Office of
Energy Projects

January 2013

Docket No. AD13-4-000

Recommended Parameters for Solid Flame
Models for Land Based

Liquefied Natural Gas Spills

Washington, DC 20426






Recommended Parameters for Solid Flame Models
for Land Based Liquefied Natural Gas Spills

TABLE OF CONTENTS

Page

EXECULIVE SUIMMAIY ..ottt ettt e st e s e e te e steesneesneesneesneeanteenteenreesreens ES-1
1.0 Y010 [ e (o] o [T 1
11 2 2103 (0 ] {00 T SRR 1

1.2 LINGEIRES. ...ttt e e et e e et e e e et e e e et e e e e e e e e e e e e aanes 2

1.3 RS ol0] o= SRS RP TR 3

2.0 Mathcad SOlId FIAME IMOUEN ........ooe ettt e e e e e e e et eeeeeneeaees 5
2.1 1Y, oo [ I AN L (=] =L (0] 4 LU 5

2.2 Statistical PerformanCe IMBASUIES .........ocvveeeiireiee s st e s et e s seeee s s e s e sserreeessreesessneeees 5

3.0 LNG MaSS BUMMING RALE .......cviiiieiiiiiiiteriesie et 7
3.1 22103 (0 ] {00 T SRR PRSR 7

3.2 N[ | R SR a1 - 11 411 (=] G 7

3.3 Parameter Variation .......ceeiioveeeeieriie ettt e et e s ettt e s s bt e e s st et e e s sreeeessbeeessabeeesenns 8

4.0 Wind Speed, Flame Tilt & FIame Drag........ccooeioeiieiiiiiee e 12
4.1 =TT 10| (o] T S 12

4.2 LNGFIRES PalamMELET ....vvvviiieeiiicitiiie ettt e e e e s ettt e e e s s s e sbabeeeaesssssebbaneessesssensnes 13

4.3 ParamEtEr VAl AtION ..ottt ettt et e e ettt e e e e e e e ettt e e e s e sarrreeeeeeenaas 14

5.0 L T N I g T 1 o RSP 21
5.1 BaCKOrOUNG...... .o et 21

5.2 LINGFIRES PArQmMELEN ...covvvviiiiiiiiiiiieiietetete ettt ettt ettt ettt et et et et et et et ettt teretererenereranenaees 21

5.3 T (e (=T AV AC AT L (0] o TP TPTTROPRRR 21

6.0 S - oLl TR V= 0= TP 25
6.1 22103 (0] (0] T SR 25

6.2 LNGFIRES PArQmMELEN ..ccovvviiiiiiiiiiiiiiieeteteee ettt ettt ettt ettt et et et et et et et ettt et e tererenereranenaees 25

6.3 T (e =T AV A= T AT 1[0 o PP 26

7.0 TEANSMISSIVITY .vevieieitectie ettt ettt e et e e s e st e e re e beste e s e steaneesaesteenbenreas 29
7.1 BaCKGIOUNG ...t 29

7.2 LNGFIRES PAramMELEN ...cocvvveiiiiiiiiieeeeeeeeeeeeee ettt 29

7.3 ParamEtEr Var atiON .....ooeceeveeieeee ettt e et e sttt e e e s s e et e e e s s saerra et tesssessarereeeeessians 30

8.0 THErMAl RAGIALION ......cvveiii ittt ee et ettt s ettt e s ettt e s er bt e e s aabeeesebbeeessasberessasreeessnsees 32
9.0 Conclusions & RECOMMENUALIONS ......eeveeeieiereeiieee e e e et e e e e e s e e et e e e s e s see e e eeesseennnrees 36



TABLE OF CONTENTS (cont’d)

LIST OF APPENDICES

APPENDIX A Mathcad Solid Flame Model
APPENDIX B References
APPENDIX C List of Preparers

LIST OF TABLES
Table Title Page
2-1 Statistical Performance IMEASUIES ..........ocueeiiiiiiiie ittt sttt 6
3-1 Effect of Maximum Burn Rate on Burn Rate Prediction...........cccevevvevviieiiveere s, 10
4-1 Flame Drag PrediCtion ............cooi oottt 18
4-2 Effect of Maximum Burn Rate on Flame Tilt Prediction ..........ccccccovvveveiiiiiee e 20
5-1 Effect of Maximum Burn Rate and Flame Length Correlation on Flame

[T a0 o =T [ Tod o] S 23
6-1 Effect of Maximum SEP on SEP Prediction..........ccooeeeiiiiiie e 28
8-1 Effect of Parameters on Thermal Radiation Prediction ............ccccevvveeiieevcie v, 35

LIST OF FIGURES

Table Title Page
3-1 Circular Burn Rate Prediction Compared to Experimental Data...........ccccccevveieennnnne. 9
3-2 Rectangular Burn Rate Prediction Compared to Experimental Data...............c..ccv..... 9
4-1 Wind Speeds for Elevation Above Reference Height...........cccooeiiiiiiiiiicicicee, 13
4-2 Flame Drag for Circular POOI FirS ........coveiieiieie e 15
4-3 Flame Drag for Rectangular POOI Fires .........cccoeieiieii i 15
4-4 Flame Drag for Circular Pool Fires Predicted Compared to Experimental

Data as a Function of Wind SPeed..........cccooveriiiiieii e 16
4-5 Flame Drag for Circular Pool Fires Predicted Compared to Experimental

Data as a Function of POOI DIaMELEr .........cccciviieiiiiiinire e 16
4-6 Flame Drag for Rectangular Pool Fires Predicted Compared to Experimental

Data as a Function of Wind SPeed.........ccccvvviiiiiiiiiiie e 17
4-7 Flame Drag for Rectangular Pool Fires Predicted Compared to Experimental

Data as a Function of ASPeCt RALI0...........cuviiiiiiiici e 17
4-8 Flame Tilt fOr POOI FIrES.....c.ciiiiie et 18
4-9 Flame Tilt for Pool Fires Compared to Experimental Data as a Function of

WING SPEEA........eeeeieieee bbb et 19
4-10 Flame Tilt for Pool Fires Compared to Experimental Data as a Function of

POOI FIE SIZB....oee ettt st nae e 19
5-1 Flame Length Predictions Compared to Experimental Data .............cc.cccocevveverinnenn, 23
5-2 Flame Length Predictions and Uncertainties Compared to Experimental Data ......... 24
6-1 Surface Emissive Power Predicted Compared to Experimental Data as a

Function of Pool Diameter and Width ... 27
6-2 Surface Emissive Power Predicted Compared to Experimental Data as a

Function of Pool Diameter and Length............cocooiiiieiiiiee e 27
7-1 Transmissivity Predictions of LNGFIRE3 and SNL Recommendation ..................... 31



TABLE OF CONTENTS (cont’d)

LIST OF FIGURES (cont’d)

Table Title Page
8-1 Mathcad Solid Flame Model / using LNGFIRE3 Values and Correlations................ 33
8-2 Mathcad Solid Flame Model using SNL Recommended Values and

(00 =] Fo U1 o] 4TSRS 33
8-3 Mathcad Solid Flame Model using Montoir Values and SNL Correlations............... 34
8-4 Mathcad Solid Flame Model using Best Fit Values and Correlations within

SNL Range of UNCEIAINTY........ooiiiiiieiieee e 34



ADB-10-07
ADL
AGA
BGCo
CFR
DOE
DOS
DOT
FAC?2
FERC
GDF
GRI
MG
kg/m?-s
KW/m?
LNG
m

m/s
MRB
MRSE
SEP
SF
SNL
SPM
U.S.
USCG
VG

ACRONYMS & ABBREVIATIONS

Advisory Bulletin

Arthur D. Little

American Gas Association

British Gas Corporation

Code of Federal Regulations

United States Department of Energy
disk operating system
Department of Transportation
Factor of Two

Federal Energy Regulatory Commission
Gaz de France

Gas Research Institute

Geometric Mean Bias

kilogram per meter squared-seconds
Kilowatt per meter squared

liquefied natural gas

meter

meters per second

Mean Relative Bias

Mean Relative Square Error

surface emissive power

Safety Factor

Sandia National Laboratories
Statistical Performance Measure
United States

United States Coast Guard
Geometric Variance



SYMBOLS

aspect ratio
measured parameter in SPM calculation

predicted parameter in SPM calculation
specific heat of air

diameter of pool fire
drag ratio of fire
surface emissive power at flame surface

Froude Number
modified Froude Number
view factor at distance, x

gravitational acceleration, 9.81 m/s?
heat of combustion of methane, 50x10° J/kg

Flame tilt from vertical
length of pool fire
Flame length

mass burning rate per unit area

maximum mass burning rate

wind profile exponent dependant on Pasquill Stability Class
radiant heat flux (thermal radiation) per unit area at distance x
dimensionless heat release rate

density of air, ~1.2kg/m®

density of LNG vapor, ~1.85kg/m®

temperature of air

transmissivity in atmosphere at distance, x

reference wind speed at reference height, z,

wind speed at height, z

width of pool fire



{THIS PAGE INTENTIONALLY LEFT BLANK}



EXECUTIVE SUMMARY

Sandia National Laboratories (SNL) was contracted by the U.S. Department of
Energy (DOE) in 2007 to develop information for assessing the potential impacts
associated with large liquefied natural gas (LNG) spills on water. DOE released the
results of these studies in the report “Liquefied Natural Gas Safety Research Report to
Congress,” dated May 2012. Using data gathered from these tests and earlier methane
gas burner tests, SNL developed recommendations on parameters, including mass
burning rate, pool fire flame height, surface emissive power, and atmospheric
transmissivity, appropriate for use in solid flame models for pool fires over water. The
U.S. Department of Transportation’s regulations at Title 49, Code of Federal Regulations
(CFR), Part 193 requires use of the solid flame model LNGFIRE3 for predicting radiant
heat from LNG pool fires on land. This document examines the effect of altering the
LNGFIRE3 model based on SNL’s recommendations regarding LNG pool fire modeling
over water and on data provided by the largest LNG pool fire tests on land (Gaz de
France Montoir tests) or water (SNL Phoenix tests).

As the calculation methods and parameters are fixed within LNGFIRE3 and
cannot be changed by the user, staff of the Federal Energy Regulatory Commission
(FERC) constructed a radiant heat calculation method which simulates LNGFIRE3 and
which can be modified. By altering individual parameters for mass burning rate, pool fire
flame height, surface emissive power, and atmospheric transmissivity, FERC staff
investigated the effects of matching both individual parameters to measured experimental
data and overall radiant heat predictions to measured results from field experiments.

While LNGFIRE3 under-predicts the mass burning rate, flame length, and the
mean surface emissive power for large scale LNG fire tests, predicted distances to radiant
heat levels are still close in agreement with the measured values from the experiments.
This is primarily due to the over-prediction of the view factor inherent in the solid flame
model representation of the flame as a cylinder. FERC staff concludes that LNGFIRES,
as currently prescribed by 49 CFR Part 193, is appropriate for modeling thermal radiation
from LNG pool fires on land and is suitable for use in siting on-shore LNG facilities.

ES-1
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1.0 INTRODUCTION

1.1 BACKGROUND

In 2007, Congress provided funding to the U.S. Department of Energy (DOE) to
further develop information for assessing the potential impacts associated with large scale
liquefied natural gas (LNG) spills on water. Sandia National Laboratories (SNL) was
contracted by the DOE to conduct this research. Between 2008 and 2011, SNL
conducted tests to simulate large-scale LNG spills and fires over water, cryogenic
damage tests on ship structural components, and computer modeling of resulting LNG
vessel damage. In May 2012, DOE released the results of this series of studies in
“Liquefied Natural Gas Safety Research Report to Congress” [DOE 2012].

Although this effort was focused on examining public safety risks associated with
the maritime transportation of LNG though U.S. waterways, it included the largest LNG
pool fire tests, either on land or water, performed in the U.S. or internationally. The
results of these fire tests are contained in the SNL report, “The Phoenix Series Large
Scale LNG Pool Fire Experiments” [Blanchat 2010]. Using the data gathered from the
Phoenix tests and earlier methane gas burner tests, SNL developed recommendations on
parameters appropriate for use in solid flame models for pool fires over water.

The thermal radiation hazards from a pool fire depend on a number of parameters,
including the mixing dynamics and chemical processes of the fuel and oxidant, and
absorption and transmission of thermal radiation in the atmosphere. Quantification of
these parameters and simulation of the processes, such as anisotropic turbulent mixing,
non-equilibrium chemical kinetics, and non-uniform radiation spectra emitted by the fire
and absorbed in the atmosphere, are difficult and computationally intensive. As a result,
semi-empirical methods are often applied.

The solid flame model approach is currently the most commonly used
methodology to model thermal radiation hazards for large open hydrocarbon fires. The
solid flame approach approximates the geometric shape of a fire as a tilted cylinder,
parallelepiped, or other simple geometry with characteristics based on experimentally
derived values and correlations for mass burning rate, flame height, flame tilt, and flame
drag. Corresponding geometric view factors for the simplified geometric shape and
correlations for the surface emissive power (SEP) and atmospheric transmissivity are
then multiplied together to estimate thermal radiation intensity at a specified distance.
This approach is expressed by the following equation:



q"(x)=SEP - F,, (x)- 7(x) (M

where ("(x): radiant heat flux (thermal radiation) per unit

area (KW/m?) at distance x (meters)
SEP : surface emissive power (kW/m?)
F,(x): view factor

7(x): transmissivity in atmosphere

Using the data gathered from the Phoenix tests and earlier methane gas burner
tests, SNL developed recommendations on parameters, including mass burning rate, pool
fire flame height, SEP, and atmospheric transmissivity, appropriate for use in solid flame
models for LNG pool fires over water. SNL’s conclusions were detailed in report
SAND2011-9415, “Recommendations on the Prediction of Thermal Hazard Distances
from Large Liquefied Natural Gas Pool Fires on Water for Solid Flame Models” [Luketa
2011].

1.2 LNGFIRE3

Over the last 15 years, solid flame models have been incorporated into the federal
safety standards for LNG facilities for evaluating thermal radiation hazards. In 1997, the
U.S. Department of Transportation (DOT) revised its regulations at Title 49, Code of
Federal Regulations, Part 193 (Part 193) to allow use of the LNGFIRE computer program
based on the solid flame model described in Gas Research Institute Report GRI-89/0176
[Atallah 1990]. Unlike the previous calculation method specified in the regulation,
LNGFIRE took into account wind speed, relative humidity and asymmetrical pool
configurations [DOT 1997].

The LNGFIRE program required the specification of site specific parameters (e.g.,
LNG pool dimensions, flame base and target heights, and specific ambient conditions)
and used default values for LNG properties such as molecular weight, liquid density, and
boiling temperatures (although values for these properties could be altered). Using the
provided ambient conditions and the pool shape and dimensions, the program determined
a mass burning rate, flame length, flame tilt, flame drag ratio, and an effective SEP for
the flame [Atallah 1990]. Report GRI-89/0176 indicated that results of the LNGFIRE
program correlated well with data from pool fire experiments conducted during the 15
years prior to the model adoption. According to Report GRI-89/0176, the following data
sets were used in that review [Atallah 1990]:

Bureau of Mines, 1962;

Tokyo Gas Company, 1967,
University Engineers, Inc, 1971;
Esso, 1973;



Osaka Gas Company, 1973;

American Gas Association (AGA), 1973;

Japan Gas Association, 1976;

United States Coast Guard (USCG), 1979;

Shell, 1981;

Shell, 1982;

British Gas Corporation (BGCo), 1982;

Gas Research Institute, Arthur D.

Little, British Gas Corporation (GRI/ADL/BGCo), 1984; and
Gaz de France (GDF) Montoir, 1989.

In 1993, Risk and Industrial Safety Consultants, Inc., the original model
developers, updated the program and issued LNGFIRE2 in Gas Research Institute Report
GRI-92/0532 [GRI 1992]. The DOT revised the Part 193 regulations in 2000 to allow
use of the LNGFIRE3 model and again in 2010 to incorporate Gas Technology Institute
Report GTI-04/0032 [DOT 2000] [DOT 2010a].

1.3 SCOPE

After the completion of the Phoenix tests and issuance of the May 2012 DOE
report to Congress, we recognized that although the tests were conducted over water,
many of the parameters recommended by SNL could be applicable to pool fires over
land.® Therefore, we evaluated which parameters for pool fires over water could be
applicable (if any) to the current regulatory LNG pool fire model used for predicting
thermal radiation distances from pool fires over land. Given the scarcity of large scale
data and potential similarities in trends with the GDF Montoir and SNL data, we
concluded that all four parameters (mass burning rate, flame length, SEP, and
transmissivity), could potentially be argued to have some applicability to pool fires over
land. Therefore, we examined each parameter in more detail with an emphasis on the
final prediction of the thermal radiation intensity.

! Although the March 1, 2000 Final Rule incorporated LNGFIRE3 into Part 193,
the regulation retained the reference to the original LNGFIRE documentation issued as
Gas Research Institute Report GRI-89/0176. This text was corrected in an August 11,
2010 Final Rule to reference Gas Technology Institute Report GTI-04/0032. The
regulations have never included LNGFIRE2.

99 <6

2 The pronouns “we,” “us,” and “our” used throughout this document refer to the
staff of the FERC’s Office of Energy Projects.



This document presents our examination of the effect of incorporating SNL’s
recommendations regarding LNG pool fire modeling over water into LNGFIRE3, the
solid flame model required by DOT’s regulations for examining contained LNG pool
fires on land. As the first step in this examination, we created a version of LNGFIRE3’s
radiant heat calculation method in the engineering calculation software, Mathcad. This
allowed us to investigate the effect of changing individual parameters for mass burning
rate, pool fire flame height, SEP, and atmospheric transmissivity. In addition to the SNL
recommendations, we examined potential approaches to better represent the effects of
wind speed on flame tilt and flame drag on elevated fires. Using this adjusted model, we
then conducted a validation study in conjunction with a sensitivity and parametric
analysis for the mass burning rate, flame length, SEP, and thermal radiation intensities at
various distances to assess overall model performance. In addition to the experimental
data used to construct the original LNGFIRE formulation, which included the Montoir
tests, this validation study included data from the Phoenix Series tests [Blanchat 2010].
Our goal was to determine whether the current LNGFIRE3 methodology and parameters
remain suitable for use in siting LNG facilities or whether adjustments should be made to
the LNGFIRE3 model.

Development of the alterable radiant heat calculation model is described in
Section 2.0, "Mathcad Solid Flame Model." Sections 3.0 though 7.0 present our
investigations on altering individual parameters or correlations: LNG mass burning rate;
wind speed; flame tilt; flame drag; flame length; SEP; and transmissivity. Section 8.0,
"Thermal Radiation," discusses the overall performance of both the altered model and
LNGFIRE3 in predicting radiant heat measurements taken from experimental data.
Based on the new data provided by SNL, we present our conclusions on the acceptability
of the use of LNGFIRE3 for pool fires over land in Section 9.0, "Conclusions &
Recommendations."



20 MATHCAD SOLID FLAME MODEL

In LNGFIRES3, the calculation methods for determining mass burning rate, flame
length, SEP, transmissivity, and other parameters are fixed within the program and
cannot be changed by the user. As a result, the LNGFIRE3 program could not be
adjusted to analyze the effect of the SNL recommendations. In order to have a modeling
approach where all of the parameters and correlations could be altered, we first
constructed a radiant heat calculation method using Mathcad and termed this the
“Mathcad Solid Flame Model.” The model is shown in Appendix A. The native
Mathcad file is available from FERC staff by request. This method was based on the
solid flame model described in Gas Research Institute report GRI-89/0176, the only
report to include the model source code.

Results for pool fires using the Mathcad Solid Flame Model were compared to
results from the LNGFIRE3 computer program in order to verify the accuracy of the
approach.

21 MODEL ALTERATIONS

The Mathcad Solid Flame Model allows for an explicit examination of any
changes to each step in the LNGFIRE3 calculation methodology. Once confirmed to
produce results comparable to LNGFIRE3, the following parameters were altered in the
Mathcad Solid Flame Model to reflect the various SNL recommendations:

mass burning rate;
flame-height-to-diameter correlation;
SEP; and

transmissivity correlation.

In addition, we included modifications for the calculation of wind speed and flame
drag to automatically calculate the wind speed that would occur at elevations higher than
the wind speed reference height. This is discussed in Section 4.0, “Wind Speed and
Flame Drag Modification.”

2.2 STATISTICAL PERFORMANCE MEASURES

The validation results of the parametric analyses were evaluated using the same
statistical performance measures (SPMs) and graphical analyses used in the model
evaluation protocol set forth for vapor dispersion models in the DOT Advisory Bulletin
ADB-10-07, “Liquefied Natural Gas Facilities: Obtaining Approval of Alternative
Vapor-Gas Dispersion Models” [DOT 2010b] and the July 2011 FERC report,
“Evaluation of DEGADIS 2.1 Using Advisory Bulletin ADB-10-07" [Kohout 2011].

5



The SPMs provide quantitative metrics for both a model’s tendency to over-
predict or under-predict experimental data and the degree of scatter of those predictions.
The SPMs, shown in Table 2-1, were compared to the same quantitative criteria provided
in the DOT Advisory Bulletin ADB-10-07 [DOT 2010b]. As noted in the Advisory
Bulletin, the SPMs do not need to satisty the quantitative criteria in order for the model to
be acceptable. However, disagreement between the two may affect recommendations on
safety factors [DOT 2010b].

Sections 3.0 through 7.0 present the evaluation and results for each parameter.

Table 2-1: Statistical Performance Measures
Safety Factor (SF) Factor of Two (FAC2)
C C
0.5 s<—">sz.o Z(o.ss-’)sz.oJ >50%
Cm Cm
Mean Relative Bias (MRB) Geometric Mean Bias (MG)
C
C. -C 0.67 <exp(In| ™ |)<1.5
—04<{ ") <04 C,
5 (c,+c,)
Mean Relative Square Error (MRSE) Geometric Variance (VG)
2
C
1(Cp _Cm)Z <23 exp {ln(c—mﬂ <33
p
Z (C p T Cm )2




3.0 LNG MASS BURNING RATE

3.1 BACKGROUND

The mass burning rate is the amount of gaseous fuel that is volatilized and burned
in the pool fire. Higher mass burning rates will result in longer flame lengths and longer
thermal radiation distances. For unconfined pools, such as spills over water, higher mass
burning rates will also reduce the pool diameter (via mass balance) and subsequently may
result in an overall reduction in the thermal radiation distance. However, most LNG pool
fires over land would be directed to impoundments and would have constant pool
dimensions. As a result, this competing effect would not occur. As mass burning rate is
a function of heat transfer, it is possible that the rate will not change significantly
between large LNG pool fires over water and large LNG pool fires over land because the
function may be dominated by re-radiation and convection from the pool fire. For most
solid flame models, the mass burning rate is derived and correlated from experimental
data instead of heat transfer calculations. The mass burning rate is used primarily as an
input parameter into calculating the flame length correlation and flame tilt.

3.2 LNGFIRE3 PARAMETER

For circular pool fires, LNGFIRE3 uses a semi-empirical mass burning rate
correlation similar to the theoretical form of Burgess, Strasser, and Grumer [Atallah
1990] and correlated based on pool fires over land as small as 0.15 m diameter and up to
a maximum of 20 m diameter (Shell tests), such that:

Ml =7 (1 e 0% )

max

where /!, :mass burning rate, kg/m-s

burn

m’ : maximum mass burning rate, kg/m?-s

max

d : pool fire diameter, m

For rectangular geometries, LNGFIRE3 uses an empirical mass burning rate
correlation parameterized by the product of the aspect ratio and modified Froude Number
(AR-FR') with an upper limit at low AR-FR’ capped by a maximum mass burning rate,
such that:

my, =0.043+0.068(AR - FR')™" if AR-FR>1 (3a)

My, =m’ if AR-FR<I (3b)

max

where m/

burn

m’ : maximum mass burning rate, kg/m?-s

max

: mass burning rate, kg/m?-s
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AR =1/w: aspect ratio of length, |, divided by width, w
FR'= U@ . modified Froude Number

u, (z): wind speed, m/s, at height, z, m
g : gravitational acceleration, 9.81 m/s?

Experimental data indicates the measured mass burning rates can range
significantly from 0.02 to 0.17 kg/m>-s for pool fires over land, depending on the size and
configuration of the pool fire and weather conditions. For both circular and rectangular
pool fires, LNGFIRE3 uses a maximum mass burning rate of 0.11 kg/m*-s for pool fires
over land, based on the 20 m diameter Shell tests.

3.3 PARAMETER VARIATION

SNL recommends a mass burning rate of 0.15£0.4 kg/m*-s for LNG pool fires
over water based on the measured mass burning rate for one of the largest LNG pool fire
tests over water (21.4 m diameter SNL Phoenix experiment®) [Blanchat 2010]. This mass
burning rate is approximately the same as the 0.14 kg/m*-s mass burning rate measured at
the largest LNG pool fires over land (35 m diameter GDF Montoir experiments) [Malvos
2006], but is also in the range of the 0.11 kg/m*-s used in LNGFIRE3. The similarity in
mass burning rate appears to support the notion that, for large LNG pool fires, the
burning rate is dominated by heat transfer from the fire to the pool and that a less
significant contribution is from the heat transfer from the substrate.

However, wind would affect the convective heat transfer and re-radiation (due to
flame tilt) which may also significantly affect the mass burning rate. The mass burning
rate measured in the Shell tests was taken in a trial subject to wind speeds of
approximately 7 m/s. The mass burning rate measured in the Phoenix tests was taken in a
trial subject to low wind speeds of approximately 1.6 m/s. The mass burning rates
measured in the GDF Montoir tests were approximately 0.14 kg/m>-s for all three tests
with wind speeds ranging from 2.7-4.8 m/s to 7.0-10.1 m/s, but measured higher heat
fluxes back to the pool for wind speeds of 7.0-10.1 m/s [Malvos 2006]. Conversely,
AGA trench fire tests indicated an inverse relationship with heat fluxes back to the pool
and wind speeds [AGA 1974]. The difference in heat fluxes back to the pool among the
Montoir and AGA trench fire tests highlight the influence of wind speed, but does not
provide a clear trend. It is possible that the change in view factor and subsequent
re-radiation due to flame tilt for the AGA trench fire tests from the wind and enhanced
turbulent mixing and subsequent convective heat transfer from the wind have some
competing effects.

% The 56 m diameter Phoenix test did not collect sufficient amount of data to
determine a steady state mass burning rate.



As both the Montoir and SNL experiments indicate a potential maximum LNG
mass burning rate that is similar and higher than the maximum mass burning rate of
0.11 kg/m?-s used by LNGFIRE3, the mass burning rate measured at experiments were
compared with those predicted with the Mathcad Solid Flame Model, using different
maximum LNG mass burning rates. This comparison is shown in Figure 3-1, Figure 3-2
and Table 3-1.

Burn Rate v Diameter

Correlation with 0.11 kg/m2-s
020 7 maximum mass burning rate

018 7 Correlation with 0.14 kg/m2-s
maximum mass burning rate
0.16 -
- ¢ Correlation with 0.15 kg/m2-s
: maximum mass burning rate
~ 0.14 ~
(%] [
o~ ® AGA
ém 0.12
®
S o
o 0.10 © USCG China Lake (Raj et al)
§ L
= 0.08 1
= ® GDF Montoir (Nedelka,
=} Moorhouse, Tucker)
< 0.06
© SNL Phoenix (Blanchat,
0 04 i Luketa)
O 02 N @ University Engineers, Inc
0.00 ! ! ! ! ! ©  Shell (Mzner and Eyre)
0 20 40 60 80 100
width (m)

Figure 3-1 Circular Burn Rate Prediction Compared to Experimental Data

Burn Rate v ARFR

0.20 — Correlation with 0.11 kg/m2-s
maximum mass burning rate
0.18 ~
Correlation with 0.14 kg/m2-s
0 16 maximum mass burning rate
—— Correlation with 0.15 kg/m2-s
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o
%) 0 . 12 _ ®  Osaka Gas Company
X
=
2 0.10 = Briish Gas Corporation
E (Moorehouse)
£ 0.08 4=
> m  British Gas Corporation
o] (Moorehouse)
0.06 -
m l. N m  British Gas Corporation
A a (Moorehouse)
0.04 ~
®  British Gas Corporation
0.02 (Moorehouse)
A GRIADL/BGCo (Croce,
0 . OO T T T T T T ! Mudan, Moorehouse)
0 5 10 15 20 25 30 35

ARFR
Figure 3-2 Rectangular Burn Rate Prediction Compared to Experimental Data
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Table 3-1: Effect of Maximum Burn Rate on Burn Rate Prediction
Statistical Burn Rate, kg/m?-s
Performance
Measure 0.11 0.14 0.15
SF 1.01 1.23 1.30
FAC2 86% 91% 91%
SF>1 48% 63% 69%
MRB 0.02 -0.10 -0.13
MG 1.07 0.89 0.84
MRSE 0.15 0.17 0.19
VG 1.20 1.22 1.24

As shown above, all three methodologies provide overall good agreement and are
within the SPM criteria based on the average SPMs. The results also indicate increasing
conservatism for increasing mass burning rates. However, the SPMs are averaged values
and are largely influenced by the more abundant data recorded for small scale fires and
trench fires that have lower mass burning rates.

When looking at the agreement with individual tests, LNGFIRE3 (or the Mathcad
Solid Flame Model) shows reasonable agreement against all experimental data with the
exception of: (1) the maximum burning rate reported in the Montoir pool fires; (2) the
upper range of low aspect ratio rectangular fires over land; and (3) the mass burning rates
reported for the USCG China Lake and SNL Phoenix pool fires over water. The mass
burning rate measured in the Montoir tests were previously dismissed in the original
LNGFIRE formulation and validation as it was not expected to change the output of the
proposed model considerably. Additionally, any increase in the predicted flame length
was thought to be offset in real fires by the increased sootiness of the flame observed at
Montoir and reduction in the angle of tilt (Atallah, 1990). The mass burning rate
measured in the USCG China Lake tests were previously dismissed in the original
LNGFIRE formulation and validation because of the difference in behavior for pool fires
over water. However, the reported China Lake burn rates have since been shown to be
incorrect. According to SNL, the burn rates would rather fall within the 0.11 to 0.16
kg/m*-s range, which is similar to the Phoenix tests and Montoir tests [Blanchat 2010].
This suggests the dominant heat transfer mode for large pool fires will be from re-
radiation and convective heat transfer from the fire and may not be considerably affected
by heat transfer from the water or ground. Provided this information, the increased burn
rates reported in the Phoenix tests indicate that the an increased maximum mass burning
rate should be reconsidered.
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Increasing the mass burning rate to 0.14 kg/m>-s or 0.15 kg/m’-s from 0.11
kg/m*-s would provide greater conservatism in predicting the mass burning rate for
smaller pool fires over land. It would also provide better agreement with the Montoir
tests over land and the upper range of low aspect ratio rectangular fires over land, as well
as the USCG and SNL pool fires over water. However, maintaining the maximum mass
burning rate at 0.11 kg/m*-s provides more accurate predictions for smaller pool fires
over land. While deference to the larger pool fires over land would normally be
considered for model use in Part 193 siting analyses, as they are closer in size to the
impoundments installed at land-based LNG facilities, it 1s important to understand the
subsequent ramifications of this change to other parameters. Therefore, we explored
additional parameters affected by the mass burning rate, including the flame tilt, Section
4.0, and flame length, Section 5.0.
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4.0 WIND SPEED, FLAME TILT & FLAME DRAG

41 BACKGROUND

Wind will cause a flame to tilt and drag along its base. Increasing wind speed will
increase the flame tilt and flame drag. The wind speed at the location of the fire is
typically a directly supplied parameter used to determine the amount of flame tilt and
flame drag induced by the wind. Wind speed will typically change as the elevation
changes. Most weather stations provide wind speeds at a 10 m height, but certain fires
scenarios (e.g., tank top fires) would be at much higher elevations (e.g., 40 m). For
flames at ground level (i.e., elevation of 0 m), the wind speed will not change
significantly from the wind speed at the reference height and subsequently the flame tilt,
flame drag, and thermal radiation will not change significantly. However, for elevated
fires, the wind speed will increase based on the elevation above the wind speed reference
height and the Pasquill Stability Class (A through F), as shown in Equation (4) and
Figure 4-1 for a nominal wind speed of 1 m/s at a reference height of 10 m.

uw(z)=uw(zr>[2i] 4)

r

where u,(z): wind speed at specified height, m/s, at height,
z,m
u,(z,): reference wind speed, m/s, at reference height, z,, m

p : wind profile exponent dependant on Pasquill Stability
Class, 0.10-0.35

The increase in wind speed will subsequently increase the flame tilt and flame
drag, and subsequently can increase the thermal radiation distances. Wind will result in
flame tilt, which is the amount the fire is tilted by the wind, and flame drag, which is the
amount the base of the fire is shifted or dragged by the wind. The flame tilt and flame
drag will depend on the wind speed and size of the fire and is important to include as it
causes the flame to become closer to downwind targets and subsequently increases the
radiant heat intensity.
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Figure 4-1 Wind Speeds for Elevation Above Reference Height

42 LNGFIRE3 PARAMETER

For circular fires, LNGFIRE3 uses a flame drag ratio correlation developed by
Moorehouse parameterized by the wind speed and fire size as follows.

DR:1.5(“W<Z)2) (5)
g-d

where DR: drag ratio of fire
u,(z): wind speed, m/s
d : diameter of pool fire, m
g : gravitational acceleration, 9.81 m/s®

For rectangular fires, LNGFIRE3 uses a flame drag ratio correlation developed
during the GRIVJADL/BGCo tests parameterized by the aspect ratio and a modified
Froude number.

DR =2.2-FR"**. AR"? (6)

where DR: drag ratio of fire
u,(z): wind speed, m/s

FR' = UW—(Z) : modified Froude Number

AR =1/w: aspect ratio of length divided by width
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For circular and rectangular fires, the flame tilt is a function of wind speed, the
pool size, and the mass burning rate. LNGFIRE3 uses the correlation developed by
AGA, as shown below.

! 1 (7)

0 =cos”

u,(2)
(mgurn ‘g d /pv)l/3

where 6: Flame tilt from vertical, degrees
u, (z): wind speed, m/s
m/, : mass burning rate per unit area, kg/m’-s

burn *
d : size of the fire, taken as pool fire diameter, d , or width, w, m
p,: density of LNG vapor, ~1.85kg/m® at boiling point

g : gravitational acceleration, 9.81 m/s®

43 PARAMETER VARIATION

In order to account for the change in wind speed based on the flame base elevation
above the wind speed reference height, the wind speed parameter in the Mathcad Solid
Flame Model automatically adjusts, based on the Pasquill Stability Class, for the height
difference between the reference height of the wind speed and the elevation of the flame
base. In addition, in constructing the Mathcad Solid Flame Model, flame drag was
included at elevated fires, as the reason for dismissal of flame drag for elevated fires
above 2 m in Gas Research Institute report GRI 89/0176 or Gas Technology Institute
report GTI-04/0032 was not supported by any technical justifications.

Figures 4-2 and 4-3 show the effect of wind speed on flame drag for different pool
sizes and aspect ratios with a much larger effect on high aspect ratios (note change in
flame drag scales on vertical axes). However, there is a diminishing effect at high wind
speeds and high aspect ratios are typically associated with trenches that are located near
the ground where the wind speed will be close to the wind speed reference height. In
addition, as can be seen by Equation (5) and (6), the flame drag is independent of the
mass burning rate.

As shown in Figure 4-4 through Figure 4-7 and Table 4-1, LNGFIRE3 performs
generally well with the limited data on flame drag and is well within the SPM criteria
based on average SPMs.
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Figure 4-2 Flame Drag for Circular Pool Fires
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Figure 4-3 Flame Drag for Rectangular Pool Fires
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Table 4-1: Flame Drag Prediction
SPM Flame Drag
SF 1.09
FAC2 100%
SF>1 70%
MRB -0.06
MG 0.96
MRSE 0.03
VG 1.07

Figure 4-8 shows the effect of wind speed on flame tilt for different pool sizes
with a more pronounced effect from the wind speed. However, there is a diminishing
effect of wind speed at high wind speeds that would be associated with tank top fires.
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Figure 4-8 Flame Tilt for Pool Fires

As shown in Figure 4-9, Figure 4-10, and Table 4-2, LNGFIRE predicts the flame
tilt fairly well and is within the SPM criteria for the various maximum mass burning
rates. The results also indicate decreasing conservatism for increasing mass burning
rates. However, the SPMs are averaged values and are largely influenced by the more
abundant data recorded for small scale fires and trench fires that have higher flame tilts.
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Table 4-2: Effect of Maximum Burn Rate on Flame Tilt
Prediction
Statistical Maximum Burn Rate, kg/m2-s
Performance
Measure measured 0.11 0.14 0.15
SF 1.15 1.10 1.06 1.05
FAC2 100% 100% 96% 96%
SF>1 83% 76% 65% 62%
MRB -0.09 -0.06 -0.03 -0.02
MG 0.88 0.93 0.96 0.98
MRSE 0.05 0.05 0.06 0.07
VG 1.05 1.05 1.07 1.08

However, as will be discussed in Section 5.0, “Flame Length,” the selection of a
maximum mass burning rate greatly influences the prediction of the flame height and
subsequent thermal radiation and therefore cannot be looked at in isolation.
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5.0 FLAME LENGTH

5.1 BACKGROUND

The flame length is the length of the flame as measured from the base of the fire.
The flame length will vary for the turbulent diffusion flames present in large scale pool
fires and therefore an average flame length is often reported for experimental data.
Sometimes a maximum flame length or a flame length that occurs at a certain frequency
(e.g., 95%) may be the only value reported for experimental data.

The flame length is a function of the mixing dynamics and chemical kinetics of the
fuel and oxidant. For solid flame models, the flame length is typically calculated using
empirical correlations based on the mass burning rate and diameter of the pool fire. For
solid flame models, the flame height represents the height of the simplified geometry, and
is accounted for in the view factor for calculating the distance to a specified thermal
radiation level. Higher flame lengths will result in farther thermal radiation distances.

5.2 LNGFIRE3 PARAMETER

LNGFIRES3 uses the flame length correlation developed by Thomas for fires in the
absence of wind. The Thomas correlation is based on a series of wood fire tests, and is

shown below.
I m" 0.61
f burn
— =4p — (8)
d (pa V g- d J

where [, : Flame length, m

d : size of the fire, taken as pool fire diameter, d , or width, w, m
m/ : mass burning rate per unit area, kg/m*-s

p, : density of air, ~1.2kg/m>
g : gravitational acceleration, 9.81 m/s®

5.3 PARAMETER VARIATION

For LNG pool fires over water, SNL recommends a new flame length correlation
developed in the absence of wind for dimensionless heat release rates, Q*, of 0.1 to 1,
corresponding to pool fire diameters of approximately 25 m to 2,200 m [Luketa 2011].
The SNL correlation is based on a series of 3 m gas burner tests using various flow rates
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of methane and has been validated against the Phoenix trial LNG pool fire data. The
SNL flame length correlation is shown below.

2 0.539

If Q %0.539 I f m{;umﬂ' T hc (9)
—=4.196- 7 -0.930 or —=4.196 —-0.930

d d panTa\/E-dS/z

where [, : Flame length, m
d : diameter of pool fire, m
m?,. : mass burning rate per unit area, kg/m?-s
h. : heat of combustion of methane, 50x10° J/kg
p,: density of air, ~1.2kg/m’
¢, : specific heat of air, 1006 J/kg-K
T, : temperature of air, K

g : gravitational acceleration, 9.81 m/s?

However, as noted by SNL, the uncertainty on the flow measurements during the
methane gas burner tests and the flame height data results in an uncertainty that can be
represented by high and low correlations of similar form to the recommended SNL
correlation as follows:

I

i 4.828-Q*"%’ —1.023 (high range of uncertainty) (10)

Ef =3.623-Q*"%” —0.837 (low range of uncertainty) (11)

The flame length for pool fires over water and pool fires over land could be argued
to be the same because the flame length is dominated by the mass burning rate and pool
diameter. However, there could be some influence of the water vapor entrained into the
fire that affects the flame length. As the SNL flame length correlation was developed
based on methane gas burner tests (not over water), we examined the use of both
correlations. Using the Mathcad Solid Flame Model, which incorporates both the
Thomas and SNL flame length correlations, we performed a parametric analysis of mass
burning rate and compared it against a wide array of LNG experimental data. The results
are shown in Figure 5-1 and Table 5-1.
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Figure 5-1 Flame Length Predictions Compared to Experimental Data

Table 5-1: Effect of Maximum Burn Rate and Flame Length Correlation on Flame
Length Prediction

Statistical Maximum Burn Rate, kg/m2-s
Performance Exp 0.11 0.14 0.15

Measures Thomas SNL Thomas SNL Thomas SNL Thomas SNL
SF 1.07 1.66 1.05 1.63 1.19 1.86 1.23 1.93
FAC2 96% 86% 96% 81% 93% 58% 93% 54%
SF>1 57% 93% 55% 90% 63% 93% 66% 93%
MRB -0.03 -0.33 -0.01 -0.31 -0.09 -0.40 -0.11 -0.43
MG 0.97 0.63 0.99 0.64 0.88 0.57 0.86 0.55
MRSE 0.08 0.28 0.10 0.28 0.12 0.39 0.14 0.43
VG 1.08 1.31 1.10 1.35 1.14 1.55 1.16 1.63

As shown above, the SNL recommended flame height correlation will result in
higher flame heights compared to the Thomas flame height correlation. In addition, the
use of the Thomas flame length correlation for pool fires using the 0.11 kg/m*-s
maximum mass burning rate provides the most accurate prediction of the flame length
based on the SPMs overall. However, the SPMs are average values for all of the tests
and are largely influenced by the more abundant data recorded for small scale fires and
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trench fires. When examining larger scale fires that are of similar magnitude for fires that
could be present at LNG facilities (greater than 10 m), the Thomas correlation can under-
predict the measured flame length by almost a factor of 2 for LNG pool fires over land
when coupled with the 0.11 kg/m*-s mass burning rate. In contrast, the SNL correlation
can over-predict the measured flame length by a factor of 2 for LNG pool fires over land
when coupled with the 0.15 kg/m”-s mass burning rate. The difference between the flame
heights predicted by each correlation becomes even larger for pool fires up to 100 m.

Better agreement is shown with larger pool fires when using the SNL flame height
correlation coupled with the 0.11 kg/m*-s mass burning rate or when using the Thomas
correlation coupled with the 0.15 kg/m?-s mass burning rate, leading to an uncertainty on
which maximum mass burning rate and flame length correlation to use. The uncertainty
on the selection of the mass burning rate and the flame length correlation becomes even
greater when considering the uncertainty ranges reported by SNL for the maximum mass
burning rates and flame length correlation as shown in Figure 5-2, which includes a best
fit flame length correlation within the SNL bands of uncertainty for pool fires over land
using 0.14 kg/m’-s as the maximum mass burning rate.
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Figure 5-2 Flame Length Predictions and Uncertainties Compared to Experimental
Data

Therefore, in order to properly evaluate the effect of these parameters, the
selection of the maximum mass burning rate, flame length correlation, and SEP are
evaluated in relation to the prediction of the thermal radiation in Section 8.0, “Thermal
Radiation.”
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6.0 SURFACE EMISSIVE POWER

6.1 BACKGROUND

The SEP is the amount of thermal radiation emitted by the fire at its outer surface
and is a function of the mixing dynamics and chemical kinetics of the flame. It is largely
driven by the difference in soot production rates and soot oxidation rates occurring in the
fire. As the pool fire diameter increases, the soot production rate increases, causing the
flame to become optically thick. As the flame becomes optically thick, the SEP increases
and heat radiates over greater distances from the pool. However, as the pool diameter
increases further, the soot production rate begins to exceed the soot oxidation rate. This
results in the flame becoming saturated and the soot (predominantly smoke particulates)
escapes past the flame envelope and effectively reduces the SEP by obscuring the flame
surface. As the SEP decreases, the distance over which heat radiates from the pool also
decreases. As a result, there is a specific pool diameter which will generate a maximum
possible SEP for a fire either over water or on land. Increases in pool size beyond this
diameter will result in a lower SEP. In addition, as the soot is buoyant, the SEP is not
homogeneous over the entire flame surface. Periodic smoke shedding due to wind will
also provide moments of higher mean SEPs for smoke obscured flames.

As shown in the Equation (1), the SEP is a directly supplied parameter, along with
the view factor and transmissivity, for determining the thermal radiation intensity.
Higher SEPs will result in longer thermal radiation distances. Most solid flame models
do not attempt to predict the production and oxidation of soot or the degree the soot can
obscure and reduce the SEP for LNG pool fires, nor do they attempt to predict water
vapor entrainment and its subsequent effects on the SEP for pool fires. Therefore, an
average, or mean, SEP is typically used in solid flame models to describe the thermal
radiation emitted by the fire. Most solid flame models will use a function based on the
pool fire diameter and maximum mean SEP.

6.2 LNGFIRE3 PARAMETER

For circular pool fires, LNGFIRE3 uses a semi-empirical mean SEP correlation
based on the flame emissivity as a function of optical thickness and a maximum mean
SEP such that:

SEP =SEP,, -£=SEP, (1—e™) (12)

where SEP : surface emissive power, KW/m?
SEP_ : maximum surface emissive power, kW/m’

&: emissivity of flame
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d : optical thickness taken as pool fire diameter, d , width, w, or
length, I, m
x : attenuation coefficient, 0.3 m™

Experimental data indicates the SEP can range significantly from 20 kW/m?® to
over 300 kW/m”* for pool fires over land depending on the size and configuration of the
pool fire, the weather conditions, and the location on the flame. For both circular and
rectangular pool fires, LNGFIRE3 uses a maximum mean SEP of 190 kW/m” for pool
fires over land.

6.3 PARAMETER VARIATION

The large scale LNG fire tests conducted by SNL were measured to have a mean
SEP of approximately 277+60 kW/m” and 286+20 kW/m® using wide angle radiometers
and 238 kW/m® and 316 kW/m® using narrow angle radiometers with an uncertainty
range of 248-326 kW/m” [Luketa 2011, DOE 2012]. For solid flame models of pool fires
on water, SNL recommends the use of a nominal value of 286 kW/m® with parametric
variation of 239-337 kW/m” [Luketa 2011]. However, as the Phoenix series were
conducted over water, these tests are expected to yield different SEP values than LNG
pool fires over land due to entrainment of water vapor into the fire (Luketa 2011). The
entrainment of water vapor can reduce the soot production of the flame. This will reduce
the luminosity and the SEP in smaller (optically thin) fires, but will also reduce the
smoke production and increase the SEP in larger (optically thick) fires.

The increased SEP reported in the Phoenix tests suggest that an increased SEP
should be re-considered for land based pool fires (i.e. LNGFIRE3). We compared the
model against the large scale LNG fire tests conducted by GDF at Montoir, which were
measured to have a SEP of approximately 257-273 kW/m® (265 kW/m* average) using
wide angle radiometers [Atallah 1990] and a maximum SEP of approximately
316 kW/m> [Malvos 2006, Raj 2006] using narrow angle radiometers. Smoke
obscuration was observed for the Montoir tests, while little or no smoke obscuration was
observed for the Phoenix tests. This could indicate that the specific diameter associated
with the maximum possible SEP for fires on land was reached in the Montoir tests (where
the pool fire reached a diameter of 35 m), but not in the Phoenix tests over water (where
the pool fire reached a diameter of 56 m ). It is unclear whether the maximum mean SEP
measured for LNG pool fires over land would be the same value as that measured for
pool fires on water, albeit for different pool diameters.

As both the Montoir and SNL experiments indicate a potential maximum mean
SEP that is similar and higher than the mean SEP of 190 kW/m® used by LNGFIRE3, the
mean SEP determined from experimental data were compared with those predicted with
the Mathcad Solid Flame Model, using different maximum mean SEPs. Using the
Mathcad Solid Flame Model, which incorporated the various maximum mean SEPs, we
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performed a parametric analysis of the SEP correlations and compared the results against
a wide array of LNG experimental data, as shown in Figure 6-1, Figure 6-2, and
Table 6-1.
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Function of Pool Diameter and Length
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Table 6-1: Effect of Maximum SEP on
SEP Prediction
Statistical SEP, KW/m?
Performance

Measure 190 265 286
SF 1.09 1.51 1.63
FAC2 94% 85% 83%
SF>1 45% 96% 98%
MRB -0.03 -0.26 -0.31
MG 0.80 0.58 0.53
MRSE 0.09 0.20 0.25
VG 1.90 2.46 2.69

As shown above, the use of the 190 kW/m® for pool fires provides the most
accurate prediction of the SEP based on the SPMs. However, the SPMs are average
values for all of the tests and are largely influenced by the more abundant data recorded
for small scale fires and trench fires. When evaluating individual experiments, the
maximum SEP of 190 kW/m® would under-predict the SEP for the largest pool fires
conducted over land (GDF Montoir tests). Increasing the maximum mean SEP to
286 kW/m? or 265 kW/m* from 190 kW/m® would provide greater conservatism for
smaller pool fires over land and better agreement with the SNL and Montoir tests.
However, as suggested by others [Blanchat 2010, Malvos 2006], the view factor for solid
flame models that represent a fire as a cylinder will provide over-predictions compared to
the actual flame shape. Typically, the SEP is adjusted SEP downward (same effect as
adjusting view factor downward) to match the thermal radiation heat flux intensities at
specified distances. As will be shown in Section 8.0, “Thermal Radiation,” when taking
this into account, the maximum mean SEP of 190 kW/m® provides the best overall
agreement to thermal radiation measurements, including the Montoir tests, when coupled
with the 0.11 kg/m?-s maximum mass burning rate, Thomas flame length correlation, and
transmissivity correlation utilized in LNGFIRE3.
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7.0 TRANSMISSIVITY

7.1 BACKGROUND

The thermal radiation transmitted through the atmosphere will determine the
thermal radiation that may be absorbed by an object. Transmissivity is the amount of
thermal radiation that is transmitted through (and not absorbed by) the atmosphere.
Transmissivity is a function of the presence of products in the atmosphere that absorb
thermal radiation from the fire. It is largely driven by the amount of carbon dioxide and
water vapor in the atmosphere. The amount of carbon dioxide in the air is dependent on
the ambient temperature and the amount of water vapor in the air is dependent on both
the relative humidity and ambient temperature. An increase in the amount of carbon
dioxide and water vapor in the air decreases the transmissivity and subsequently
decreases thermal radiation distances.

Most solid flame models will use a correlation to determine the amount of water
vapor and subsequent absorption in the atmosphere, but the correlation may not include
carbon dioxide absorption as it is not as dominant. As shown in the Equation (1), the
transmissivity is a directly supplied parameter, along with the view factor and SEP, in
solid flame models for determining the thermal radiation intensity. A higher
transmissivity will result in longer thermal radiation distances.

7.2 LNGFIRE3 PARAMETER

LNGFIRE3 neglects absorption from carbon dioxide in the atmosphere and uses a
common step-wise correlation for transmissivity based on a procedure described in
McAdams, “Heat Transmission” [Atallah 1990] that accounts for water vapor content in
the atmosphere only, as follows:.

r=1-a, (13)
0.45
) T
with a, =&, | =— (14)
Tflame
e =0 if 0atm-m< P, <0.00005atm - m

vL —

T
1n(0.72+0.16-P, }n| —2—
( o) [SOORJ

e 1n(3) if 0.00005atm-m < P, <10atm-m

2
g, =1 0—044685+0434729Plog—O.0864P,Og
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In(3)

I(Mjl(L)
0.642 1.24R,,—0.642 500R
£, = £1.24—‘—]-e

log

In 1.24—% »ln[Ta [R] j
Pog 500

—e In(3)

_ 1n(va)
g 2302585093

T
PV,L = I:)v,water : -fll_ame : (X - Wldth)

a

14.41 14—9?:0';63
=RH -e 2[Rl atm

P

v,water

where 7 : transmissivity
a,, : absorptivity of water vapor
&, emissivity of water vapor
T,: ambient temperature, R
T,... flame temperature, R

flame *

if 10atm-m< P, <453atm-m

if 453atm-m< PR, <1000atm-m

if P, >1000atm-m (15a-e)

(16)

(17)

(18)

P, : amount of water vapor along path length, X

P,.waer - Saturated water vapor pressure, atm

RH : relative humidity, %

PARAMETER VARIATION

Based on the data from the Phoenix tests, SNL recommends the transmissivity
correlation developed by Wayne with the saturated water vapor pressure determined

based on the Antoine formula using the coefficients from Stull, as shown below
[Luketa 2011]:

7 =1.006 - 0.0117log(x,, () 0.02368 log(,, o ()]

—0.0318809 7o, (X))+0.00116410g( 7o, (X)f
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with

where

1435.264

4, -
2.8865-102[10 TalKI=6484 . RH J[mmHg]

Zno(X)= TIK] X[m] (20)

273K
Zeo, (X)= T7[3K] x[m] 21)

7 : transmissivity
Zu,0(x): amount of water vapor along path length, X

Xeo,(x): amount of carbon dioxide along path length, x

RH : relative humidity, %
T, : ambient temperature, K

The Wayne transmissivity correlation includes carbon dioxide absorption and will
generally result in lower transmissivities compared to the transmissivity correlation used
by LNGFIRE3, as shown in Figure 7-1.

0.9 A
0.8 A
0.7 ~
0.6 -
0.5 A

Transmissivity

0.4 -
0.3 -
0.2
0.1 A

Distance v Transmissitivy

—— LNGFIRE3
—— Sandia

1
200 400 600 800 1000

Distance (m)

Figure 7-1 Transmissivity Predictions of LNGFIRE3 and SNL Recommendation

While the SNL recommended correlation is more accurate, the difference is
relatively small and the LNGFIRE3 transmissivity correlation would be conservative.
However, both transmissivity correlations were examined to determine their influence on
the thermal radiation predictions.
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8.0 THERMAL RADIATION

Higher wind speeds, high burn rates, higher flame drags, higher flame tilts, higher
predicted flame heights, higher SEPs, and higher transmissivities will all result in higher
thermal radiation intensities and longer thermal radiation distances. In addition, a solid
flame model that represents the fire as a tilted cylinder tends to over-predict the actual
view factor compared to a real fire, resulting in higher thermal radiation intensities and
longer thermal radiation distances. For this reason, the mean SEP is often adjusted
downward to match the thermal radiation distances to account for the over-prediction
resulting from assuming a simplified geometry.

In order to evaluate the effect of incorporating all of the SNL recommendations
for LNG pool fires over water into the solid flame model LNGFIRE3, we compared
downwind thermal radiation predictions by the Mathcad Solid Flame Model using
various combinations of LNGFIRE3 parameters, SNL recommended parameters, and
values in between that could reasonably be assumed against an assortment of LNG
experimental data, as shown in Figure 8-1, Figure 8-2, Figure 8-3, Figure 8-4, and
Table 8-1.

As shown, LNGFIRE3 performs fairly well, being within the SPM criteria for
nearly all of the SPMs, and is generally conservative. However, the SPMs are averaged
values and are largely influenced by the more abundant data recorded for small scale fires
and trench fires that have lower thermal radiation intensities. When looking at individual
experiments, LNGFIRE3 over-predicts the thermal radiation from trench fires by nearly a
factor of 2 with decreasing conservatism for lower thermal radiation intensities.
However, LNGFIRE3 also predicts the thermal radiation for Montoir tests much more
accurately, but less conservatively. Moreover, LNGFIRE3 does a poor job predicting
thermal radiation intensities for the Phoenix fire tests, and under-predicts by more than a
factor of 2.

In addition, a model incorporating all of the SNL recommendations for fires over
water performs well against the Phoenix fire tests (the only LNG pool fires over water
evaluated with thermal radiation data), but vastly over-predicts thermal radiation
intensities for LNG pool fires over land by more than a factor of 2.
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Table 8-1: Effect of Parameters on Thermal Radiation
Prediction
SPM LNGFIRES3 SNL Montoir | Best Fit
SF 1.74 3.52 3.24 1.09
FAC2 70% 5% 7% 91%
SF>1 88% 95% 95% 57%
MRB -0.25 -0.58 -0.55 0.00
MG 0.63 0.31 0.33 0.98
MRSE 0.38 1.18 1.07 0.12
VG 1.53 4.82 4.00 1.15

Using the Montoir mass burning rate and SEP with only the SNL
recommendations for flame length and transmissivity does a better job at predicting the
thermal radiation intensities, but would still over-predict thermal radiation intensities for
LNG pool fires over land by more than a factor of 2.

Using best fit values within the SNL ranges of uncertainty for mass burning rate,
flame length, and transmissivity, and then adjusting the view factor downward (via SEP)
to better match the thermal radiation intensities measured would provide the most
accurate predictions of the experimental data. However, this approach would be less
conservative than LNGFIRE3 when compared to experimental data and would produce
results -27% to +37% different than LNGFIRE3 for typically sized impoundments, full
containment tanks, and single containment tank fire scenarios without any discernible
decrease in uncertainty in the predictions.
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9.0 CONCLUSIONS & RECOMMENDATIONS

While LNGFIRE3 under-predicts the mass burning rate, flame length, and the
mean SEP for the Montoir tests, LNGFIRE3 predictions are still within the SPM criteria
and uncertainty bands and are in close agreement with experimental data for thermal
radiation due to the higher transmissivity predictions coupled with the over-prediction of
the view factor when representing the flame as a cylinder. Adjusting the parameters to
match the SNL recommendations would be less accurate and would over-predict thermal
radiation intensities for pool fires over land. Adjusting the maximum mass burning rate
and maximum mean SEP parameters coupled with the SNL recommendations for flame
length and transmissivity to better fit the Montoir values would also be less accurate and
over-predictive of thermal radiation intensities for pool fires over land, including the
Montoir tests. Adjusting the parameters and correlations to best fit the mass burning rate,
flame length, and mean SEP for the Montoir tests would still have similar over-predictive
results due to the over-prediction of the view factor. The view factor could be adjusted
downward (via SEP) to better match the thermal radiation for Montoir, but this approach
would be less conservative than LNGFIRE3 when compared to other experimental data.
This approach would not provide any additional certainty or discernibly more accurate
predictions in thermal radiation intensity predictions for typically sized impoundments,
full containment tanks, or single containment tank fire scenarios.

Therefore, we conclude that LNGFIRE3, as currently prescribed by 49 CFR Part
193, is appropriate for modeling thermal radiation from LNG pool fires on land and is
suitable for use in siting on-shore LNG facilities.
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APPENDIX A: Mathcad Solid Flame Model
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