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NOTICE

This document is disseminated under the sponsorship of the U. S.
Depar tment of Transportation in the interest of information exchange.
The United States Government assumes no liability for the contents or
use thereof.

The work reported on herein was performed for the Marine Safety
Technology Division of the U. S. Coast Guard Office of Research and
Development. The views are those of the authors who are responsible
for the facts and accuracy of the data. This report does not
constitute a specification, standard or regulation .
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3A report of results of small scale (lO0~~~Y) tests of some ].iq—uefied natural gas (LNG) hazard control methods and concepts. Tests
were run to estimate dry chemical flow rate requirements for the ex-
tinguishment of fires from LNG pools with obstructions in the pool
area and fires from LNG pools on water in a containment. Objectives
were to obtain data for design of large—scale tests. Other small—
scale tests examined the feasibility of other concepts for controlling
hazards from spills of liquefied natural gas.

Agent application rates required for extinguishment of obstructed
LNG fires and LNG fires on water are not different from those effectiv
on unobstructed fires on dry surfaces (if the functionality between

• burning rate and application rate is accounted for). Care must be
exercised to assure uniform powder distribution on obstructed fires.

Tests of water spray screens to reduce downwind vapor concentra-
tions showed that the concept is practical and effective for small LNG
spills, and that the mechanism of reduction is the addition of
turbulence in the vapor zone.

Tests of water spray screens to reduce radiant heating of expo-
sures demonstrated no practical value for the concept except as an
uneconomical alternative where spray directly on the exposure is not -

possible.~~~
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• SMALL SCALE TESTS ON CONTROL METHODS FOR SOME

LIQUEFIED NATURAL GAS HAZARDS

I
SUMMARY OF RESULTS

This is a report of results of small scale (100 ft2) tests
of some liquefied natural gas (LNG) hazard control methods and
concepts. The work was conducted for the U.S. Coast Guard under
Contract DOT-CG-42,355A. Tests were run to estimate dry chemical
fire extinguishment flow rate requirements for the extinguishment
of fires from LNG pools with obstructions in the pool area and

• fires from LEG pools on water in a containmdnt. The objectives
of these tests were to obtain data for the design of large—scale
tests which are anticipated to be near the extremes of extinguish-
ing system performance. Other small—scale tests were run to
examine the feasibility of using small—scale tests to screen new
concepts for controlling hazards from spills of liquefied natural
gas (e.g. water sprays for vapor dispersion).

Obstructed fire extinguishment tests were conducted on
100 ft2 pool, fires obstructed by two 12 in dia cylinders each
supporting an end of a length of 8 in dia metal culvert at a
level about three feet above the LEG surface. Extinguishment
devices were 20 and 30 lb capacity portable dry chemical extinguish-
ers and a 150 lb capacity handline system. Agents tested included
sodium bicarbonate, potassium bicarbonate, and urea—potassium
bicarbonate. LEG burning rate (liquid level regression rate) was
maintained at about 0.4 in m m .  Agent application rates for one
attack point ranged from 0.014 to 0.062 lb/sec—ft2. Rates for
two attack points ranged from 0.026 to 0.035.

Results of the obstructed fire extinguishment tests were
not measurably different from results for unobstructed fire
extinguishment tests. The obstructed tests demonstrated only that
some minimum rate must be delivered to the fire to achieve a
desir.d extinguishment time, simply increasing flow rate will not

1
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I
assure that the minimum application rate is achieved. Two attack
points offer more flexibility in achieving proper application of
dry chemical agents to obstructed fires.

Tests of extinguishment of unobstructed fires from LEG
on water in a 100 ft2 pool were run to assure that agent effec-
tiveness was essentially unchanged from that observed for fires
from LEG on dry surfaces. No differences in effectiveness were
demonstrated (if the functionality between burning rate and
application rate is accounted for). Ice formation beneath the

• LEG tended to reduce burning rate in these tests in a contain-
ment, so that extinguishment could be achieved at fairly low
agent application rates.

Tests were run for evaluation of the concept of using
water sprays downwind of LEG spills to reduce more distant down-
wind flammable vapor concentrations. The concept appears to be

• •
• effective for small spills. The mechanism of reduction of vapor

concentrations from LNG is apparently an increase in turbulent
mixing, with little or no heat transfer or chemical. effects.
Water sprays would probably be slightly more effective on water-
soluble vapors.

Tests were also run to evaluate the concept of using

water sprays between fires and “targets” to reduce radiant heat—

ing reaching exposed areas. Water sprays can reduce the radiant

heating reaching exposures, but the effect is not large unless
• the spray is very heavy (dense). Direct application of water

• 
• to an exposed surface is a much more effective and economical

technique of reducing heating of exposed areas.
The general conclusion from the fire extinguishment tests

is that no unusual difficulties should be encountered in large—
• scale tate, if care is taken to ensure that extinguishing agents

can be properly applied to all fire areas. With proper agent

application, the required application rate should not differ

from the rate required for unobstructed fires. Conversely, using

an increased application rate without regard for how the agent is

applied will not be sufficient to assure adequate coverage of

fire areas shadowed by equipment.

2
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INTRODUCTION AND BACKGROUND

The test program described here is part of a study to
assess the hazard control system capabilities needed for control
of liquefied natural gas (LNG) fire hazards aboard marine LNG
tankers and at adjacent docks. Dock fires and fire control system
capabilities are a part of the study only in relation to fire
hazards to the ship. This work was conducted under Contract
DOT-CG-42,355A for the U.S. Coast Guard.

The objectives of the test series were to investigate the

• feasibility of selected LNG hazard control concepts in small-
scale tests, to obtain quantitative data on extinguishment of
obstructed LNG fires for use both as basic data and as data for
the design of large-scale LNG fire extinguishment tests, and to
identify potential operational and instrumentation deficiencies
that might be encountered in subsequent large—scale testing of
the hazard control concepts. This pilot series of tests was
considered necessary because test conditions in the large—scale
tests are planned to be near the extremes of control system per-
formance on the hazard configuration being tested. The use of
small—scale pilot tests was expected to reduce the number of

• expensive, large-scale tests required.
• The analytic portion of this study1 showed that for

• a shipboard LEG fire hazard control system to be effective, the
• following system design criteria must be fulfilled:

• 1. Because of the high probability of post-extinguishment reigni-
tion of the methane-air mixture by heated metal or insulation

• systems, burning time should be limited to reduce such heating.
• The fire control system must be activated and in full opera-

tion in less than 45 seconds.
2. Extinguishing agent dispensing systems (normally dry chemical)

must be located to control fires anywhere along the deck .

~J. R. Ws],ker, et al., ‘Fire Safety Aboard LEG Vessels,”
Final Report on U.S. Coast Guard Contract DOT-CG—42,355A, Task 1,
January 1976 .

3
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3. Fire extinguishing systems must be effective for fires in
obstructed areas. Virtually every spill aboard an LNG tanker
will be in a highly congested area.

4. Supplies of agentb and carrier fluids or gases must be ade-
quate to assure control of the hazards designed for . Equipment
must be caçable of properly dispensing the agents at adequate
application rates to control the types and sizes of hazards
that might occur .

Dry chemical fire—fighting agents are the only proven LEG
fire extinguishment compounds for open—air LNG fires. As reviewed
in the analytical portion of this study mentioned earlier , most
of the past LNG fire extinguishment tests have been conducted on
unobstructed LEG spill fires. The few tests conducted on obstructed
fires provided only qualitative results that suggested that ob-
structed fires are more difficult to extinguish because heated
obstructions may reignite the fire and because obstructions inter-
fere with proper agent application (fire shadowing). Although
the principal purpose of this extinguishment test series was to
attempt to establish minimum equipment size and application rate
ranges for use in designing large—scale tests, a secondary pur-
pose was to obtain a limited amount of quantitative data on
extinguishment of small obstructed fires. One and two points of
attack were studied because both techniques are provided by the
tentative IMCO code and, usually, by current ship design.

The utility of water in controlling thermal fluxes from
LEG fires, fighting LEG fires, and reducing the hazard from LNG
vapor clouds has been discussed but not quantitatively demonstrated.
The inexhaustible reservoir of water available to an LEG tanker

• and its instant availability through shipboard fire water systems
• make this agent very attractive for LEG spill hazard control aboard

tankers. Each of the above noted hazard control concepts utilizing
water was also experimentally evaluated in this series of tests.

4
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GENERAL DESCRIPTION OF TEST FACILITIES

Field tests were conducted at University Engineers’ test
facility in Norman, Oklahoma. Ten acres of a 40-acre site have

• been developed for fire fighting and vapor dispersion research
and testing. The LEG spill pans used in this study were so located
on the test field that under any environmental conditions the
flammable vapor cloud could be confined well within the site prop-
erty lines. During the test period, security was maintained
around the clock .

LEG used in the test program was purchased from Cincinnati

• Gas and Electric Co, and delivered to the test site in a 10,000
gal over-the-road LEG tanker. Testing was initiated on November 19,
1975 , and completed November 24, 1975. During the test period the

• 
• LEG tanker was used as the fuel storage tank. LEG was transferred

from the tanker to the test pan through a fully insulated LEG
transfer line fabricated by University Engineers as part of a
previous LEG fire test program2 . LNG level in the test pans was
continuously monitored during testing using a hydraulic head

• technique developed by University Engineers2 .
In each test a combination of instruments was used to extract

a maximum amount of useful data . Instrumentation for each test
series is described in the discussion ~f each series. Instrument
outputs were recorded on paper charts using Leeds and Northrup
Speedomax X/L 680 records and a 20 channel Metrodata DL-620
magnetic tape data logger. Dual data logging was utilized to
minimize the possible loss of data due to recorder malfunction
if only one logging system was used. During testing , 35 mm still
and 16 mm movi, coverage was obtained .

Test personnel directly involved in hazard control test-

I ing and LEG handling were provided both cryogenic and fire protective

• 
2University Engineers, Inc., ‘An Experimental Study on the• Mitigation of Flammable Vapor Dispersion and Fire Hazards Immediately

Following 1MG Spills on Land , ’ Report to American Gas Association ,
• 

I 
AGA Project 15—100—i (February 3974).

• &
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clothing. Other test personnel and observers were located at
a safe distance from the test pan.

The control of fire radiation using a water curtain was
studied in the laboratory using the University of Oklahoma igni-

• tion cabinet3. This device was especially suited for this work
because a broad range of controlled flame radiant fluxes can
be obtained. Tests were conducted at incident energy levels
ranging from 5,000 Btu/hr-ft2 to 25,000 Btu/hr—ft2.

The detailed test procedure for each series is described
in subsequent sections of this report.

3Koohyar, A. L, J. R. Welker, and C. M. Sliepcevich,
“An Experimental Technique for the Ignition of Solids by Flame
Irradiation,” Fire Technoloqy, 4, 221 (1968).

‘~~ ~~~~~~~~~~~~~ ~~  ~~~~~



\ EXTINGUI SHMENT OF OBSTRUCTED LEG FIRES AND

\ LEG FIRES ON WATE R

\ Present shipboard dry chemical fire fighting systems and
those proposed by the tentative IMCO code in most cases provide
two independent powder streams for all shipboard cargo handling
areas. In some ships’ cargo manifold drip pan areas a fixed moni—
tor nozzle that can be actuated from the cargo compressor room is

\ being provided to extinguish drip pan fires. Powder application
rate and nozzle performance guidelines must be established to
assure that dry chemical equipment required aboard LNG tankers
can extinguish the potential fires . The small scale test program
described herein was designed to provide some of this data.

FACILITIES AND EQUIPMENT

1MG fire extinguishment tests were conducted in a 10-ft
by 10-ft pit approximately 2 ft deep. The pit had ordinary con-

• crete walls and an insulating floor of foamed cellular concrete.
Insulating concrete was used to minimize the ground heating effect

• and thereby conserve LEG by reducing the boil-off rate until the pool
was ignited. The fire size was large enough to indicate powder
flow rates required for large-scale tests. The burning rate s were
typical of those found for small steady state fires . Corrections
to powder flow rates required to extinguish fires at higher burn-
ing rates can be provided by the data from earlier tests 2 .

For most of the extinguishment tests , obstructions were
placed in the pit. Obstructions consisted of two 20 gal steel
drums and two 10-ft lengths of 8-inch diameter metal culvert
arran ged as shown in Figure 1. These material s were chosen to
simulate the obstructing effect of large piping, valves , pipe
support ., etc. , which are associated with the cargo handling sys.
tam on an U(G ship ’s deck where an LNG fire might occur . For
extinguishment tests of spills on water , the obstructions war.

7
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Figure 1. Location of obstructions for the 10 ft
by 10 ft pool. firs tests.
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removed, the pit was filled with approximately 10 inches of water
and then the LNG was spilled onto the water.

The LEG vapor dispersion tests were conducted in a 10-ft
diameter stainless steel pan containing stainless steel heating
tubes located near the bottom. Water was circulated through the
tubes to heat the LEG and thereby increase the vaporization rate.
A full description of this pan is given in Reference 2.

Water for tests was supplied from a portable 6,000 gal reser-
voir replenished by tank trucks. Three gasoline engine driven pumps
were used to supply water from the reservoir to the various pieces
of equipment used in the tests. A large pump rated for 150 gpm
was used to supply water at 100 psi. The two smaller pumps were
capable of supplying about half this, 75 gpm at 50 psi.

Three fire equipment manufacturers supplied the dry chem-
• •~ ical fire extinguishers used for the 1MG fire extinguishment tests.

• This equipment included three wheeled engines (nominal agent capacity
of 150 lb each) and eight portables (six 30-lb agent capacity and
two 20—lb capacity). These were recharged on-site during the tests.
Sodium bicarbonate, urea-potassium bicarbonate, and potassium

• • bicarbonate dry chemicals were evaluated in the program.

EXTINGUISHMENT OF 1MG FIRES WITH OBSTRUCTIONS IN THE FIRE AREA

The obstructed LEG fire extinguishment tests were conducted
• in the 10—ft by 10-ft pit with obstructions. 1MG was loaded into

the 2-ft deep pit through the aluminum transfer line. When the
1MG depth reached 8 to 10 inches, flow was stopped, the discharge
section of transfer line was moved to a safe location, and the
pool was ignited. Once ignited, the LEG was allowed to burn for
30 seconds before extinguishment was attespted. This procedure
allowed the fire to develop and provided time in which the obstruc-
tions might be heated by the flame so that they could act as re-
ignition sources.

2University Engineers, Inc. ‘An Experimental Study of the
Mitigation of Pla~~~h1e Vapor Dispersion and Fire Hazards I~-• diately Following 1MG Spills on Land. ’ Report to American Gas
Association , AGA Phase II , AGA Project 18-100—i (February 1974) .
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In general , the first extinguishment attempt in a given
• series of tests was made by a professional fire fighter highly

trained to demonstrate and obtain ratings for dry chemical fire
fighting equipment sold by his employer, an equipment manufacturer.
This first attempt was made with a single hand-portable dry chem-
ical extinguisher. The first attempt was followed by extinguish-
ment attempts at increasingly higher dry chemical application rates
( ].b/sec-ft2 ) obtained by using two portab le extinguishers and then
a single handline from a wheeled engine . The second portable
extinguisher was operated by a semi-skilled fire fighter (some
past experience in extinguishing LEG fires) and the handline was
used by the professional fire fighter. For each test after the
fi rst, the LEG was re-ignited and allowed to burn for approximately
30 seconds so that the pre-burn time for each test was constant.

• Extinguishment times were measured by two observers using stop
watches; time was marked from actuation of the extinguisher to

• cessation of combustion noise from the fire. The reported extin-
guishmerit times are the average of the two independent measurements.
Extinguishment times are tabulated in Table 1.

The first extinguishment attempt (Test 21) was made using
one portable extinguisher charged with potassium bicarbonate powder.
During this test small flames were observed burning on the soil
just outside and upwind of the pit. This caused some initial fire
extinguishment problems until the source of fuel for these flames
was determined. The pit walls and floor had not been poured at
the same time , therefore there was a joint between the walls and

• the floor which was not liquid tight. Consequently some LEG leaked
through the joint, vaporized in the soil, and vapor seeped upward
to the surface of the soil where it was ignited. This problem was
overcome by stationing the second fire fighter near the extraneous
flames so that he could extinguish them while the professional fire
fighter attacked the pool fire . In this way it was possible to
eliminate the problem without prejudicing the test data.

Figure 2 shows the extinguishment times as a function of
application rate for the three dry chemicals tested. The data
suggest a slight advantage of two attack points over a single j
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attack point at a given agent application rate. This advantage is
best illustrated by the results of tests 22 and 23 applying potas-
sium bicarbonate at about .03 lbs/sec-ft2. Extinguishing time for
a single handline (Test 23) was about 11 seconds compared to about
six seconds for two-point attack with two portable extinguishers
(Test 22). Tests l8A and 19 indicate a similar effect.

• Test 18A was the only test during which an observable reigni-
tion occurred. Approximately three~seconds after the fire was extin-
guished, the plume was reignited from a source outside the pit

• (probably from the wire in the safety fence around the pit. This

reignition is directly attributable to the longer pre-burn time .
The three second delay in reigniting represents the time needed in
this test for the flammable LEG vapor plume to re-establish itself
and then contact the hot surface with a portion of the plume which
is within the flanunable limits .

Analysis of Data from Obstructed Fire Tests
The obstructed fire extinguishment test data are compared

with unobstructed test data using two parameters . The first parant-
eter is the effect of obstructions on the minimum dry chemical
application rate needed to extinguish an 1MG fire. The second param-
eter is the effect of obstructions on extinguishment time as the
application rate of dry chemical agent is increased above the
minimum.

‘Minimum ” dry chemical application rates for extinguishment
of both obstructed and unobstructed LNG fires are shown in Table 2.
The minimum rate data for unobstructed fires were selected from data
obtained in earlier testing done for the American Gas Association2.
The minimum rate shown is the lowest rate at which an agent success-
fully extinguished at least one unobstructed fire. It is also the
lowest rate attempted. Generally , that success was not repeated
or was not repeatable in the AGA test series , and failures occurred
at rates up to six times the “minimum” rate . “Minimum” rate s and
unsuccessful rates shown for obstructe d fi res are results from the
presen t test series .

Table 2 indicates that obstructed fire s are not extinguished
at applicatio n rates similar to those which produced minimum success

13
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for unobstructed fires. At about three to four times the “minimum”
application rates for unobstructed fires, extinguishment was achieved.
Note that because of equipment and pool size limitations in this
test program, the lowest available test application rate for urea-
potassium bicarbonate was significantly higher (x 7.5) than a pre-
vioua ].y demonstrated “minimum” rate for unobstructed fires. Conse-
quently, the “minimum” urea-potassium bicarbonate application rate
for obstructed fires is probably much less than that shown in Table 2.

- Because application rate in all test series to date is
• actually only a time—average rate rather than an instantaneous rate

for each square foot of fire area, it has limitations as a quanti-
tative value. The instantaneous rate of powder application at which
extinguishment occurs for each square foot of fire is not known .
More significantly for interpretation of Table 2 , “minimum” appli-
cation rates for extinguishment of unobstructed fires are actually
only the lowest rates tested. Data from the present series of
tests on obstructed fires are limited by nuithers of tests, equip-
ment limitations, and the semi-quantitative nature of the “applica-
tion rat.’ concept. It is possible that additional tests using the
minimum rate for unobstructed fires would have produced a successful
extinguishment of an obstructed fire. Given the fact of a slightly
higher burning rate for the unobstructed fire data (0.5 in/mm versus
0.4 in/mm for the obstructed fires) and consistent success on unob-
structed fires at agent application rates equal to or higher than
the minimum shown for obstructed fires , one interpretation might
suggest an advantage of higher application rate if obstructions
are in the fire zone. The alternative interpretation might suggest
that obstructions do not affect fire behavior or extinguishing
agent effectiveness for equally effective application patterns .
Consequently , the conservative practice in designing large-scale
tests to confirm predicted extinguishing system capabilities would
not increase the application rate for obstructed areas by increas-
ing agent flow rates, but would instead insure that in all circum-

stances , no less than some chosen minimum application rate could be
delivered to all potential fire are as • Because the sensitivi ty of
th. test results is unkn own and no advantage in using higher
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application rates for obstructed fire areas was proven , the conser-
vative practice to use in designing large-scale tests should be

j  based upon no assumed advantage of higher application rates . Again
with re ference to some deficiencies in current state of the art of
design information, the rate chosen may need to be higher than the
commonly used rates, simply because present design practice uses the

• time-average rate rather than actual . This apparent paradox can be
sidestepped by defining application rate as a delivery rate in the
predicted agent delivery pattern. By this procedure, if the pre-
dicted target area of the delivery pattern at any instant is
5 square feet, the application rate for a nozzle delivering 45 lba/
sec would be 9 lbs/sq ft-sec in the affected area. This method of
specification would narrow down the actual requirements for extin-
guishmsnt and would eliminate some anomalies in the time-averaged
method of specification . The portion of the true requirement that
would remain unknown would be the actual application time for each
square foot of area of large areas, since the application pattern
would move across a larger area.

Another approach to defining the application rate required
for fire extinguishment is provided by consideration of the mecha-
nism of fire extinguishment . While some of the extinguishment
mechanism may be due to physical factors, the chemical interception
of the free radicals in the combustion chain is probably the major
mechanism. The rate of application of dry chemical powder required
for extinguishment then depends on the rate of production of free
radicals, which is proportional to the total burning rate of LNG.
Any powder beyond the minimum or critical application rate will
lead to more rapid extinction. Mathematically , the relationship
can be expressed approximately by

t (1)

whe re the form of the equation has been chosen to correspond to the
data . In Equation 1,

- 

t t — extinguishment time , sec 
-

A ~ — dry chemical application rate , lb/eec-ft2
Acr — critical. application rate , lb/sec-ft2
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B = LEG burning rate , in/mm
K,a = constants obtained by regression analysis

The equation indica tes that the time to extinguish an LNG
fire with dry chemicals is dependent on the ratio of rate at which
the dry chemical is applied and the rate at which the LNG is burning.
The application rate tern, (A - Acr ) is the excess powder used to
extinguish the fire above the minimum powder application rate neces-
sary for fire extinguishment. The values of Acr used in the corre-
lations were chosen to allow Equation 1 to be written in a linear
form for the correlation of data. It is near but below the lowest
rate tested that would extinguish LNG fires with commercially-
available equipment. To attempt design of equipment for rates
lower than Acr would probably be possible, but would not be economi-
cally practical.

The appendix lists all of the data used in these analyses.
Note that the data are for portables and hand-lines on ly; no moni-
tor nozzle or fixed system data are included. Data for fixed sys-
tems and monitor nozzles were deleted so that the analyses would
be representative of extinguishment tests where the human factor

• (the fire figh ter) is a significant element.
The initial comparison of data from the present series of

tests with correlations of previous data on unobstructed fire extin-
guishment revealed no distinguishable difference between the two
sets of data. Two interpretations, possibly mutually exclusive,
can be made for this result. The result may mean that there are
no di fferences in the two sets of data , and extinguishment time
for a given agent flow rate and burning rate is not increased by
obstructions in the pool f i re  area. The second interpretation
is that the result is inconclusive in that the sensitivity of the
analytical or test methodology is inadequate to demonstrate a
difference caused by obstructions in the pool fire area. If the
second interpretation is correct, the source of the insensitivity
probably lies in some ratio of the degree of obstruction of the
agent application path and the pool size. Larger pool sizes (fire
areas) , particularly incor porating a large r area extending further
behind the obstructions , would expand the time increments and
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improve the element of observation interval. However, because no
systematic study of extinguishment of obstructed fires has been done
prior to this series of tests , and because scale effect of obstruc-
tions is not known, determination of the proper interpretation is
not presently possible . The shortcoming has little practical effect
upon the design of large tests to determine the adequacy of the
recommended levels of extinguishing capability , since this series
of tests indicates that large increases in agent delivery rates

t are not necessary . What appears to be the ruling parameter for
designing effective fire extinguishing systems for either obstructed
or unobstructed fires is delivery of adequate agent to the fire. If
all portions of the fire area do not receive the minimum application
rate of agent required, either because of obstructions or because
of fire fighter inexperience in properly applying the agent , the

• fire will not be extinguished regardless of the time-averaged appli-
cation rate of the system.

Because there was no difference in the two sets of data for
fi re extinguishment time as a function of application rate , all

• applicable data from both unobstructed and obstructed tests were
included in the multiple regression analysis. Data points for

• the unobstructed tests are shown with the calculated curves .
For sodium bicarbonate powder, 31 data points were used in

analysis. Three other data points were for fires that were not
extinguished and were therefore not included. The calculated best
fit for the sodium bicarbonate data is given by Equation 2.

= 2 . 3 ~~~ 
— 0.01)0 36 

(2)

The calculated extinguishment time as a function of LNG burning rate
and excess application rate of sodium bicarbonate (application rate
exceeding the minimum required for extinguishment) is shown graph-
ically in Figure 3. The data from the USCG tests burning at 0.4
in/mm are included in the figure so that it can be seen how the
obstructed fire extinguishment data compare with the calculated
curve. Figure 4 shows the relationship between the calculated and
observed extinguisimient times for the 31 tests used in the analysis.
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An identical procedure was used to analyze the extinguish-

~ 
.
~~~~ ment data for potassium bicarbonate powder. Fourteen data points

were used for the regression analysis; seven tests were excluded
since the fires were not extinguished. The calculated best f i t
for these data is given by Equation 3.

t = 
— 0.00
) 

—0.22 
(3)

Calculated extinguishment time as a function—of LNG burning rate and
potassium bicarbonate excess application rate is shown in Figure 5.
Data from the USCG tests are included in the figure. The relation—
ship between the calculated and observed extinguishment times are

• shown in Figure 6.
For urea—potassium bicarbonate agent, 18 data points were

• used in the regression analysis; two tests were excluded because
the fires were not extinguished. The calculated best fit for these
data is given by Equation 4.

= ~~~~~~~~ 
— 0.002)_042

The re sults for urea-potassium bicarbonate agent are shown in Fig-
ure 7. Data from the USCG tests with an LNG burning rate of 0.4
in/mm are included in the figure. The relationship between the
calculated and observed extinguishment times are shown in Figure 8.

• Figure 9 shows the calculated extinguishment times for an LNG fire
burning at 1.0 in/mm as a function of application rate for the

• three dry chemical types tested.
It is generally accepted that to extinguish an LNG fire

in a relatively long fixed time (i.e., greater than 10 sec) the
4 rate of application required for urea -potassium bicarbonate will

be less than that required for sodium bicarbonate and that the
value for potassium bicarbonate will be intermediate. Shorter
extinguishment times (i.e., less than 5 sec) would require nearly
equal application rates for all three dry chemical types. This con-
clusion is generally borne out in Figures 3, 5, and 7 except that

• the curve for potassium bicarbonat. shows longer than expected
extinguishment times at the higher application rates. This
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difference is probably caused by the smaller number of data points
available for use in the regression analysis (none available for
extinguishment times less than 5.5 sec) and the relatively large
scatter in the data. The multiple regression analysis of the potas-
sium bicarbonate extinguishment data yields a lower multiple re-
gression coefficient and a much lower “F” value than is found for
either of the other two dry chemical types tested. Therefore,
less confidence can be placed in the ability of the regression
analysis equation for potassium bicarbonate to accurately extrapo-
late extinguishment times beyond the limits of the data . More

• information on the statistical analysis of the data is presented
in the Appendix.

EXTINGUISHMENT OF FIRES FROM LNG ON WATER
Four extinguishment trial tests for LNG fires burning on

• water were conducted to determine whether the presence of a shallow
water pool in a containment would cause fire behavior that would
alter the effective action of dry chemical agents. The tests
were conducted in the previously described 10 ft x 10 ft concrete
pit containing about 10 inches of water and no metal obstructions.
LNG was charged into the pit at the highest possible truck ~unload—
ing rate, about 300 GPM, to attempt to minimize pit fill time and
thus ice formation.

It was anticipated that the LNG boil-off rates during these
tests would be about 1 in/mm due to heat transfer from the water
plus about 0.4 in/mm due to radiation feedback from the fire
column. If observed extinguishment times were not substantially
greater than times calculated on the basis of anticipated boil-
of f rates, extinguishing agent effectiveness could be considered
unaffected. B cause the controlling boil-off mechanimn was expected
to be heat input from the water in these tests, the 30 second pre-
burn used in the obstructed fires was eliminated to conserve a.
much 1MG as possible. The results of the four extinguishment tests
are listed in Tabis 3 and compared to predicted extinguishment
times c.a~ &t.d from Equation. 1, 2, and 3. It should be noted that
the extinquis)asmt $tt..pt. were conducted sequentially in the
order iadicatsd by the test number.
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Extinguishment time for the first extinguishment trial
was significantly shorter than the predicted extinguishment time
(4.7 versus 10.0 icc, respectively). As testing progressed, the
differences between predicted and actual extinguishment time
beceme even more pronounced, always with shorter actual times.
The test films also show that the flame became shorter as testing
progressed. The obvious reduction in vaporization rate indicates
that ice formed on the water and reduced the water surface area
available for LNG contact and evaporation. Consequently, even in
the first trial the burning rate was under 0.5 in/win instead of
the 1.4 in/win rate used for the predictions. With the reduced
burning rate , the dry chemical required for extinguishment was
reduced . At the completion of testing, the entire 10 ft x 10 ft
pit was bridged over with ice. In at least the last trial, a
portion of the pool area was occupied by humps of ice rather
than LNG, so that the fire area was a little less than 100 ft2,
which accounts for the ease with which that fire was extinguished.

At the outset of these tests it was recognized that ice
would form in the pit, but it was anticipated that the rate of
ice formation would be less than that observed. The rate of ice
formation in the se tests probably was increased by turbulence
fr om the LNG boiling which induced - foaming freezing. In an effort
to gain more information on ice formation for LNG spilled onto
water , residual LNG in the tanker at the end of the test program
was dumped onto a 30 ft x 40 ft pond containing 3 to 4 inches of
water at a tmeperature of about 9°C. The LNG was spilled about

t 3 1/2 ft from the pond’s earthen walls. It was observed that ice
formed on the wate r surface as LNG was spilled . This observation
is consistent with the heat capacity available in such shallow

• water pools at already low temperatures. On open water, unconfined
LNG spills may not form ice as rap idly because of pool depth and
the effect of wave action which should slow solid-sheet ice . .~ -_

• formation.

• Th. data again demonstrate that LNG spill fires can be
extinguis hed at application rates consistent with the fuel burning
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- rate. If necessary for life rescue or to protect equipuent, an
• LNG fire on water can be extinguished using dry chemical. If a

confined LNG pool resides on shallow water for even a short time
before ignition occurs, extinguishment can be accomplished with
low agent flow rates provided that extinguishment is attempted
immediately after ignition occurs. Lower rate requirements are
associated with longer LNG residence time before ignition. These
observations are expected to be particularly true if the LNG pool
is restrained from spreading shallowly over a large area.

‘H
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REDUCTION OF LNG VAPOR CONCENTRATIONS USING WATER SPRAYS

Water sprays have been suggeste d as an aid in dispersing
vapors following an LNG spill. Some LNG facility designs have
incorporated water sprays to reduce vapor concentrations if a spill
occurs . All LNG ships and installations provide water for fire
fighting which could also be used for water sprays . Thus , any
improvement that can be provi ded by water sprays has potential
application to all LNG marine facilities.

There are no published data that indicate the effective-
ness of water sprays in dispersing LNG vapors. The tests described
in this section were designed to determine whether some reduction
of vapor concentrations from small spills could be effected by
using water sprays. Two systems, fixed water nozzles and handheld
fog nozzles , were tested. The general test procedure was to fill
the specially-designed 10-foot diameter test pan with LNG and then
measure flammable vapor concentrations downwind as increasing
quantities of water were sprayed into the plume downwind of the
pan. ~~0 increase the LNG boil-off rate and achieve higher ini tial

t concentrations, water was circulated through heating tubes located
at the bottom of the test pan. During the tests , the following
parameters were measured and recorded.

1) Gas concentrations (10 locations)
2) Wind velocity
3) Water pressure at the spray nozzles (to determine water

• flow rate).
Figures 10 and 11 show the locations of the gas sensors

during the water spray tests. The circled numbers re fer to gas
sensor numbers. Generally, the gas sensors were ‘placed in their
final locations after the LNG pool was filled to insure location
on the downwind azimuth.

Gas concentrations from each location were measured by a
catalytic bead gas senior system with the output from the gas
sensor continuous ly recorde d on a strip chart recorder. A magnetic
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tape recorling system was used for backup. The gas sensor system
ii designed to permit a mixture of combustible gas and air to con-

T tact heated catalytic beads that form part of a balanced bridge
circuit. Rapid combination of combustible gas and oxygen on the
surface of the catalytic beads increases the bead temperature ,
causing a change in the bead resistance and an imbalance in the
bridge circuit. The imbalance is related to the gas concentration.

• The gas sensors are designed for use up to the lower flAmmJlhle limit,
about 5 percent for methane in air , but their response was foun d
in earlier tests to be linear up to about 8 or 10 percent methane
in air. At higher concentrations the response of the catalytic
element reaches a peak and then decreases, decreasing its useful-
ness for measuring higher concentrations.

The calibration of the gas sensors is quite stable and
usually does not change greatly over the period of a few weeks
unless the sensor is damaged. However, in order to obtain data
as accurately as possible, calibration checks were made before
each test run using a specially-prepared standard gas containing
2.5 percent methane in air.

During the tests, the wind velocity averaged approximately
780 ft/win (9 MPH) with gusts up to 1500 ft/win (17 MPH). Thus
gustiness and the crosswind turbulence cause fluctuations in the
methane concentration readings which are then time—averaged to
facilitate analysis. The time-average concentration is merely the
integral of the concentration vs. time curve over a period divided
by the time period. This calculation can be accomplished by finding
the are a unde r the concentration curve with a planime ter and divid-
ing by the elapsed time , usually 5 to 10 minutes. This calculation
is made directly from the recorded data on the strip charts for
each sensor ’s readings.

Table 4 lists the water spray conditions during each test .
During each of the water spray tests, the nozzle closest to the
pool was located about 5.5 ft downwind from the lee edge of the
pool. The second and third nozzles were about 10 inches and
20 inches downwind of the first nozzle, respectively. The nozzles
were located about 1.5 ft below the edge of the LNG container, and
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• I
• each produced a spray in the shape of a circular segment with a

radius of 8 to 10 f t  and an arc of 150 to 160 degrees. The first
3 ft of the spray was essentially a sheet of water, and the remain-
ing 5 to 7 f t  distance to the outer extent of the spray consisted
primarily of water drops . Table 4 also includes the flow rates for
each of the nozzles during each test, the number of nozzles used,
and the total water flow rate. Movies of the tests show that the
vapor plume did not flow around the fan-shaped water spray . Rather ,
the plume flowed through the turbulent zone created by the spray,
and the mixing of vapor and air in the spray zone was apparent
from the plume behavior.

Table 5 lists the time-average methane concentrations at
the various gas sensors with the peak concentrations being shown
in parentheses. The peak concentrations are the highest concentra—

• tiong measured during the elapsed time over which the average con-
• • centrations were calculated. Concentrations at Sensors 5, 9, and

10 are not included in Table 5. The average concentrations at the
Number 5 gas sensor were too low to be reliable. Ga8 Sensors 9
and 10, located off the downwind azimuth as shown in Figure 11,

• generally registered very low or zero concentrations except when
the wind direction changed significantly. Such change s were infre -

• 
quent and usually lasted less than 20 sec. If such a wind direction
change occurred during the time of averaging of the downwind sensors ,
this change was recorded by either Sensor 9 or 10. The average
concentrations of Sensors 9 and 10 are also too low to be reliable;
however, recording of the concentrations of these sensors was an
indicator that the vapor plume did not have a tendency to go around
the water spray . This behavior would be expected because the water
spray was not solid except for within 2 or 3 ft of the nozzles.

The missing points indicate sensor failures , most of which
were due to water from the nozzles shorting out the electrical leads
to the sensors or plugging the diffusion heads on the sensors.
Therefore, most of the missing point, occur at the sensors closest
to the water spray. Any sens.r failures due to water resulted in
a zero indicated conoentration .
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Figures 12 and 13 show the average concentrations measured

• 
during Tests 1-4, both before and after application of water sprays.
Each figure compares the concentration before water spray was ini-
tiated to the concentration after one or more nozzles were activated.
In most cases the methane concentration decreased afte r wate r spray
was initiated. Figure 12 shows the concentration. for sensors
located 2 ft above ground level. In Test 1, before water spray
was initiated, the average concentration decreased f rom about 0.9 per-
cent at 25 ft from the pool center to about 0.09 percent at 100 ft
from the pool center. The slope of the concentration vs distance
curve in Figure 12 is within the range of slope s found in earlier
tests at the same site using similar techniques and conditions,
although the absolute concentrations are less because of highe r
wind speeds and lower evaporation rates in the current tests. After
the first water spray was turned on , the average methane concentra-
tion decreased by about 40 percent , with an additional decrease of
about 10 to 15 percent of the original concentration as the water
flow rate was doubled and then tripled by the activation of the
second and third water sprays.

Figure 13 shows the average methane concentration s at the
• 7 ft elevation both before and after water sprays. Although sensors

at only two locations resulted in usable data , the results are indi-
cative of the plume behavior. The points 25 ft from the pool edge

showed a small rise in methane concentration following activation
of the water spray , the points 65 f t  from the pool center showed
a decrease , with the greatest decrease occurring after activation
of the first nozzle .

The second and third series of tests resulted in similar
behavior, as shown in Figures 14 through 17, with aome additional
trends. I n Figure 14, the decrease in concentration after activa-
tion of the first nozzle was about the same as that following the
activation of the third nozzle in Figure 12 at the 35 ft distance
from the pool center; both of these conditions used similar total
water flow rate.. The reductions compare reasonably well at other
distances from the pool, except for the data points at 75 ft.  which
appear anomalous. One like ly reason for the anomaly is a possible
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zero error in the data . If a zero shift  of less than 0.05 percent
methane occurred, the data points shown would fall essentially on
an extrapolation of a straight line drawn through the data points
at 35 and 55 f t .  Since such a small error is less than overall
instrument accuracy, it seems acceptable to assume that a zero shift
is the cause of the anomaly in the data . Unde r that assumption ,
the application of higher water spray rates reduces the concentra-
tion downwind of the spill unti l flow rates of 50 to 60 gpm are
reached.

Figure 15 shows that without water spray the methane con-
centration near the pool is less than that at intermediate distances
at the 7 f t  elevation . This result is expected on the basis of a

t simple theoretical analysis , because the plume height increases as
the vapor is mixed with air downwind of the pool. As shown in
Figure 18, as the- water spray is activated, the vapor is mixed
more rapidly with the air near the pool , so the concentration near
the pool is increased at the 7 f t  elevation . Since the vapor is
dispersed through a greater volume of air, the concentrations at

• greater distances from the pool are reduced by spraying water into
the plume. Figure 17 shows that under some spray conditions the
concentrations at the 7 f t  elevation and intermediate distances
may be reduced until they are smaller than those near the pool.

While it should be obvious that a dozen tests using a single
pool size and evaporation rate cannot provide a quantitative basis
for calculating vapor concentration reductions for all conditions
of practical interest , they do indicate that concentration reduc-
tions do occur and show the mechanism causing the reduction . Two
mechanisms appear to be likely candidates: heating the vapor plume
thereby causing it to rise , and increasing mechanical turbulence
wh ’ch causes improved mixing . Both theoretical analysis and
observation of the tests lead to the conclusion that the improved
mixing is due to mechanical turbulence . The reasons are as follows:
1. The slope of the concentration vs distance curves are about

the same before and after the activation of water sprays . Had
significant heating occurred, the slopes would be diffe rent
with the concent rations after spray decreasing more rapidly due

(
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to plume rise. The behavior exhibited is similar to that
expected if the plumes had originated farther upwind from the

T measuring point , i.e., as though the pool had been moved up-
wind. Such a result indicates purely mechanical mixing.

2. The water temperature in the spray was usually near and some-
times below the ambient air temperature . Since the average
methane concentrations were less than one percent , the plume
temperatures must have been near ambient temperatures . There-
fore, little or no heating of the plume could result.

3. Movies taken during the tests show the plume passing through
the water spray. The inhanced turbulence is also apparent.

Figures 19 through 24 show the peak or maximum concentra-
tions measured at each point for all the tests. They show generally
the same behavior as the average concentrations , except that they
are two to three times as great as the average concentrations. This
result is generally the same as found in previous studies .

Additional tests were run in which fog nozzles were used
to spray water into the plume. The results were similar to those
for the water sprays.

Even though a general basis for design of water spray sys-
tems for vapor concentration reduction cannot be developed quanti-
tatively on the basis of these tests, the results show that water
sprays can be effective in reducing the flazmnab le plume size down-
wind of an U~G spill. The effect is primarily due to mechanical
turbulence, so the water sprays should be applied in such a fashion
as to provide maximum turbulence in the vapor zone, particularly
in the vertical region near the top of the plume. Care should be
taken not to spray wate r into the LNG pool , which would increase
the boil—off rate and the concentration s in the air. Water sprays
are practically effective for smaller, confined spills; larger
spills will requir. spray syste that are too large to be practical.
C- -
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Figure 20. Peak concentrations as a function of
- distance. Tests 1—4 .

S.

H - • ii— - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1*  -~~~~~‘~~~~~~~~~~~~~~~~~~

4 I



3.0 1 - ‘  ‘ 1

0.4
..

~~
q

2 FT LEVEL SENSORS
0.2 0 BEFORE WATER SPRAY_

~
_
~A WATER SPRAY , 33.0 gpsn

—— D  WATER SPRAY , 55.6 apin
——— V WATER SPRAY , 66.5 gpin

0 l  __ _f I I

50 20 40 60 60 100 200

D$ST~~CE FROM CENTER OF POOL, FEET

Figure 21. Peak concentrations as a function of distance .
Tests 34 .

-

~

- -i

~

- - •

~ 

-

4. — — — — - ~~~~
.. 

~~~~~~ ~~~~~~~~~~~~~~~ ~~~ r —

- 4 ~— --~ - ------—- -- - - ~~ —~~~~~~~ ~~~~~



3.0 I

7 FT LEVEL SENSORS
0 BEFORE WATER SPRAY

2.0 ———— A WATER SPRA Y , 33.0 apr
— —0  WATER SPRA Y , 55.6 gpr

~~~~~~~V WATER SPRAY , 66.5 apis

1.0 — —

0.6 .

0.6

~
t 0.4 .

O.2~

0.1 I I I I I

50 20 40 60 0 I0O 200

DISTANCE FROM CENTER OF POOL, FEET

Figure 22. Peak conc.ntratians as a function of
distance . Tests 5—8 .

H
I’ 

- -

~~~

i- - - •, - -

~ 

~-• ~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~ - -

4 - - --



loO I I I I U
2 FT LEVEL S~~8OPS

0 BEFORE WATER SPRAY
2.0 • — -—--A WATER SPRAY, 22.6 gpr -

0 WATER SPRAY 45.2 apis

4

1.0 — —

O.2 - a

50 20 40 60 60 500 200
OI$1NICE FROM CENTER OF POOL, FEET

Figure 23. Peak cOncentrations as a function of- 

distance. Tests 9-12.

—.~ ~~~~—-— — -- —--—--- -—--—-- r•
~
—— - -- —--

~ ~~~~~~~~~~~~ ~~~~~ .. --~~~~~~.~~~~~ --

4 — 
~~



3.0 1 - I 1 1 
J 

I

7 FT LEVEL SENSORS
0 BEFORE WATER SPRAY

2.0 • WATER SPRAY , 22.6 gpin
—-—0 WATER SPRAY, 45.2 apis
—“—V WATER SPRA Y , 66.7 apr

1.0 — o-~~
4
~ 

—

~~~ 

:::: ,_ ‘
j~ 

~~~~ 
O.4~ \\~\~

0.2 - \

0.I I I I I I
50 20 40 60 80 500 200

FROM CENTER OF POOL, FEET

Figure 24. Peak concentrations as a function of
distance. Tests 9—12.

-- -4L~ . 
~~~~~~~~~~~ - 

_ _ _



MITIGATION OF RADIATION FROM LNG FIRES

USING WATER SPRAY

Water sprays and/or fogs are cosmionly used as a technique
for reducing the ancunt of radiant energy from a fire that impinges
at some location in the surroundings. Two simple tests were run
to illustrate that the application of water to fight the effects
of LNG fires must be done properly if a benefit is to result. In

the first test, water fog was sprayed directly into the flame

imeediately above the LNG pool. Most of the water fell into the

LNG pool and caused additional vaporization, resulting in a larger

t flame. Radiation fluxes near the pool were increased by about
75 percent as a conseque nce of the enhanced vaporization rate .

In the second test , a fan-shaped spray was interposed
between the fire and the radiation flux sensors. In these tests ,
the radiant flux at the sensors was reduced if the wate r spray
was within a few feet of the sensor, but if the sensor was ~~re
than about 10 to 15 ft  from the spray, little reduction in inc(-
dent flux was achieved. It is known that water screens reduce
radiant fluxes by about 20 percent, provided that the water
screen blocks the full solid angle between the flame and the exposed
location4’5. In the tests, the sensor nearest the water spray had its
view of the fire partially blocked by the water spray and the radia-
tion was reduced accordingly . The sensor farther from the spray
had much less of its view of the fire obscured, so it showed little

change in incident flux.
These two tests showed that water sprays must be pr~p.r1y

applied ; improperly applied, they may increase the radiant flux or

4Roytman , N . 1., Principles of Fire Safety Standards
(New Delhi India : Amer ind Pubi . Co. 1975).

5L~G Safety Program, Interim Report on Phase II Work,
American Gas Association Project 18—3-1 (July 1, 1974).
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reduce it only marginally. A third set of tests was run in the
laboratory to attempt measurement of a few of the parameters that
affect the design of water spray systems for radiant flux reduction.
Figure 25 shows the experimental apparatus . Benzene was continuously
supplied to the burner by a constant head siphon system. Benzene
was used instead of methane because it could produce higher radiant
fluxes . A radiant heat flux sensor (radiometer) was located behind
a test panel in such a way that a water spray or film could be
established between it and the flame. The flux at the radiometer
could be changed in either of two ways: by moving the burner nearer
to the radiometer or by injecting oxygen into the flame directly
above the liquid fuel surface. In these tests, fluxes up to 25,000
Btu/hr-ft2 were studied.

The water discharge from the nozzle was directly downward,
blocking part of the flame radiation from reaching the radiometer.
The portion of the water that was di rectly between the radiometer
and the flame was collected in a trough and measured. In this re-
port , the quantity of water thus collected is expressed in terms of
gpaI/ft. The gpm refers to the quantity of water collected in the
trough and the ft refers to the width of the collecting trough .

There was considerable variation in the reduction in radi-
ant flux , as shown in Figure 26. It was apparent that much of the
variation was due to the variability in the water screen between
th . radiomete r and the flame. In tests in which the water screen
was essentially all spray or drops, the radiant flux was reduced
the least. When the water screen was essentially solid, the greatest
flux reduction was achieved. The variability of the data in tests
using solid sprays was less than that where drops were formed.

Figure 27 shows the percent reduction in radiant flux for
a range of flow rates , with all tests using the same nozzle. The
reduction in flux is about 50 to 55 percent at flow rates between
about 1.1 gpm/ft and 1.7 gpm/ft, but at higher flow rates the water
break. from a solid sheet and begins to form into a pattern that
is partial ly solid and partially in the form of drops . The flux
at the radiome ter is then not reduced as much as it was when the
wat er was a continuou, sheet.
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All the tests for which the results are shown in Figure 27
were for an initial flux of 15,000 Btu/h r—ft 2 . Figure 28 shows

‘i” - the reduction in flux as a function of the initial radiant flux at
the radiometer. The water flow rate remained constant throughout
the tests shown , and was chosen near the maximum flow rate before
the cont inuous sheet broke up into droplets. The reduction in flux
is approximately constant , regardless of the initial flux except

• at fluxes approaching 20 ,000 Btu/hr-ft2 . Based on the absorption
of the radiant energy by the water film , the f lux before and after
activation of the water fi lm can be expressed as

~
_ = e

~~
t (1)

where I = flux after water film

10 
= flux before water film
= absorption coefficient

t = film thickness
The film thickness for the tests shown in Figure 28 was measured
and was less than 0.035 in; more accurate measurements were not
possible because of changes in film thickness due to turbulence

• in the water f i lm, but the average thickness is probably about
half the maximum. Us ing the data from Figure 28 , 1/10 is approxi-
mately 0.4; if the f i lm thickness is taken as an average of 0.020 in ,
the absorption coefficient can be calculated. The result is an

absorption coefficient of about 46 in 1 or 18 cm~~. This result

compares with about 30 cm~~ for the “virtual” absorption coefficient
reported by Nakata and Yamashita6. Their result is estimated from

tests in which water sprays were used, and the result was not cor-

rected for scattering. If they had accounted for the effect of
• radiation scattering, their absorption coefficient would have been

smaller. The comparison is therefore satisfactory. Heselden and

Hinkley7 also investigated water sprays for radiant heat reduction.

6Nskata, K., and K. Yamashita, “Attenuation of Radiation
Through Water Spray ,” Fire Research Abstracts and R~views, 15, 149 (1973).

7Heselden, A. J. N., and P. L. Hinkley, “Measurements of the
Transmission of Radiation Through Water Sprays,” Fire Technology, 1,
130 (1965).
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Their results were also not corrected for scattering and they did
not attempt to determine an absorption coefficient. Therefore,
direct comparison of their results with the results of this study
is not appropriate.

The major d i f f icul ty  encountered in using a water spray or
fog is that the water flow rate required for radiation reduction
is quite large because the maximum energy sink available in the
water is not utilized. In order to maximize the use of the avail-
able energy sink, the water must be vaporized, and the most effective
way to apply the water is direct contact of the object being pro-

tected. Not only is the object then protected from the heat effi-
ciently, but its maximum temperature is limited to a point near
the boiling point of water. The overall conclusion is that water
is more efficient as a cooling agent if applied directly to the
object being protected. “Radiation barrier” water screens, sprays,
and fog should be limited to applications where direct cooling is
impractical.

I
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CONCLUSIONS

There was no measurable difference in extinguishment
capability of dry chemical powders for the obstructed LNG fires
when compared to earlier results for non-obstructed fires. It
appears that the rate of dry chemical application required to
extinguish LNG fires depends primarily on the total rate of com-
bustion of fuel, provided that the fire is attacked properly and

• dry chemical is distributed throughout the combustion zone, with
special attention to areas that are shadowed by equip~ent. The
correlations of extinguishment data can be used directly for
scaling up to larger fire sizes for demonstration tests.

Fires from LNG pools on water present no additional extin-
guishment problems when compared to those on land except for
increases in burning rate that may require higher powder applica-
tion rates. If the water volume beneath an LNG spill is restricted
in size and/or movement, freezing may result, with the result that
the fire size may decrease and the fire may be extinguished more
easily.

Water sprays can be effective in reducing the conea~tration
of methane downwind of an LNG spill. The mechanism appears to be
additional turbulent mixing, with little or no heat transfer or
chemical effects. Similar reductions are expected to occur for
other gases in cases where no chemical reactions occur or where
heat transfer effects are not large. Use of water sprays for
reducing concentrations of methane is probably not practical for
large spills because of the large quantities of water required;
it appears to be a good technique for areas where small spills
may occur. The most important design consideration is to provide
th max imum turbulence within the spray zone .

Water spray s between fire s and Ntargets u can reduce radiant 
-•

heating of exposed areas, but the reduction is not large unless
the spray is very heavy , requiring large amounts of water. The
application of water directly to a surface needing protection is
much more effective and concmical.

I I 
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APPENDIX

LNG FIRE EXTINGUISHMENT DATA P1ND ANALYSIS

A].1 of the fire extinguishment data available from these
USCG tests and the earlier AGA tests are identified and listed in
Table A-i. Note that no monitor nozzle or fixed system data are
included and no data for fires on water are included.

The data in Table A—l were used in a multiple regression
analysis to see how well the observed extinguishment times compared
with extinguishment times calculated from an equation of the form

= K (~ B~~~) (A-i)

where t — extinguishment time (seconds )
K = a constant
A dry chemical application rate (lb/sec-ft2 )
Acr — critical application rate (ib/sec-ft2)
B - LNG burning rate (in/mm )
a regression coefficient

~Ly taking the natural logarithm of both sides of Equation A-i, a
H - second equation results which is a straight line when plotted on

logarithmic scales. 
-

- 
I 1 n t _ l n K + a ]n (A

_
B~~~) 

(a~—2)

The multiple regression analysis used the burning rates and appli-
cation rates from Table A-i to determine the values of K and a in
Equation A-2 that would result in the straight line that best fit
the data. The results for the three dry chemical types tested are

— given in Table A-2. The table also shows the values for applicable
statistical para~~ters.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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TABLE A-2

STATISTICAL PARAMETERS FROM REGRESSION ANALYSIS

Sodium Potassium Urea-Potassium
Bicarbonate Bicarbonate Bicarbonate

Critical
Application Rate

Acr (lb/sec_ft2)* 0.01 0.007 0.002

K Constant 2.34 3.96 1.30

Correlation
a Coefficient —0. 3568 —0.2231 —0.4253

Multiple Regression
Ccefficient** 0.870 0.720 0.882

Standard Error
of Estimate** 0.264 0.277 0.317

T_Value **
for a 9.5 3.9 7.5

F—Vaiue5
~ 

90. 15. 56.

* Chosen on the basis of being just slightly lower than the lowest
application rate at which an extinguishment occurred.

** Applies to Equation A—2 .
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