG source
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Table 4. Continuous Release Concentrations Tests Taken with Gas Chromotograph System

Source Wind

Source Gas Gas Speed
Specific  Flow at -
Run Gravity Rate 2.1 cm Xt
No. ps/pa Q u x=30.5 x=45.7 x=61 x=91 x=122 x=244 x=305 x=366
(ccs) (cm/sec) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

Lk 1.0 182 21 0.184 0.13 0.083 0.042 0.014 0.013

78 1.0 182 31.5 0.128 0.093 0.052 0.026 0.01 0.007

78 1.0 364 31.5 0.192 0.15 0.069 0.044 0.018 0.013

80 30 546 31.5 0.169 0.149 0.09 0.063 0.025 0.019

81 1.0 182 47.3 0.10 0.065 0.034 0.018 0.007 0.005

82 1.0 364 47.3 0.163 0.108 0.06 0.034 0.014 0.011

83 3D 546 47.3 0.138 0.118 0.045 0.031 0.015 0.008

84 1.0 182 63 0.071 0.053 0.033 0.016 0.006 0.005

85 1.0 364 63 0.126 0.092 0.06 0.033 0.013 o0.01

86 1.0 546 63 0.16 0.125 0.075 0.045 0.018 0.01

87 1.22 77 25.4 0.1128 - 0.0291 0.0107 0.0053
88 1.365 98 32.7 0.1333 0.0722 0.0330 0.0139 0. 0066
89 1.5 115 38.3 0.1572 0.0928 0.0406 0.0174 0.0089

€8

*Source Diameter for all tests = 15 cm
*Coordinate system referenced to source center
*All tests were isothermal, T /T =1

*Al1l tests are continuous rellasé plumes
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Table 5. Transient Release Concentration Tests

Source Gas Gas Wind (Xpeak)
Specific Flow Speed at Source Gas P L
Run No. Gravity Rate 2.& cm Time Duration x=30.5 x=91.5
ps/pa Q H At (cm) (cm)
(ccs) (cm/s) (s)
90-1 4.18 140 30 4 0.090 0.037 0.014
90-2 L L " 7 0.126 0.061 0.023
90-3 " = " 10 0.148 0.074 0.030
90-4 " " M 15 0.180 0.086 0.041
90-5 0 L K 25 0.193 0.095 0.044
90-6 " " " 40 0.200 0.103 0.048
91-1 4.18 255 37 4 0.161 - 0.018
91-2 " " " 7 0.206 0.070 0.028
91-3 " - Y 10 0.244 0.083 0.037
91-4 " u U 15 0.246 0.090 0.046
91-5 " " i 40 0.267 0.109 0.058
92-1 4.18 140 60 2 0.051 0.016 =
92-2 " " " 4 0.094 0.031 0.011
92-3 L n M 7 0.125 0.051 0.023
92-4 N H Y 10 0.146 0.058 0.025
92-5 & " " 40 = 0.071 0.039
93-1 4.18 255 74 2 0.123 0.046 0.015
93-2 " " " 4 0.156 0.073 0.033
93~3 u " " 7 0.178 0.079 0.043
93-4 " " L 10 0.190 0.084 0.046
93-5 " " " 40 0.207 0.104 0.056
94-1 2.59 280 30 4 0.183 0.052 0.018
94-2 " " " 7 0.240 0.077 0.033
94-3 u " n 10 0.263 0.093 0.040
94-4 " L i 15 0.284 0.112 0.050
94-5 " " " 40 0.293 0.121 0.063
95-1 2.59 280 44 4 0.102 0.038 0.013
95-2 " " N 7 0.125 0.053 0.022
95-3 n i o 10 0.137 0.055 0.026
95-4 " " 1 15 0.148 0.055 0.030
95-5 " " x 40 0.160 0.061 0.036
96-1 2.59 130 33.5 4 0.077 0.024 0.010
96-2 " " " 7 0.135 0.038 0.018
96-3 " " . 10 0.163 0.058 0.023
96-4 L " L 15 0.177 0.062 0.028
96-5 " " " 40 0.174 0.071 0.038
97-1 1.38 110 20 4 0.05 0.018 -
97-2 " " " 7 0.102 0.025 ®
97-3 " . " 10 0.112 0.032 -
97-4 u ! u 15 0.132 0.039 0.017
97-5 " " " 40 0.146 0.050 0.021
98-1 1.38 295 28 4 0.171 0.044 0.022
98-2 " i n 7 0.237 0.066 0.032
98-3 u " " 10 0.273 0.084 0.044
98-4 L " L 15 0.282 0.102 0.043
98-5 " " " 40 0.286 0.109 0.055
99-1 1.38 295 48 4 0.230 0.076 0.025
99-2 u " . 7 0.290 0.091 0.049
99-3 " " " 10 0.308 0.112 0.047
99-4 " u . 15 0.311 0.136 0.064
99-5 " " u 40 0.330 0.124 0.062
100-1 1.38 100 335 4 0.075 0.020 =
100-2 0 u Y 7 0.117 0.038 -
100-3 " o L 10 0.143 0.042 -
100-4 ¥ " " 15 0.137 0.047 0.020
100-5 u " U 40 0.160 0.054 0.024
101-1 1.38 170 65 2 0.035 & =
101-2 " " " 4 0.052 - -
101-3 " " & 7 0.104 0.035 -
101-4 " " " 10 0.130 0.031 &
101-5 e & t 40 0.154 0.048 0.017
*Source diameter for all tests = 15 cm

*Coordinate system referenced to source center
*A1] tests were isothermal, Ta/TS =1
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