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1. Enclosure (1) is forwarded for your review and information. 

2. This work is part of the ongoing FY05 effort in the Advanced Damage 
Countermeasures, program aimed at developing a hybrid water mist system. 

3. The water mist system tested was a fine atomization (10 micron) single fluid water 
mist system that was included in the reduced scale testing conducted during FY04. The 
NanoMist® System continues to show significant promise in this application. The 
conducted tests confirmed the system application requirements determined in the 
reduced scale testing at a larger scale. The applied mist water concentration and 
application flux required to cause extinguishment of the telltale fire in the reduced scale 
tests was also able to cause extinguishment of the telltale fires in the scaled-up tests. 
Neither the obstructions added to the sub-floor, nor the removal of some of the floor tile 
providing additional leakage paths, required significant increases in the system 
application requirements. J · 

4. The system requirements to cause extinguishment of the cable bundle fire were 
determined to be less than that required to cause extinguishment of the telltale fire 
scenario implying that the utilization of the higher system requirement would result in an 
added safety margin when applied to protect sub-floor spaces. 

5. In order to evaluate the effects of water mist exposure on electronics in a 
configuration consistent with installation practice, a simulated electronics cabinet was 
developed with an inserted external modem and a printed circuit board. Four 
experiments were performed varying the connection between the sub-floor and the 
cabinet and whether flow through the cabinet was due to fans installed in the cabinets 
or due to mild over-pressures in the sub-floor resulting from suppression system 
operation. The external modem shutdown at the end of the 10 minute exposure of the 
third test which contained:the most severe exposure. As the same modem had been 
utilized in all three tests, the modem failure likely resulted from the combination of 
exposures and the limited drying between tests. This exposure was repeated in the 
fourth test and did not result in a shutdown of the modem. 
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6. Current Status of NanoMist® System hardware is essentially that of a "proof of 
concept" prototype. The hardware does not reflect what would be utilized in an actual 
installation. Actual installation hardware would be refined to optimize function, and 
survivability in a shipboard environment. The projected cost and weight of the 
NanoMist® System hardware is $384/m3 of protected space and 7. 7 kg/m3 of protected 
space. 
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SCALED-UP FALSE DECK DEVELOPMENT TESTING OF NANO MIST® 
WATER MIST FIRE SUPPRESSION SYSTEMS 

1.0 INTRODUCTION 

Reduced manning on Naval vessels requires automated fire suppression systems to 
compensate for the reduced size of damage control parties. Fine water spray or water mist 
systems are attractive from a total ship protection standpoint. Application of this technology to 
electronics spaces is problematic in terms of collateral damage to equipment, performance for 
involved cabinets, and performance in sub-floors. A previously conducted fire hazard analysis 
identified gaseous agent systems as the system of choice for critical/high value spaces in a 
peacetime fire scenario [l]. However, in wartime scenarios where the enclosure integrity cannot 
be assured, or the primary fire threat is in an adjacent space, the effectiveness of gaseous agent 
systems are severely compromised. A recent analysis of protection options for the DD(X) class 
destroyer indicates that there is not an optimum system when all factors of manning, automation, 
and performance are considered for both peacetime and war time scenarios [2]. 

The concept of an inert gas/water mist hybrid fire suppression system was proposed to 
address this issue [3]. The proposed technology involves the combined use of fine water spray 
and inert gas fire suppressants (e.g., nitrogen). The system would have the capability to: 

1. Discharge fine water spray from open or fusible element heads; 

2. Discharge a combination of water and inert gas in variable ratios to obtain desired 
gas/water concentrations, drop sizes, spray momentum, and flow rates; and 

3. Discharge dry gas through the same system piping at selected compartment, cabinet, 
or false deck level. 

Figure 1 illustrates this system concept with the ability to change the composition of the 
gas/water mist hybrid mixture based upon the hazard being addressed: drier mixtures (more gas 
and less water) for peacetime threats and wetter mixtures for wartime scenarios. 

The plan for development of the hybrid water mist/inert gas fire suppression system was to 
run through a series of screening and proof of concept tests for candidate systems in a small
scale apparatus (4 m2

). These tests were completed in FY 2004 [4,5]. The most promising 
candidates were then to be tested in a larger-scale apparatus (25 m2

) to demonstrate scalability of 
the small-scale results, and address performance requirements not adequately addressed in the 
initial screening tests. This would then feed into full-scale verification testing onboard the Ex
USS Shadwell in Mobile, Alabama. This process is outlined in Fig. 2. 

The NanoMist® Water Mist System utilizes an ultrasonic technique to generate a finely 
atomized mist with average drop sizes of nominally 7 microns [5]. When evaluated in the 
reduced scale effort, the NanoMist® System showed significant promise. It was the only system 
tested that was able to extinguish the test fires without the aid of a supplemental nitrogen system, 
demonstrating the potential to reduce the water mist:nitrogen hybrid system to a single water 
mist system. 
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Fig. 1 - Hybrid system schematic 
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Fig. 2 - Development plan for hybrid water mist/inert gas fire suppression system 

While the NanoMist System was able to limit the temperature in the sub-floor to less than 
100°C during the below deck heating tests conducted, the 7.4 kW/m2 heat flux exposure was not 
severe enough to be representative of a flashed-over compartment underneath the sub-floor deck. 
The more severe exposure, estimated as 25 kW/m2 [6], would require an estimated 0.6 Lpm/m2 

water application flux to limit the temperature in the sub-floor to 100°C [7]. This requirement is 
ten times greater than the 0.06 Lpm/m2 application flux required to extinguish the telltale fire in 
the reduced scale testing. 

An external modem and two printed circuit boards, one vertically oriented and the other 
horizontally oriented, were exposed directly to the generated water mist near the fire location in 
the reduced scale sub-floor mock-up. During this exposure, the external modem shut-down 
7. 7 minutes into the 10 minute exposure. The modem regained function after drying overnight. 
This response to the exposure was the mildest of the systems tested in the reduced scale testing 
[ 4]. It should be noted that the direct exposure represents a worst case exposure to the 
electronics as the electrical cabinets and enclosures in which the electronics are mounted would 
also serve to reduce the severity of the exposure to the mist. 

2.0 OBJECTIVE 

The objective of this investigation was to confirm the system application requirements 
determined in the previous reduced scale testing at a larger scale, to develop/refine system design 
parameters, and to evaluate effects water mist exposure on electronics in a configuration, 
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consistent with installation practice. The results of this investigation will form the basis of 
continued development and evaluations for real-scale shipboard testing onboard the 
ex-USS Shadwell. Note, the below deck heat evaluation, included in the reduced scale testing, 
was not included in this investigation but will be included in the anticipated shipboard 
evaluation. 

3.0 APPARATUS 

3.1 Test Enclosure 

A sub-floor section measuring 4.8 m x 5.2 m x 0.45 m (16 ft x 17 ft x 1.5 ft) was isolated in 
the lower NW comer of a larger 10 m x 10 m x 3.6 m (32.8 ft x 32.8 ft x 12 ft) enclosure. The 
larger enclosure was constructed from 1.2 cm (0.5 in.) wallboard over a metal stud frame. A 
sub-floor/false deck was installed 0.45 m (1.5 ft) above the floor elevation in the enclosure 
consisting of0.6 m x 0.6 m (2 ft x 2 ft) steel tiles over an aluminum frame supported by 
aluminum tube and steel all-thread rod columns 2.5 cm (1 in.) in diameter with a 0.6 m (2 ft) 
spacing throughout the sub-floor. The test section was isolated from the sub-floor with 3.2 mm 
(0.125 in.) thick pressed-wood paneling supported by the false deck support columns. A 1.2 m x 
0.45 m (4 ft x 1.5 ft) sheet metal baffle was installed in the sub-floor area 1.5 m (5 ft) from the 
western wall of the enclosure. A motorized damper, 25 x 25 cm (10 x 10 in.), located in the 
western wall and an 85,000 Lpm (3000 CFM) ventilation system connected to the main space 
above the floor facilitated post-test exhaust of the sub-floor. This enclosure is shown 
schematically in Fig. 3. 

The integrity of the enclosure was tested utilizing a Retrotec Model 2000 Door Fan and 
found to contain 0.303 m2 (3.26 ft2

) ofleakage area. The majority of this leakage area is 
represented by the joints between the 72 floor tiles. The motorized damper represented a 
significant portion of this leakage area as well. 

3.2 Enclosure Flow Obstructions 

Two sets of removable obstructions were utilized during these tests. These obstructions were 
constructed from 2.5 cm (1 in.) ID, 3.5 cm (1.4 in.) OD PVC pipe stacked between 1.2 m to 
1.8 m from the eastern wall of the sub-floor test section. These obstructions spanned the entire 
width of the test enclosure, 4.8 m (16 ft). The first set of obstructions are vertical in nature and 
block up to 65% of the flow area from the eastern wall to the western wall with the minimum 
addition of surface area. The second set of obstructions present an increase of up to 0.62 m2 

(6.7 ft2
) in surface area with a minimum impact on the cross-sectional flow area. This was 

accomplished by means of horizontal gaps between the pipes. These obstructions are shown in 
Figs. 4 through 7. 
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Fig. 3 - Test enclosure schematic - plan view 
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Fig. 4 - Removable obstruction to cross-sectional flow area - section view 

Fig. 5 - Photograph of obstruction to cross-sectional flow area 
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Fig. 6 - Removable obstruction providing additional surface area - section view 

Fig. 7 - Photograph of installed surface area obstruction 

3.3 Floor Open Area 

The test enclosure was configured with a portion of the floor tiles removed to gauge the 
impact of the additional leakage on the performance of the water mist. Either three tiles 
representing 4.4% of the total floor area or six tiles representing 8.8% of the total floor area were 
removed. These tiles were removed from the center section of the floor as shown in Fig. 8. 
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Fig. 8 - Enclosure configured for floor open area tests - plan view 
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,3.4 Simulated Electronics Cabinet 

A simulated electronics cabinet was constructed to test the exposure to the electronics in a 
manner consistent with industrial practice as illustrated in Figs. 9 through 11. An external 
modem and a printed circuit board were mounted vertically in the middle of a simulated circuit 
card array located 0.2 m (8 in.) above the bottom of the cabinet. The simulated card array 
consists of 19 sheets of aluminum, 20 x 30 cm (8 x 12 in.), arranged with 2 cm (0.75 in.) 
between center spacing. A detail.elevation view of a section of the simulated card array is drawn 
in Fig. 12. A small fan, 906 Lpm (32 CFM), on the back of the cabinet induced a flow over the 
card array on some of the tests. Two other small fans, 906 Lpm (32 CFM) each, located at the 
top of the cabinet induced a flow through the cabinet and simulated the operation of cooling fans 
operating in other areas of the cabinet. The cabinet could be configured to permit airflow from 
the sub-floor, either directly into the front plenum section of the cabinet or indirectly through an 
opening on the front wall of the cabinet with cabinet placed near an opening in the false deck. 

With the direct connection configuration, illustrated in Fig. 13, the cabinet was placed over a 
20 x 61 cm (8 x 24 in.) opening in the sub-floor and the 8 x 40 cm (3 x 16 in) opening in the 
front of the cabinet was covered. This left 20 x 8 cm (8 x 3 in.) gaps on either side of the cabinet 
uncovered. 

With the indirect connection configuration, illustrated in Fig. 14, the cabinet was placed 
along side a 13 x 61 cm ( 5 x 24 in.) opening in the sub-floor and the 8 x 40 cm (3 x 16 in.) 
opening in the front of the cabinet uncovered. The cabinet was located at the center of the 
sub-floor as shown in Fig. 15. 

A second printed circuit board was mounted in the sub-floor with a vertical orientation 1.2 m 
(4 ft) from the simulated electronics cabinet as shown in Fig. 15. 

The external modem utilized during these tests was a Boca Research Model B 100 which was 
monitored during exposure utilizing ULTRA-X QTPRO diagnostic testing software. The two 
printed circuit boards were uncoated and were imprinted with a comb circuit with alternating 
lines charged with 5 VDC with a line separation distance of 1.6 mm (0.0625 in.). The comb 
circuit covered an area of 30.6 cm2 (4.75 in.2

) on the board. The current across the circuit was 
monitored utilizing a 1 MO resistor for an effective range of 0 to 5 µA. This circuit is shown in 
Figs. 16 and 17. 

3.5 Fire Scenarios 

A telltale fire scenario, similar to that utilized during the reduced scale tests, was again 
utilized during these tests. The telltale fire is similar in construction to that specified by 
Underwriters Laboratories in their clean agent standards UL-2127 [8] and UL-2166 [9]. The cup 
is 7.6 cm (3 in.) in diameter, has a wall thickness of 5.50 mm (0.216 in.) corresponding to 
schedule 40 steel pipe, 12.7 cm (5 in.) in height and fueled with 60 ml ofn-heptane floating on a 
water substrate to result in a 5 cm (2 in.) freeboard. One telltale cup was placed 10 cm (4 in.) 
from the vertical baffle located 1.5 m (5 ft) from the back wall and 1.2 m (4 ft) in length. Four 
additional telltale fires were located in the sub-floor with one in each comer, 10 cm (4 in.) from 
each wall. 
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Fig. 11 - Photograph of simulated electronic cabinet configured with an indirect connection to sub-floor 
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Fig. 12- Card array details 
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Fig. 13 - Direct connection configuration 
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Fig. 14- Indirect connection configuration for the simulated electronics cabinet 
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, A cable bundle fire was also utilized in these tests. The cable bundle consisted of 
twenty-five 77.5 cm (30.5 in.) lengths of coaxial cable (Belden Cable Co. 8237) with a nominal 
exterior diameter of 0.6 cm (0.25 in.). The cable lengths were tied with three lengths of tie wire 
to two tubular heaters rated at 925 W @ 240 V (Chromalox STRI-3648/240). The heaters were 
energized with 251 V for total heat output of2.02 kW, 1.01 kW each. The cable bundle was 
mounted on a simulated cable tray on top of a 1.3 cm (0.5 in.) thick sheet of gypsum wallboard. 
This setup is illustrated in Figs. 18 through 20 and was located behind the baffle in the sub-floor. 

... North 

22cm 

+ 52cm 

........ _.._._ ....... ..._ ................ ::_l 
25 lengths of Coax Cable 
around 2 Tubular Heaters 

Cable Tray 

Fig. 18 - Cable bundle fire scenario setup - plan view 
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152 cm 

t 45 cm 
16 cm 

Load Cell __________ ._ ______________ 103=-_l 

Fig. 19 - Cable bundle fire scenario setup - elevation view 
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Fig. 20 - Cable bundle in sub-floor 

3.6 NanoMist® Water Mist System 

The NanoMist® System utilizes an ultrasonic technique to generate the fine water droplets 
and an air stream to carry the generated droplets into the enclosure. A schematic, illustrating this 
technique, is given in Fig. 21. The generated mist was introduced into the enclosure through 
twelve 10 cm (4 in.) circular openings along the eastern wall of the sub-floor. These openings 
were located with 41 cm (16 in.) centerline to centerline spacing, 30 cm (12 in.) from the bottom 
of the deck level as shown in Fig. 3. The generated water mist has an average drop size of , 
approximately 7 microns as determined during the reduced scale sub-floor tests [5]. The system 
as installed is shown in Fig. 22. 
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Fig. 21 - NanoMist System Schematic 

Fig. 22- NanoMist® water mist system installed in sub-floor 

The system parameters utilized in these tests are summarized in Table 1. The application 
density was varied by changing the number of misters that were operating during the test, giving 
a nominal 11 % change in application density per additional mister utilized. The utilization of 
10 misters in the scaled-up sub-floor most closely matched the 2 mister set-up that defined the 
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,system requirements in the previously conducted reduced scale testing as given in Table 1. 
When a mister was not operating during a test, no attempt was made to block or cover the fan 
inlet on the mister, with the exception of the last opening on the north end of the wall which was 
never utilized and was taped over. 

Table 1 -NanoMist® Water Mist System Parameters 

Applied Water 

Flow Rate Air Flow Rate 
Application Flux Mist Concentration 

Number Density (Outlet of each 

of Mister) 

Misters [Lpm] [!!om] [Lpm] [cfm] [Changes/hr] [Lpm/m3] [e:om!ft3] [%wt] [!!/m3] 

6 1.27 0.33 4078 144.0 21.2 0.110 0.0008 20.5% 310 
7 1.48 0.39 4757 168.0 24.7 0.128 0.0010 20.5% 310 
8 1.69 0.45 5437 192.0 28.2 0.146 0.0011 20.5% 310 

9 1.90 0.50 6116 216.0 31.8 0.164 0.0012 20.5% 310 
10 2.11 0.56 6796 240.0 35.3 0.183 0.0014 20.5% 310 
11 2.32 0.61 7475 264.0 38.8 0.201 0.0015 20.5% 310 

Reduced Scale Test Parameters 
2 0.22 0.06 681 24.1 35.8 0.193 0.0014 21.2% 322 

3. 7 Instrumentation 

The oxygen concentration in the enclosure was monitored by a Servomex 540A 
paramagnetic analyzer. The Servomex analyzer was equipped with a zero suppress module to 
result in an operating range of 12 to 22% by volume oxygen. The air sample continuously drawn 
for the Servomex analyzer was drawn from a location in the center of the sub-floor, 12.7 cm 
(5 in.) below the top of the sub-floor. This location is given in Fig. 3. 

The air sample drawn for the Servomex analyzer passed through a filtered cold trap to 
remove both soot and moisture and was also fed to Horiba VIR 2000 carbon monoxide and 
carbon dioxide analyzers. The carbon monoxide analyzer had a range of 0 to 1000 ppm and the 
carbon dioxide analyzer has a range of 0 to 2% by volume. 

The temperature in the enclosure was measured by type K thermocouples at five locations as 
shown in Fig. 3. Stainless steel sheathed, exposed junction type K thermocouples (Omega model 
SCASS-062E) were also employed to monitor the continued burning of the telltale fires and the 
cable bundle fire. 

The mass loss rate of the cable bundle fire was monitored with a Sartorius Combics Scale 
with a measurement range ofO to 15 kg (0-33 lb). 

4.0 PROCEDURES 

The test enclosure was configured for the particular test and, with the exception of the cable 
bundle fire tests, the damper was closed and the ventilation system secured. After a nominal 
30 second background data acquisition period, the test fires were ignited and allowed to burn for 
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,60 seconds. For the cable bundle fire scenario, the tubular heaters were energized and the bundle 
was allowed to heat and smolder with the ventilation system operating and the damper and a 
floor tile open nearby. When the cable bundle transitioned to flaming combustion, the 
ventilation was secured, the floor tile was closed, the damper was closed, and the 60 second 
pre-burn period started. The misters were activated at the end of the 60 second pre-bum and 
allowed to operation for 10 minutes or until all fires were confirmed to be extinguished. The 
power to the tubular heaters was secured after no evidence of continued flaming combustion had 
been observed for 30 seconds or the end of the 10 minute system operation. 

5.0 RESULTS AND DISCUSSION 

Five types of tests were performed utilizing an increased scale sub-floor section. These test 
types included: Verification of System Requirements Tests; Obstruction Effects Tests; Floor 
Open Area Effects Tests; Cable Bundle Fire Tests; and Electronics Exposure Tests. 

5.1 Verification of System Requirements Testing 

The results from testing with the telltale fire scenario are summarized in Table 2. The 
extinguishment times are compared in Fig. 23 to those measured during the reduced scale tests. 
The system parameters that resulted in extinguishment of the telltale fire scenario in both series 
oftest are correlated in Fig 24. As can be seen from these figures, the system 
requirements/parameters to cause extinguishment in both series are similar. In the reduced scale 
tests, the system requirements were defined as a trade-off between applied application rate and 
applied mist water concentration, ranging from an application flux of 0.140 Lpm/m3 with a mist 
concentration of 469 g/m3 and 0.175 Lpm/m3 with a mist water concentration of228 g/m3

. The 
0.140 Lpm/m3 is considered a critical minimum application flux and the 228 g/m3 mist water 
concentration is considered a critical minimum concentration. During these tests, an application 
flux of0.165 Lpm/m3 with an applied mist concentration of310 g/m3 was required to achieve 
extinguishment, which lies on the trade-off line defined in the previous reduced scale tests. 
Appendix A presents more data from these tests. 

Table 2-Verification of System Requirements Tests {Telltale Fires) 

Water Flow Air Flow Applied Mist 
Water 

Flux Concentration 

Test No.of Rate Densitv Rate Changes (Outlet of Mister) Ext Time 

Name Misters [Lorn] [Lpm/m3
] [Lorn] per hour [%wt] [21m3

] [sec] [Chan!!esl 

Test 22 11 0.99 0.086 7475 38.8 9.9% 133 NIE NIE 

Test 25 7 1.41 0.122 7475 38.8 13.5% 188 NIE NIE 
Test26 7 1.42 0.123 4757 24.7 19.9% 298 NIE NIE 
Test27 8 1.56 0.135 5437 28.2 19.2% 286 NIE NIE 
Test 24 9 1.90 0.165 6116 31.8 20.5% 310 370 3.27 
Test23 11 2.20 0.191 7475 38.8 19.7% 294 166 1.79 

NIE - Not Extinguished 
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$.2 Obstruction and Floor Open Area Effects Tests 

The effects of the added obstructions to the sub-floor and the effects of the additional leakage 
area afforded by opening several floor tiles are summarized in Table 3 and Figs. 25 and 26. As 
can be seen from these figures and table, neither the addition of the obstructions or the additional 
leakage area resulted in an increased required application flux density to cause extinguishment of 
the telltale fires. Appendix A presents more data from these tests. 

Table 3 - Obstruction and Floor Open Area Effects Tests 

Water Flow Air Flow Applied Water 
Mist 

Concentration 
Flux (Outlet of Extinguishment 

Test No.of Rate Density Rate Changes Mister) Time 

Name Misters [Lpm] [Lpm/m3] [Lpm] per hour [%wt] [g/m3] [sec] [Changes] 

Telltale Test without Obstructions or Floor Tiles Open 
Test22 11 0.99 0.086 7475 38.82 9.9% 133 NIE NIE 
Test 25 7 1.41 0.122 7475 38.82 13.5% 188 NIE NIE 
Test 26 7 1.42 0.123 4757 24.71 19.9% 298 NIE NIE 
Test 27 8 1.56 0.135 5437 28.24 19.2% 286 NIE NIE 
Test24 9 1.90 0.165 6116 31.76 20.5% 310 370 3.27 

Test23 11 2.20 0.191 7475 38.82 19.7% 294 166 1.79 

4 Tube Flow Area Obstruction 
Test28 9 1.81 0.157 6116 31.76 19.8% 296 NIE NIE 

Test29 10 2.44 0.211 6796 35.29 23.0% 359 150 1.47 

8 Tube Flow Area Obstruction 
Test39 7 1.29 0.112 4757 24.71 18.4% 271 NIE NIE 
Test 38 8 1.62 0.140 5437 28.24 19.9% 298 311 2.44 

Test 30 10 2.67 0.231 6796 35.29 24.7% 393 124 1.21 

8 Tube Surface Area Obstruction 
Test40 6 1.26 0.109 4078 21.18 20.5% 309 NIE NIE 
Test 41 7 1.32 0.115 4757 24.71 18.8% 278 NIE NIE 
Test42 7 1.52 0.132 4757 24.71 21.0% 319 NIE NIE 
Test43 8 1.68 0.145 5437 28.24 20.4% 308 NIE NIE 
Test32 9 2.05 0.178 6116 31.76 21.8% 335 299 2.64 

Test 31 10 2.27 0.197 6796 35.29 21.7% 334 129 1.27 

3 Floor Tiles Open - 1.11 m2 
- 4.4% of Total Floor Area 

Test48 9 1.77 0.153 6116 31.76 19.4% 288 313 2.76 

6 Floor Tiles Open - 2.23 m2 
- 8.8% of Total Floor Area 

Test49 9 1.72 0.149 6116 31.76 19.0% 281 329 2.90 

NIE - Not Extinguished 
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.5.3 Cable Bundle Fire Tests 

The results of the testing with the cable bundle fire are summarized in Table 4. A comparison 
of the extinguishing times for testing with the telltale scenario and the cable bundle is presented 
in Fig. 27. A comparison of the NanoMist® system parameters required for extinguishment of 
the telltale fires and the cable bundle fire is presented in Fig. 28. As can be seen from these 
figures, the NanoMist® system was able to extinguish the cable bundle fire with an application 
flux density that was 21 % lower than that required to cause extinguishment of the telltale fires 
with a similar applied water mist concentration. This implies that when the NanoMist® system 
is applied to an electronic space, where the primary fire hazard is represented by cables, an 
additional safety factor would be built into the design of the NanoMist® system with the system 
requirements based on the n-heptane extinguishing requirements. Appendix B presents more 
data from these tests. 

Table 4 - Results of Testing with the Cable Bundle Fire Scenario 

Water Flow Air Flow Applied Mist 
Water 

Flow Flux Flow Changes Concentration Extinguishment 

Test No •. of Rate Density Rate per hour l'Mister Outlet) Time 

Name Misters fLnml [Lpm/m3l [Lpm] [%wt] h~lm3] [secl [Chane:esl 

Test 36 6 1.27 0.110 4078 21.2 20.6% 312 NIE NIE 

Test 35 8 1.55 0.134 5437 28.2 19.2% 285 175.5 1.38 
Test 37 7 1.50 0.130 4757 24.7 20.8% 315 118 0.81 
Test 34 9 1.88 0.162 6116 31.8 20.3% 306 55.5 0.49 
Test 33 11 2.26 0.195 7475 38.8 20.1% 301 36.7 0.40 

NIE - Not Extinguished 
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5.4 Electronics Exposure Testing 

The results of the electronics exposure tests are summarized in Table 5 and illustrated in 
Figs 29 through 32. The exposed operating external modem inside the simulated electronics 
cabinet continued operating throughout the ten minute exposures to the water mist that emanated 
from the sub-floor area. The exposed modem did shut down near the end of the first exposure to 
the water mist with the direct connection to the sub-floor and the cabinet fans operating to aid in 
pulling the mist through the cabinet (Test 46). This was in part due to the same modem being 
exposed to the mist with the cabinet indirectly connected to the sub-floor with the cabinet fans 
operating (Test 44) and directly connected to the sub-floor with the fans not operating (Test 45). 
The modem did not shut down when the exposure was repeated with a different modem 
(Test 47). Note that the modem that shut down did regain function after removal from the 
simulated cabinet and was dried. 

The difference in the leakage current between the card exposed directly to the mist in the 
sub-floor and the leakage current measured in the simulated cabinet illustrates the protection 
afforded by the cabinet geometry and mist flow path. The measured leakage current was reduced 
between 15% and 44% depending on the cabinet configuration. The afforded protection was 
sufficient to prevent the exposed modem from shutting down other than that previously 
mentioned. During the reduced scale testing in which the modem was exposed directly to the 
generated mist, the modem shut down 7. 7 minutes into the 10 minute exposure period. The 
modem was oriented horizontally in the reduced scale tests as opposed to vertically inside the 
cabinet, which may have made the modem more susceptible to the exposure during the reduced 
scale tests. 
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Table 5 -Summary of Electronics Exposure Test Results 

Cabinet Confie:uration 
Exposed 

Max Leak Current 
Water Applied Mist Modem in 
Flux 

Air 
Water Cabinet In In Sub-

Fans Den~ity Concentration Shutdown Cabinet Floor 
Test Sub-Floor No.of Changes 

Name Connection [On/Offl Misters fLpm/m3l per hr [%wt] [2/m3
] [Y/Nl fminl [uA] [uAl 

Test 44 Indirect On 9 0.159 31.8 20.0% 300 No 2.53 NR 

Test 45 Direct Off 9 0.161 31.8 20.2% 303 No 3.59 4.38 

Test 46 Direct On 9 0.149 31.8 19.0% 281 Yes 10 3.82 4.75 

Test 47 Direct On 9 0.169 31.8 21.0% 319 No 3.72 4.67 
Exposed In Sub-Floor 

Modem in 
Reduced Scale Test Sub-Floor Vertical 

Reduced Scale Test 2 0.196 35.8 21.2% 322 Yes 7.7 2.24 

NR - Not Recorded 
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In comparison with the previously conducted reduced scale tests, the measured leakage 
currents during these tests were higher than expected. Both of the comb circuit cards exposed 
during each test were exposed in a vertical orientation and both had higher leakage currents than 
were experienced on the vertically oriented board in the reduced scale test. During the reduced 
scale testing, the circuit boards and modem were exposed behind the baffle, instead of the center 
of the sub-floor between the mist introduction point and the baffle. The comb circuit cards were 
oriented differently as well. In reduced scale tests, the card connection was on the side with the 
comb circuit lines running horizontally. During these tests, the card connection was on the top 
with the comb circuit line running vertically. 

The exposure to the water mist experienced during these tests, with the electronics in the 
cabinet outside of the sub-floor, is more reflective 9fwhat would be expected in a shipboard 
electronics space. The electronics would be housed above the floor and inside a cabinet with a 
varying degree of connection to the sub-floor and with varying air exchange rates between the 
cabinet and the sub-floor and between the cabinet and the larger room. 

5.5 Results Summary 

The NanoMist® water mist system was able to extinguish the telltale fires at an applied 
application flux density of 0.165 Lpm/m3 with an applied water mist concentration of310 g/m3

. 

This applied application flux density and applied water mist concentration is consistent with the 
system parameters defined in the reduced scale testing. The addition of obstructions blocking up 
to 60% of the flow area and providing up to 0.62 m2 

( 6. 7 ft2
) of surface area did not result in a 
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,significant increase in the applied application flux to cause extinguishment of the telltale fires. 
Removing up to six 0.6 x 0.6 m (2 x 2 ft) floor tiles corresponding to up to 8.8% of the total false 
deck area similarly did not result in a significant increase in the applied application flux to cause 
extinguishment of the telltale fires. 

The cable bundle fire was extinguished by the NanoMist® system at an a~plication flux 
density of 0.130 Lpm/m3 and an applied water mist concentration of 315 g/m . This is a 
reduction of 21 % when compared to the application flux density requirement to cause 
extinguishment of the telltale fires. 

The exposed operating external modem inside the simulated electronics cabinet continued 
operating throughout the ten minute exposures to the water mist that emanated from the sub-floor 
area. The exposed modem did shut down near the end of the first exposure to the water mist 
with the direct connection to the sub-floor and the cabinet fans operating to aid in pulling the 
mist through the cabinet. This was in part due to the same modem being exposed to the mist 
with the cabinet indirectly connected to the sub-floor with the cabinet fans operating and directly 
connected to the sub-floor with the fans not operating. The modem did not shut down when the 
exposure was repeated with a different modem. Note that the modem that shut down did regain 
function after removal from the simulated cabinet. 

6.0 SHIP IMPACT AND INSTALLATION REQUIREMENTS 

The NanoMist® Water Mist System in its present form is a "proof of concept" prototype and 
does not fully reflect what would.actually be installed on a ship. Many of the components of the 
system represent what is commercially available rather than optimal design and have space, 
weight and/or cost impairments when considering an overall final system design. 

Design features will also need to be added to the NanoMist® system in order for it to 
function in the shipboard environment. Water level control in the mist generators will have to 
account for the movement of the deck (pitch and roll). The water level control may also need a 
."bypass" valve to allow for faster filling with a pre-alarm signal, so that the misters are filled and 
ready to operate when needed. It will also need a drain valve for post-operation drying and in 
the event that the operation of the mister was not required. 

The N anoMist® system may also need refinements to survive the shock and vibrations 
associated with the shipboard environment. 

The required maintenance to ensure that the NanoMist® system will perform when needed 
has not been fully defined. This may not be more than a circuit integrity test that could 
potentially be automated into the system controls. 

The current prototype mister is short and wide lending itself to the concept of stacking the 
misters on top of each other to minimize the occupied floor space. The output of the stacked 
misters and that of an adjacent stack could be combined into a single duct running to the 
protected space. A method for sizing the combined duct to minimize the installation cost and 
occupied space, while limiting plating losses and mist agglomeration, needs to be developed. 
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, The stacking arrangement with the combined output of the misters would also reduce the 
number of introduction points into the sub-floor, which may have an impact on the performance 
of the system. The determination of a minimum number of introduction points or maximum 
spacing between introduction points needs to be accomplished. 

The effect of the orientation of the introduction points needs to be investigated as well. If the 
misters are stored within the electronics space, a vertical flow of mist into the sub-floor, as was 
utilized in the reduced scale tests, would eliminate the need for an elbow on the mist duct and 
any penetration into the sub-floor space. During the scaled-up tests reported here, the mist was 
introduced into the sub-floor with a horizontal flow. 

The projected cost for NanoMist® system as it would actually be installed is approximately 
$500.00 for a 0.25 Lpm (0.066 gpm) system. This corresponds to $396.00/m3 of protected 
space based on an application rate of0.198 Lpm/m3 reflecting a 20% safety factor on the 
0 .165 Lpm/m3 minimum application requirement verified during these tests. The weight of the 
system is projected as approximately 10 kg (22 lb) for the 0.25 Lpm system, corresponding to 
7 .92 kg/m3 of protected space. These costs and weights are. presented for a range of sub-floor 
spaces representative of those encountered onboard ship in Table 6. These system costs and 
weights may drop as the system components are further optimized for this application. 

These costs and weight could potentially be reduced through multiplexing, where the same 
misters are utilized to protect multiple spaces. The output from the misters would be ducted to 
several spaces and a set of valve/dampers would direct the flow to the desired space. A method 
for designing these duct systems would need to be developed for this method to be utilized. 

Alternatively, the electronics rather than the actual misters could be multiplexed to reduce 
cost and weight. The driver circuits for the ultrasonic crystals would be shared between sets of 
misters employed to protected different spaces. How effective this method would be depends on 
the portion of the cost and weight of the components that can be shared relative to the total 
system cost and weight. 

Table 6 -Projected Cost and Weight Associated with Protecting Shipboard 
Sub-floor Spaces with NanoMist® Water Mist Systems 

Sub-Floor Dimensions N anoMist® System 
Projected 

Area De>th Volume weight Projected Cost 

rm21 rft21 rml rftl rm3l [Wl rkgl [lbl r$J 

25 269 0.3 1 7.6 269 60.4 133 $ 3,018 
50 538 0.3 1 15.2 538 120.7 266 $ 6,035 
75 807 0.3 1 22.9 807 181.1 399 $ 9,053 

100 1076 0.3 1 30.5 1076 241.4 532 $12,070 

The NanoMist®- system with its design application flux density of 0.198 Lpm/m3 would not 
be sufficient to limit the air temperature in the sub-floor to 100°C with the lower deck subjected 
to a heat flux of25 kW/m2

• This heat flux corresponds to a flashed over compartment beneath 
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.the lower deck [6]. The application flux required to meet this need is estimated as 0.6 Lpm/m2 

[7] and with a sub-floor depth of0.3 m, the NanoMist® system would provide 0.06 Lpm/m2
• 

The additional water flux would have to be provided by increasing the application flux density of 
the NanoMist® system or by a complimentary system. Either method would involve an increase 
in both the total system cost and weight. 

7.0 CONCLUSIONS 

The NanoMist® system was the only water mist system that was able to extinguish all of the 
test fires during the reduced scale testing without the aid of a complimentary nitrogen system. It 
once again was able to independently extinguish all of the test fires in these scaled-up tests. 

The NanoMist® system water mist application requirements determined in the previously 
performed reduced scale testing were confirmed at a larger scale. The addition of flow and 
surface area obstructions, and the removal of some of the floor tiles did not result in a 
corresponding significant increase in the system requirements to cause extinguishment of the 
telltale fires. 

The system requirements corresponding to extinguishment of the cable bundle fire was 21 % 
less than those corresponding to extinguishment of the telltale fires, implying an additional 
margin of safety with reference to actual sub-floor installations where electrical cables represent 
the majority of the fuel load. 

The configuration of the electronics as exposure the generated water mist was shown to a 
significant impact of the ability of the electronics to continue operating during exposure. The 
.exposed modem was able to continue operating throughout the 10 minute exposures while house 
inside the simulated electronics cabinet. When the modem was exposed to the generated mist 
directly during the reduced scale testing, the modem shut-down after 7 minutes of exposure. 

The projected cost for the NanoMist® system is $396/m3 of protected space and the project 
weight is 7.92 kg/m3 of protected space. This is based on a design application flux density of 
0.192 Lpm/m3 reflecting a 20% safety factor over the 0.165 Lpm/m3 determined during these 
tests and the reduced scale tests. These system costs and weight may be reduced as the system 
components are optimized for use in this application. Multiplexing either the total system or 
system components may lead to further reductions in cost and weight. 

The design application flux density of the NanoMist® system is insufficient to meet the 
requirement to limit the sub-floor air temperatures to 100°C when subjected to a heat flux 
through the lower deck of25 kW/m2

, representing a flashed over compartment beneath the sub
floor. With a 0.3 m sub-floor depth, NanoMist® system at the determined design flux density 
would provide 0.06 Lpm/m2 of the estimated 0.6 Lpm/m2 required to meet this need. The 
additional water flux would need to be filled either through an increased application flux density 
for the NanoMist® system or through the application of a complimentary system. 
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.8.0 RECOMMENDED FURTHER INVESTIGATIONS 

The fundamental parameters of the NanoMist® system have been successfully characterized. 
Further investigation of the NanoMist® system to transition it from a research and development 
prototype to a shipboard system is recommended: development of a method for designing duct 
systems incorporating the output of several misters; determination of the minimum number of 
introduction points or maximum spacing between introduction points; evaluation of maintenance 
requirements and hardware refinements needed to survive in a shipboard environment; 
evaluation of options for meeting the elevated water flux demands for below surface heating; and 
continued investigations on the effects of obstructions and electronics exposures. 

A method for designing the duct systems for the combined output of several misters, which 
would minimize installation cost and occupied space while limiting plating losses and mist 
agglomeration, should be developed. This could potentially allow for multiplexing of the misters 
to protect multiple spaces as well as easing installation ducting requirements. It is anticipated 
that such a method would be employed for system configuration to be employed during the 
anticipated testing onboard the ex-USS Shadwell. 

A minimum number of introduction points or maximum spacing betw~en introduction points 
into a sub-floor needs to be determined. During the scaled up testing, each mister was ducted 
individually into the sub-floor, which would be cumbersome in an actual installation. This will 
be addressed during the anticipated testing onboard the ex-USS Shadwell with the output of the 
utilized misters being combined prior to introduction into the sub-floor. 

The maintenance requirements of the NanoMist@.system need to be further investigated to 
fully evaluate the system as applied to protect the sub-floor areas of shipboard electronics spaces. 
The NanoMist® system hardware needs to be evaluated and refined to ensure that it can perform 
and survive in a shipboard environment. 

The estimated application flux requirements to limit the temperature in the sub-floor space to 
100°C when subject to the 25 kW/m2 heat flux emanating from a flashed over space below it is 
estimated to be 0.6 Lpm/m2

, which is greater than the 0.06 Lpm/m2 flux provided by the 
NanoMist® system in protecting a 30 cm (1 ft) deep sub-floor with its design requirements of 
0.16 Lpm/m3

• Options for filling this application flux gap either through a complimentary 
system or through an over-design of the NanoMist® water mist system need to be evaluated. 
These options maybe evaluated during the anticipated testing onboard the ex-USS Shadwell. 

The obstructions and floor open areas evaluated in this investigation had minimal effects on 
the NanoMist® system requirements. The amount of obstructions and floor open areas 
encountered in shipboard spaces needs to be evaluated relative to those utilized in the 
investigation. 

An evaluation of shipboard electronics, relative to the electronics utilized during this 
investigation needs to be performed to determine how well the experimental exposures simulated 
the actual exposure. 
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APPENDIX A 

TELLTALE FIRE TEST DATA SUMMARIES 

Figures Al through A19 give the temperatures measured above the five telltale fires for the 
tests with and without the added obstructions and also for the test with the removed cover tiles. 
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Fig. Al -Telltale fire temperatures with 0.086 Lpm/m3 application flux density and 133 g/m3 

applied mist water concentration (Test 22) 
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Fig. A2 -Telltale fire temperatures with 0.191 Lpm/m3 application flux density and 294 g/m3 

applied mist water concentration (Test 23) 
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Fig. A3 - Telltale fire temperatures with 0.165 Lpm/m3 application flux density and 310 g/m3 

applied mist water concentration (Test 24) 
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applied mist water concentration (Test 25) 
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Fig. A5 -Telltale fire temperatures with 0.123 Lpm/m3 application flux density and 298 g/m3 

applied mist water concentration (Test 26) 
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Fig. A6 - Telltale fire temperatures with 0.135 Lpm/m3 application flux density and 286 g/m3 

applied mist water concentration (Test 27) 
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Fig. A7 -Telltale fire temperatures with added 4 tube flow area obstruction 0.157 Lpm/m3 application flux density 
and 296 g/m3 applied mist water concentration (Test 28) 
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application flux density and 359 g/m3 applied mist water concentration (Test 29) 
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Fig. A9 - Telltale fire temperatures with added 8 tube flow area obstruction 0.231 Lpm/m3 application flux 
density and 393 g/m3 applied mist water concentration (Test 30) 
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Fig. AlO-Telltale fire temperatures with added 8 tube surface area obstruction 0.197 Lpm/m3 application flux 
density and 334 g/m3 applied mist water concentration (Test 31) 
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Fig. All - Telltale fire temperatures with added 8 tube surface area obstruction 0.178 Lpm/m3 

application flux density and 335 g/m3 applied mist water concentration (Test 32) 
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Fig. Al3 - Telltale fire temperatures with added 8 tube flow area obstruction 0.112 Lpm/m3 application flux 
density and 271 g/m3 applied mist water concentration (Test 39) 
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Fig. A14-Telltale fire temperatures with added 8 tube surface area obstruction 0.109 Lpm/m3 application flux 
density and 309 g/m3 applied mist water concentration (Test 40) 
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Fig. Al5 -Telltale fire temperatures with added 8 tube surface area obstruction 0,115 Lpm/m3 

application flux density and 278 g/m3 applied mist water concentration (Test 41) 
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Fig. A16-Telltale fire temperatures with added 8 tube surface area obstruction 0.132 Lpm/m3 application 
flux density and 319 g/m3 applied mist water concentration (Test 42) 
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Fig. Al 7 - Telltale fire temperatures with added 8 tube surface area obstruction 0.145 Lpm/m3 application 
flux density and 308 g/m3 applied mist water concentration (Test 43) 
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APPENDIXB 

CABLE BUNDLE FIRE SUMMARY 

Figures B 1 through BS present the temperature measured above the cable bundle for the five cable 
bundle fires performed with the NanoMist® water mist system. 
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Fig. Bl -Temperature above the cable bundle during NanoMist® system test with 0.195 Lpm/m3 application flux density and 
301 g/m3 applied water mist concentration (Test 33) 
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· Fig. B 2 - Temperature above the Cable Bundle during NanoMist® System Test with 0.162 Lpm/m3 Application Flux Density 
and 306 g/m3 Applied Water Mist Concentration (Test 34) 

B-2 



Fig. B3 -Temperature above the cable bundle during NanoMist® system test with 0.134 Lpm/m3 application flux 
density and 285 g/m3 applied water mist concentration (Test 35) 
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Fig. B4 - Temperature above the cable bundle during NanoMist® system test with 0.110 Lpm/m3 application 
flux density and 312 g/m3 applied water mist concentration (Test 36) 
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Fig. BS - Temperature above the cable bundle during NanoMist® system test with 0.130 Lpm/m3 application 
flux density and 314 g/m3 applied water mist concentration (Test 37) 
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