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SHIPBOARD SMOKE CONTROL TESTV JUSING
FORCED COUNTERFLOW AIR SUý '.,Y

1.0 INTRODUCTION

Control of smoke generation and smoke movement during shipboard fire incidents
is a major concern. Unmanaged smoke spread exacerbates the effects of the fire,
severely impacts damage control operations, and may result in significant nonthermal
secondary damage, particularly to vital electronics equipment.

The concept of using high supply air flows to form a high air velocity barrier
countercurrent to the buoyancy-driven smoke spread has been well established [1].
Some preliminary testing of this concept in a shipboard context was previously
conducted and demonstrated the potential efficacy of this approach [2]. More
quantitative data was needed on the relationship between fire size, counter flow air
velocity, and the effects of shipboard geometry was needed in order to advance the
concept. This was the primary objective of these tests.

High flow rate supply air sources include machinery space supply fans, portable
blower arrays, and/or reconfigured normal shipboard ventilation fans. On CPS equipped
ships, high pressure high flow rate supply air fans are also available. Hence, this
concept had potential significant utility for application to both existing and new design
ships.

One of the potential risks associated with using high counterflow air velocities to
limit smoke migration is possible enhancement of fire growth rates. In addition, it is
necessary to provide an exhaust path downstream of the smoke source, anid therefore,
conditions in the exhaust path must be understood. The tests were also designed to
evaluate these parameters.

In order to quantify the performance of a shipboard smoke exhaust system a
correlation relating the extent of upstream smoke migration to air flow velocities, fire
parameters, and geometric factors, was required.

1.1 Background

The purpose of this experimental study is to evaluate the use of counterflow
smoke control in horizontal passages and vertical trunks.

Manuscript approved July 27, 1994.
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Froude (atmospheric) modeling techniques have been used in a number of
practical applications involving fire induced flow in compartments. Turbulent free
convection flows are govemeo by buoyancy inertial and viscous forces. However for fully
turbulent flows viscous effects are usually unimportant except possibly near flow
boundaries. These viscous forces can also be unimportant even near flow boundaries
if the boundaries are sufficiently rough. Froude modeling takes advantage of this
simplification. If the migration of smoke has been stopped by an opposing air flow
velocity, then a balance of the driving forces will exist, i.e., buoyancy and inertia forces.
Specifically, the Froude number "Fr", representing the balance between buoyant and
inertial forces should equal 1 at the point the smoke is stopped. The Froude number is
defined as follows:

Fr- V V

2gd PPh 2g .. 2..(2g PC 3! [g T1]

where V = apposing air velocity to prevent smoke backflow,
g = acceleration of gravity,
d = depth of the hot smoke layer,

PC density of the ambient air,
Ph = density of the hot smoke,
T0  = temperature of the ambient air,
Th = temperature of the hot smoke.

In practice, the Froude number can not be determined at the point where the
migration of smoke is halted as both forces are equal to zero. Instead, both the
buoyancy and the inertial force are determined independently at points of minimum
interaction. This results in the determined Froude number being dependent upon
geometric factors, wall heat loss properties, and the flow profiles of both the smoke and
air.

An investigation by Thomas in 1968 [3] using a wind tunnel and methanol pool
fires and an electric heater led to the following correlation between heat release rate and
the opposed air flow velocities resulting in no movement of smoke [4].

V V=-1

(g QC0 Ta~J (2)
19W CPT Tho PC]

where Q = heat release rate,
W = wind tunnel width,
C = specific heat of air at constant pressure,
Tha = average temperature downstream of the fire.
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If the heat release rate in this correlation is substituted for the following:

Q - WHVpCp T' - T (3)
n.

where H = wind tunnel height,
n. = fraction of the heat released that is transferred to the air

(nominally 0.8 for methanol fires).

Thq Thomas [3] correlation can then be put in the form of a Froude number as
follows

Fr - V

2 g H T , T c (2 n( n )7  (4)
2gHTIML

Heskestad and Spaulding [5] found similar correlations when studying apertures
in both walls and ceilings. For apertures in walls, the resulting correlation was as follows:

Fr = V =C d (d (AdS .0[ 4M H d (5)

(2g H*H)H)

where

S Th -To

Th

C = dimensionless flow coefficient of the aperture,
y = height in the aperture,
H = aperture height,

H = * evaluated at the height of the aperture.

The temperature on the hot side, Th, is evaluated away from the aperture where
there is no effect of the cold air flow. The double integral in this correlation is a result of
the temperature profile on the hot side of the aperture and its corresponding effects on
the opposing air flow through the aperture.
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For apertures in ceilings, they found the following correlation [5]:

Fr V 0.23 for Gr1 >I 10
0.38 for Gr < 5 * 10' (6)

(2 g W 4c)

where

g p2 ) = w
Gr = C

p
2

Gr = Grashof number,
W = aperture width (smaller dimension of the aperture),
p = viscosity of air evaluated at a mean temperature,
+c,= evaluated at the ceiling away from the aperture.

1.2 Previous Shipboard Experiments

A series of experiments was conducted on board of the U.S. Navy full scale
damage control research ship ex-USS SHADWELL [6] to established minimum opposing
air velocities and flow rates to prevent upstream migration of smoke for a limited range
of conditions [21. The primary results of these experimo.,,'s are given in Table 1.

2.0 PRESENT OBJECTIVES

The objectives of this test series was to correlate the opposing air velocity required
to contain or stop smoke migration to the buoyancy of the smoke for both horizontal
passages and vertical trunks and tc evaluate the feasibility of forced counterflow air
movement as a shipboard smoke control method.

3.0 EXPERIMENTAL TEST FACILITIES

These tests were conducted on board the ex-USS SHADWELL in Mobile Bay,
Mobile, Alabama [6]. The tests involving a horizontal passageway were conducted in the
01 level stateroom complex. All of the staterooms were closed off with the exceptions
of staterooms 01-15-1 -L and 01-1 5-3-L. This results in an "L" shaped corridor 1.2 m (4
ft) wide, 2.3 m (7.5 1f) high, 13.7 m (45 if) in length and 7 m (23 ft) across as shown in
Figure 1. There are two nominally 0.6 x 1.8 m (2 - 6 ft) archways in this passageway,
one at frame 22 and the other in the thwart ships passageway forward of frame 29.

4
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Tests involving a vertical trunk were conducted in trunk 3-29-1 -T between the main
deck and hold levels. This trunk is nominally 8.8 m (29 ft) in height, 1.2 m (4 ft) square
with two 0.76 m (2.5 if) square hatches. It contains two vestibules, one 1.3 x 3.7 x 2.8
m (4.4 x 12 x 9.2 ft) on the main deck and one 1.2 x 3.8 x 3.0 m (4 x 12.5 x 9.8 ft) on the
third deck or hold level, as shown in Figures 2 through 5.

Two fire locations were used in horizontal testing. The first location was in the
passageway between the doorways of the two open staterooms. The other fire location
was in stateroom 01-15-1-L.

Two fire locations were also used in vertical testing. The first location was in the
lower vestibule 1.4 m (4.5 ft) centerline to centerline from the trunk. The other location
was centered underneath the trunk.

Supply air for the horizontal passage testing was provided by the ship's machinery
space supply fan. A supply air path was configured by securing doors and openings such
that flow was directed into the 01 level passageway from port and starboard side
ladderways from second deck. Flow rates were adjusted by varying the fan speed and
by controlling the amount of supply air vented overboard. The exhaust path on the 01
level was a 0.66 m (2.2 ft) square vent in the starboard bulkhead of the 01 level (01-15-3-
L) downstream of the fire location (reference Fig. 1).

For the vertical trunk tests, the counterfiow air supply was developed by the
machinery space exhaust fan. Air was pulled through an opening to weather through
passageways and into trunk 3-29-1-T on the main deck, down the trunk through the
second deck level and out of the trunk on the third deck. The exhaust gas flowed into
the machinery space on the third deck and was then exhausted by the machinery space
exhaust fan. The exhaust flow rate was varied by adjusting the fan speed and by
providing exhaust flow relief area between the main deck passage and the main deck
directly, bypassing the trunk and hence reducing the flow through the trunk.

4.0 TEST FIRES

Propene gas fires were used in both the horizontal passageway tests and the
vertical trunk tests (Apachi gas was used in the horizontal tests and Matheson propene
gas was used in the vertical tests). The propene gas was burned in a 0.6 m (2 if) square
stainless steel sand type burner located as described in the previous section. A small
pan, nominally 5 cm (2 in.) in diameter, was filled with heptane and ignited in order to
initiate the sand burner.

The propene was drawn as a liquid from two cylinders which were manifolded
together. In addition to the cylinder valves, two quarter turn valves, one on each line from
the cylinders, were used to isolate the liquid feed. The fuel was fed from the 1.3 cm (0.5
in) NPS manifold to an Alternate Energy Systems direct fired vaporizer where the phase
change was accomplished. A two stage pressure regulator was attached to the vapor

7
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outlet of the vaporizer. The fuel then passed through both a quarter turn valve and a
normally dosed solenoid valve controlled from the main control room on the 02 level of
the ex-USS SHADWELL to provide for rapid shutdown of the burner. The fuel flow rate
was controlled using a Dwyer model RMC-108-SSV valve and rotameter which has a
range of 5.1-51 SCMH of air (180-1800 SCFH of air).

The rotameter reading requires a correction factor in order to measure propene
flows as follows [7]:

1

V, =V (-D ) =VD * 0.83 (7)
Pp

where VP = volumetric flow rate of propene gas,
VI = reading from the Dwyer rotameter,
Pai = density of the ambient air,
PP = density of the propene gas.

The fuel flow rate was also monitored by an orifice meter with a 2.54 cm (1 in.)
diameter orifice in 5 cm (2 in.) NPS schedule 40 pipe with flange taps. The equation for
this orifice meter is as follows [8]:

1 1 1

V =-C (Pw)2 ( Pa AP =C * 0.83 (P, AP )7 (8)
PP

where Ps = absolute static pressure,
AP = pressure difference across path, and
C = orifice flow constant = 4.545 (dimensionless flow coefficient).

An MKS Baratron differential pressure transducer model 220CD with a range of 0-1.33
kPa (0-10 mm Hg) was used to measure the pressure differential.

During tests with horizontal passageways, both cylinders, vaporizer, regulator,
meters and controls were located on the forecastle with 3.8 cm (1.5 in.) NPS schedule
40 steel pipe transiting from the orifice meter to the burner location. During tests with
vertical trunks, they were located in the well deck aft of frame 35 with 3.8 cm (1.5 in.)
NPS schedule 40 steel pipe transiting from the orifice meter to the burner location.

5.0 EXPERIMENTAL PROCEDURE

In testing both horizontal corridors and vertical trunks, opposing air velocities were
varied while the extent of smoke migration, and layer temperatures were recorded for
three sizes of propene fires; nominally 350, 650, and 1300 kW (150 and 1000 kW fires
were sometimes tested). These tests were repeated with the test fire moved.

12



5.1 Sequence of Expedments

A Ventilation system secured, doors cnecked, fire watch stationed.
B Data logging initiated and 1 minute of background recorded.
C Heptane poured and ignited.
D Propene flow started and burner ignited approximately 30 seconds after

heptane ignited. Ventilation system started.
E Ventilation adjusted until smoke migration is stopped at desired location,

that is, (station 1, station 2, in horizontal testing or third deck hatch, main
deck hatch in vertical testing).

F Set data flag and measure reference velocity.
G Step E is repeated until all feasible locations have been obtained.
H Propene flow is secured, data logging is terminated, ventilation is configured

for maximum flow.
I Fire watch is dismissed when test area has cooled.

6.0 INSTRUMENTATION AND APPARATUS

The instrumentation design for both the horizontal and vertical series of smoke
movement tests was developed to characterize the movement of smoke within the
compartment. Measurements collected include temperature, air velocity, smoke
obscuration, gas analysis, and pressure differential. The instrumentation locations for both
series of tests are shown in Figures 1 through 5.

6.1 Smoke Temperature Measurement

Thermocouples were the primary means of collecting compartment air and fire
temperatures for both the horizontal and vertical series of smoke movement tests.

Detailed temperature profiles were obtained by primarily using type K glass braid
thermocouples arranged in vertical tiers with thermocouples in evenly spaced intervals,
starting 15 cm (6 in.) below the passageway overhead. Fourteen thermocouple trees
were utilized to obtain temperatures at each of the six stations, through each passageway
and in critical room areas. In addition, four Inconel-sheathed thermocouples were used
to measure fire temperatures above the bum pan for each fire scenario. Surface
temperatures of the exposed steel bulkheads along the horizontal and vertical
passageways were measured. These thermocouples were welded to the bulkhead and
at each of the instrumentation collection stations.

Thermocouple trees were also utilized for the vertical trunk hatch series of tests.
Two vertical thermocouple trees were run continuously throughout the trunk hatch located
as shown in Figures 2 through 5. Vertical tiers of thermocouples were also installed in
the two passageways and above the bum pan. Three horizontal sets of four evenly
spaced thermocouples were set-up across each hatch opening. Thermocouples were
also placed in the overhead insulation.

13



6.2 Air Velocity Measurement (Vent Flows)

Air velocity measurements were taken using bidirectional flow probes located at
0.8 m (2.5 ft) and 1.5 m (5 ft) above the deck for the horizontal flow tests. A string of
thermocouples were purposely located adjacent to these bidirectional probes to measure
vent flows. These bidiructional probes measure the differences in pressure through a
passageway and with the thermocouples taking temperature measurements, accurate
vent flows across a passageway can be computed. The following equation gives the air
velocity in the vent [9),

1 = 2AP (9)
1.08 p

where V = air flow velocity,
AP = pressure difference across path,
p = density.

A calibration factor of 1.08 is used for the bidirectional probes in the above
equation. Using the temperature distribution and the pressure readings from the
bidirectional probes in the vent, the following equation is used [8],

V = 0.0813 V•'AI1 (10)

where T = temperature, K.

The velocity probe heads had a 19 mm (0.75 in.) O.D. and a 16 mm (0.63 in.)
opening. These heads were welded to 4.8 mm (0.19 in.) O.D. stainless steel tubing.

These air velocity measurements were also obtained, using the same methodology
discussed previously, for the vertical trunk test series. See Figures 1 through 5 for the
location of these velocity probes.

6.3 Smoke Density Measurement

Smoke obscuration measurements were obtained using optical density meters
designed specifically for this series of testing. These meters were made of aluminum
framing with a 0.5 m (1.5 ft) path length. An infrared emitting diode was used as a
source. The source intensity was monitored with one PIN photodiode and a second PIN
photodiode at the other end of the optical path measured the reduction in IR transmission
due to smoke. With these measurements, the ability to monitor the movement of smoke
throughout the horizontal and vertical testing series was achieved. These devices were
located 1.7 m (5.5 ft) above the deck along the horizontal passageway between

14



instrumentation stations I and 6. See Figures 2 through 5 for the locations of the smoke

obscuration meters for the vertical trunk smoke movement tests.

6.4 Gas Sampling

Gas analyzers were installed to measure oxygen and carbon dioxide at the
compartment sampling points shown in Figures 1 through 5 for both the horizontal and
vertical smoke movement tests. The gas sampling device in the compartment was
designed using a stainless steel funnel with two layers of ceramic filter paper and a swab
of glass wool/Kaowool to be used as a filter, connected to 9.5 mm (0.375 in.) copper
tubing. The gas sampling points for the horizontal compartment smoke movement tests
were located in the center of the compartment 0.6 m (2 ft) below the ceiling. The
locations for the vertical trunk and horizontal passage tests are shown in Figures 1
through 5.

6.5 Chemical Species Concentration Measurement

An MSA Instruments Combustible Gas Sensor was used for each series of testing
to detect unsafe concentrations of combustible gases. This sensor was located on the
deck in the corner of stateroom 01-15-3-L for the horizontal compartment test series and
at the entrance to the passageway on the Third Deck near the bum pan for the vertical
compartment tests. The sensor was monitored at the test control room and would
activate an audio alarm if greater than 1% propene was detected.

6.6 Pressure Diferentlal Measurement

Pressure transducers were used to determine the pressure differential readings
across a door opening to estimate mass flow rates out of a compartment. For the
horizontal flow tests, pressure differentials were continuously measured throughout tests
1-8 across the doorway at station 3, Frame 22. Pressure differentials were also
monitored at the doorway leading out from stateroom 01-15-1-L and at the station 6
doorway for tests 6-8.

The vertical trunk tests measured pressure differentials across each trunk hatch
opening and at the doorway at the third deck.

6.7 Visuaization of Smoke Filling

The smoke movement and fire burner characteristics were remotely recorded using
both infra-red and video cameras. For each test series the I/R camera was situated so
that the fire source could be monitored closely and the initial fire sequence could be
noted. The horizontal test series utilized four video cameras located throughout the
compartment as shown in Figure 1. The vertical trunk test series used three video
cameras with one of them being mounted horizontally above the center of the trunk hatch.
See Figures 2 through 5 for the other vertical trunk camera locations.
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7.0 EXPERIMENTAL RESULTS

7.1 Results for Horizontal Passageway Smoke Movement Test Series

The results of the tests involving horizontal passage flows are given in Table 2.
The hot gas layer temperature and depth was determined at the instrumentation station
(reference Fig. 1), preceding (closer to the fire) the instrumentation location noted,
except when the smoke was located at instrumentation station 1; in this case, the same
station was used. The hot gas layer was defined as the portion of the corridor with a
temperature of at least 20 percent higher than the ambient temperature in the corridor
at the beginning of the test. In the tests with the fire in location 2, the thermocouple tree
in the fire room door was used instead of the tree at station 1. The opposing air velocity
was determined at the same instrumentation station as the smoke location. The
measured oxygen and carbon dioxide concentrations (percent by volume) are given for
the same location as the hot layer temperature and depth determination. This table also
presents the hand held anemometer readings (Vela), the location of these readings (Vela
Loc.), and the determined air flow readings from the bi-directional probes (Velb) at the
same location for comparison. The measured pressure differential at both
instrumentation stations 3 and 6 were included in this table. These measurements give
an indication of the variation in required air flow to hold the smoke at the various
locations in the corridor. The air velocity (Veld) determined at station 6 was also included
for this reason.

The opposing air velocity required to halt upstream smoke migration is shown in
Figures 6 and 7 for the test fires in locations 1 and 2 respectively. The dominant
features in these tests are the arches at station 3 and at station 6 and the entrance to
the corridor between stations 5 and 6. The former features disturb the flow field on both
sides of the arches, and since the velocity was measured at the smoke location, the
required opposing air velocity at those locations was relatively high. Wisps of smoke in
turbulent eddies were noted passing through the arch. The air velocity was increased
until no smoke flowed through the arch due to the local eddy effects. This may have had
the effect of resulting in a much higher counterflow air velocity at station 3. The velocity
measurements at station 5 are severely affected by the passageway entrance effects
causing low (sometimes negative) and unstable readings. Figures 8 and 9 show the
required air velocity measured at the arch at station 6 to hold the smoke at the various
stations. This demonstrates the relative differences in required air velocities to halt
upstream smoke migration at the 6 instrumentation stations.

Figures 10 through 13 show the effects of increased air flow through the test
corridor on both upstream and downstream temperatures for the 620 kW fire in location
1 and the 720 kW fire in location 2. Temperatures measured toward the end of a test
were higher than those measured with similar conditions toward the beginning of a test
due to increases in boundary temperatures. In Figures 10 and 11, the downstream
temperature at the highest flow rate (first measurement in test 4) is high due to a fuel
flow adjustment prior to these measurements.
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The Froude numbers, Frm, based on the hot layer temperature and depth at the
station preceding the smoke location and the opposing air velocity at the smoke location
are shown in Figures 14 and 15 for test fires in location I and 2, respectively. The
arches at stations 3 and 6 cause the Froude numbers determined at these locations to
be higher than the other locations near them due to the reduction in flow area in the
arch. The maximum Froude number determined was 1.35 at station 3 for the 620 kW fire
in location 1. If stations 3 and 6 are excluded, the maximum Froude number determined
was 0.80 at station 1 for the 320 kW fire in location 1.

Figures 16 and 17 show the determined Froude numbers, Frc,, based on the
temperature difference at the ceiling level (highest thermocouple in the tree at the station
preceding the smoke front) as suggested from the correlation of Heskestad and
Spaulding [5]. The maximum Froude number determined using this method was 0.88
at station 3 for the 720 kW fire in location 2. Excluding stations 3 and 6, the maximum
was 0.59 at station 2 for the same 720 kW fire. The correlation of Heskestad and
Spaulding [5] for apertures in vertical walls (Eq. 5) is tested for application to this
horizontal corridor in Figures 18 and 19. As there were no apertures in the test corridor
except at station 3 and 6, and as the buoyant force was determined where there was
some interaction between the smoke and air flows, this correlation was not expected to
apply without some modification.

Figures 20 and 21 show Froude number determinations, Fr., similar to the
Thomas [3] no smoke back flow correlation. In these determinations the buoyancy force
was derived from the fire size, corridor width and downstream average air temperature
which was determined at the starboard room (stateroom 01-1 5-3-L) door. The maximum
Froude number was 1.68 at station 3 for the 720 kW fire in location 2 and 1.28 at station
2 for the 350 kW fire in location 2 with station 3 and 6 excluded.

The determination of Fr, was repeated using the station 6 air flow in Figures 22
and 23. The Froude numbers are high as a result of the increase in flow area after the
archway at station 6 is cleared. The maximum Froude number determined was 2.51 at
station 1 for the 320 kW fire in location 1.

7.2 Results for Vertical Trunk Smoke Movement Test Series

The results of the tests involving vertical trunk flows are given in Table 3. The hot
gas layer temperature and depth was determined using the thermocouple trees in the
center of the trunk and on the side of the trunk running the entire height. The hot gas
layer was defined in the same manner as used in the horizontal tests. The opposing air
velocity was determined at the smoke location. The pressure differential at the same
location as the velocity determination is also included in Table 3. The concentration
(percent by volume) of both oxygen and carbon dioxide was determined at the smoke
location and is given in Table 3. This table also presents the hand held anemometer
readings, which were all taken at the main deck hatch and the determined air flow
readings from the bi-directional probes at that same location for comparison. The
pressure differential at the main deck hatch is also presented in Table 3. These
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measurements give an indication of the variation in required air flow to hold the smoke
at the various locations in the trunk.

The opposing air velocity required to halt upstream smoke migration is shown in
Figures 24 and 25 for the test fires in locations I and 2 respectively. Figures 26 and 27
show the required air flow at the main deck hatch. For fires in location I (offset from the
trunk entrance) there is not a great difference in the flow velocity required to halt the
upstream smoke migration at the third deck hatch or the main deck hatch, approximately
I mls (195 ft/min) or less, while for fires in location 2 (directly under the third deck hatch)
this difference is approximately 2 m/s (395 ft/min).

Figures 28 through 31 shown the effects of increased air flow through the test trunk
on both upstream and downstream temperatures for the 650 kW fire in location 1 and the
670 kW fire in location 2. The mid-point temperature is the average of the temperature
1.5 m (5 ft) above the lower hatch on the center and side trunk trees.

The Froude numbers, Fr.,, based on the hot gas layer temperature and depth
determined from the thermocouple tree in the center of the trunk and the opposing air
velocity at the smoke location are shown in Figures 32 and 33. Figures 34 and 35 show
FrT determined from the side trunk thermocouple tree. The maximum Froude number
determined for the main deck hatch was 0.26 for the 1300 kW fire at location 2. The
maximum for the third deck hatch was 0.66 for the 670 kW fire in location 2.

Figures 36 through 41 give the Froude numbers, Frcl, based on the temperature
difference at the height of the smoke location (third or main deck hatch levels) for each
of the two fire locations as determined from the thermocouple tree in the center of the
trunk, the tree in the side of the trunk, and the string of thermocouples in the two hatches,
respectively. The maximum Froude number determined was 1.6 at the lower hatch for
the 1300 kW fire in location I based on the hatch tree. The Froude numbers based on
the hatch trees had significantly greater scatter than those based on the either of the
trunk trees. The maximum Froude number based on either trunk tree was 0.99 at the
main deck hatch for the 340 kW fire in location 2 determined from the side tree. The
maximum for the lower hatch based on a trunk tree was 0.96 for the 1300 kW fire in
location I based on the center tree. The greater scatter in the Frc, as compared to Fr.
is due to the increased requirement for precision in determining the location of the smoke
front in Frc1 . The average temperature and depth in the previous method obscures some
of the differences in the actual smoke front locations between tests.

Froude number determinations, Fr,, similar to that of Thomas' [3] no back flow
correlation, both with the opposing air velocity measured at the smoke location and with
the opposing air velocity measured at the main deck hatch, are shown in Figures 42
through 45. As the flow area in either hatch was smaller than the flow area at either fire
location, the determined Froude number is high in comparison to Thomas [3] correlation
in spite of the limited upstream smoke migration. The maximum Froude number
determined was 1.83 at the lower hatch for the 670 kW fire in location 2 with the
opposing air velocity determined at the lower hatch (1.75 with the air velocity determined
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at the main deck hatch). The maximum Froude number determined at the main deck
hatch was 1.05 for the 1300 kW fire in location 1.

8.0 DISCUSSION

These results clearly demonstrate the efficacy of counterflow air velocity in
preventing upstream smoke migration in both horizontal and vertical geometries.
Simplified theoretical models (Froude modeling) have been demonstrated to apply in
approximate terms in a complicated shipboard flow path. Hence, computer-based
mathematical modeling could be used to evaluate the counterflow air velocity required to
prevent smoke migration for any fire size in any ship geometrical configuration. As a very
approximate rule of thumb, air velocities through door openings on the order of 2-3 m/sec
(393-500 ft/min.) will eliminate or severely limit upstream smoke migration. This
translates to a flow requirement of approximately 2 to 3 m3/sec (4000 - 6000 ft3/min)
volumetric air flow rate requirement.

Lower values will severely restrict upstream smoke migration and will halt smoke
migration after the smoke has travelled a certain distance and cooled. The relationship
between fire size, counter flow air velocity and upstream smoke travel distance is
approximately given by the Froude number correlations.

The counterflow air requirement could be provided by the use of exhaust fans as
well as supply fans. In either event, both supply and exhaust flow paths must be
provided. In addition, the supply fan must generate sufficient pressure at the required
flow to account for pressure losses along the supply path (in this case passageways) as
well as to move the expanded volume of hot smoke down the exhaust path to an
overboard vent.

Provision of adequate air flow rates could be accomplished by reconfiguring normal
ship's ventilation fans, machinery space fans, and/or portable blowers. The advantages
of using supply air are (1) fan and opening configuration can be set away from the
fire/smoke source and (2) the fans will not be exposed to elevated temperatures. The
issue of adequate fan supply pressure and subsequent induced pressure differential at
the fan source and in the supply and exhaust air may have particular impact on the use
of portable blowers.

The primary risk of using forced ventilation in counterflow smoke control relates to
increasing fire size and temperatures downstream of the fire location. In some cases,
however, the increased air flow rates dilute and cool the smoke in the exhaust system.
These tests did not evaluate the impact of counterflow air supply on fire spread rate in
a passageway; these fires were of a fixed size.

The risk of increased fire spread rate is obviously mitigated if the forced air flow
permits rapid location and extinguishment of the fire. This well known firefighting tradeoff
is dear. If one wishes to vent smoke in any fashion, air must be supplied.
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In order to assess the threat of increased fire spread rate or enhanced burning
caused by the provision of supply air, it is useful to treat two separate cases: one in
which the fire is in a compartment opening onto a passageway; the other where the
passageway itself is involved in the fire.

Consider the case where the fire is located in a compartment. In this case, the
compartment is supplied air by the buoyant flows associated with the fire. The same
forces that cause smoke to spread outside of the compartment cause combustion air to
be drawn through openings. These openings exist in the form of open doors, door
louvres, supply and exhaust ducts, cable penetrations, cracks around doors, and other
openings. One effect of forced air flow down a passageway is providing clean air with
21 percent oxygen concentration. The other effect is a positive pressure that may,
depending on other leakage paths in the compartment, force air into the compartment.
Assume that the only openings to the compartment lie along the bulkhead that is
exposed to the forced counterflow air movement. In this case, since there is no other
exhaust path, there is little effect of air supplied down the corridor. This holds true
whether the door is open or closed unless the entire passageway leading to the
compartment is severely oxygen depleted.

A more realistic case is that small leakage paths exist throughout the
compartment. In this case, the net positive pressure in the passageway forces air into
the space and through openings between the passage and the compartment and it
simultaneously forces smoke and heated gases out through other leaks. This net inflow
of air will provide additional combustion air in a quantity driven by the size of the leakage
paths. Note that without this externally induced positive pressure, leaks high in the
space will exhaust smoke from the compartment, and leaks at lower elevations will draw
air by virtue of normal buoyancy forces. The provision of forced supply air in the
passageway redirects this natural flow in and out of the compartment essentially
substituting forced pressure differences for natural buoyancy driven pressure differences.
The impact of forced air in this case is completely dependent on the size of the leaks
and the induced pressure difference. It will, in general, be a very slight impact.

The potentially more troublesome case is a fire in the passageway. In this case,
the exhaust path downstream of the fire is relatively large (or there would be no
counterflow air movement), and hence, the supply air in the passage forms a wind tunnel
which can accelerate the rate of fire spread downstream. The rate of increased fire
spread has never been evaluated. However, the ability to form a completely smokefree
access path to the fire will greatly reduce the time required for a firefighting team to find
and extinguish the fire. This tradeoff needs to be quantified for the case of fires in
passageways.

9.0 CONCLUSIONS

The application of air flow or pressurization techniques, commonly used to clear
the means of egress in buildings, to keep important shipboard passageways and trunks
clear of smoke has been shown to have significant promise. In these tests, relatively
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modest air velocities were able to limit the migration of smoke in either the horizontal
corridor or the vertical trunk.

The concept of forced counterflow air movement to limit smoke spread and form
a smokefree path to the fire has been demonstrated. There is a clear predictable
relationship between fire size and required air flow velocity.

This approach requires configuring both a supply and exhaust path into the area
where smoke is to be moved as well as the provision of a forced supply or exhaust
source. The risk of increased fire growth and/or spread is greatest where the fire is
located directly in the supply/exh-" ' . ". (e.g., in a passageway). The balance
between fire spread and greatly reaL4 ,. .Atunguishment time must be further evaluated.

Attempts to generalize the results of these tests through a Froude number
correlation were hampered by the complicated flow patterns of both the smoke and
opposing air. Therefore, only modest generalizations can be made, i.e., a Froude
number, Fr., of 1.35 is sufficient to hold smoke in a horizontal corridor when the
buoyancy is based on the hot layer average temperature and depth 2.4 m (8 ft). As a
rule of thumb, air flow velocities on the order of 2.5 m/s (8.3 ft/s) will be sufficient to
prevent smoke migration against relatively severe fires located directly in the
passageway. Other fire locations will require lower air velocity requirements.

10.0 RECOMMENDATIONS FOR FUTURE RESEARCH

Based on these results, it is recommended that additional work be performed to
evaluate the following issues:

(1) The ability of damage control teams to reconfigure ship's ventilation
systems to provide supply (or exhaust) flow and to establish supply and
exhaust flow paths;

(2) The risk of increased fire spread caused by counterflow air movement
needs to be further studied and quantified;

(3) The use of portable blowers for providing an adequate supply air (pressure
and flow) should be evaluated and quantified;

(4) The impact of smokefree access paths on the effectiveness of damage
control teams should be quantified;

(5) The tradeoff between improved firefighting effectiveness and potential
increases in fire growth rates requires quantification; and

(6) Firefighting doctrine and guidance should be prepared if the concept can
be practically used by damage control teams with minimum risk.
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