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BLAST MITIGATION USING WATER MIST: TEST SERIES Il
1.0 BACKGROUND

The Navy’s recognition of the benefits of water for fire suppression has led to the
implementation of mist systems aboard ships [1-3]. There are modeling data that show the
ability of mist to reduce overpressure and therefore limit shipboard damage caused by an
explosion from a combat or terrorist attack [4-6]. Water mist, water-walls, and active and
passive water deluge systems as a blast mitigating techniques have proven to be quite effective in
reducing the effects caused by condensed-phase explosions and vapor-cloud explosions [7-10].
The mechanism by which mitigation has been achieved in these scenarios is dependent on
several parameters. These parameters include the water mist density (the droplet size
distribution and its concentration), the geometric complexity of the area being mitigated, and the
chemical composition of the explosive (missile, TNT, dust cloud) [8,11]. Such parameters and
their effects on mitigating explosions have not been well quantified, thus the design and
implementation of these systems for mitigating specific events such as a shipboard explosion has
been limited.

Ideally a shipboard water mist system would mitigate initial blast overpressures and any quasi-
static overpressures and secondary effects caused by a blast. A shipboard environment is quite
complex having several different levels of confined compartments that contain varying degrees
of congestion. Studies indicate an explosion, in such an environment, would create reflecting
shock waves that could cause additional increases in overpressures, thus causing even further
damage to the ship [12]. The other concern is the amount of time and water mist needed to
effectively achieve blast mitigation in the event of an attack [13].

In order to begin to address these issues the Naval Research Laboratory (NRL) conducted a
series of blast mitigation tests sponsored by the Office of Naval Research in the summer of 2005.
The tests were carried out in a bombproof chamber located at the Naval Surface Warfare Center
(NSWC) Indian Head, Maryland. The objective of the studies was to utilize lower charge
density explosions of 0.9 kg, 2.2 kg, and 3.2 kg (2 Ibs, 5 Ibs, and 7 lbs) TNT to establish the
ability of water mist to mitigate the overpressures associated with detonations in a confined
space. The studies showed that quasi-static overpressures were reduced by as much as 47%, and
both the start of the initial blast overpressure and quasi-static pressures were delayed [13]. The
water mist characterization studies indicated that mitigation was achieved with droplet sizes
ranging from 35 - 550 um with a Sauter Mean Diameter (SMD) greater than 50 um [14]. SMD
is the diameter of the droplet whose surface to volume ratio is equal to that of the entire spray
[15].

20 OBJECTIVE
The Blast Mitigation Test Series 2 involved higher charge density detonations of different high
explosives (HE) for the purpose of scaling and identifying the critical water mist parameters

responsible for the mitigation of overpressures and secondary effects associated with blasts.

The tests series had 4 primary objectives:
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e To investigate the ability of water mist to mitigate larger-scale explosions using 23 kg (50
Ibs) of TNT (or equivalent).

e To determine and predict mitigation properties of the water mist by measuring and
quantifying blast mitigation overpressures as a function of water mist parameters.

e To investigate water mist mitigation of explosives having different chemical
compositions.

e To utilize theoretical models to guide and interpret experiments.

3.0 APPROACH

This test series was broken into three phases. Phase I, the water mist system was installed in the
overhead of the chamber, and characterized to achieve a series of water mist differing in droplet
size and water mist concentration. Phase Il, the water mist compositions were used to
investigate their mitigating effects on three different HE detonations. Phase 11l involved
collecting the initial blast overpressures generated by the three different HE detonations. In this
phase no water mist was introduced into the chamber.

4.0 TEST DESCRIPTION

4.1  Test Chamber
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Figure 1. Schematic of the chamber showing the inside dimensions and locations of the
ventilation piping.

This test series was conducted in a bombproof chamber located at the Naval Surface Warfare
Center (NSWC), Indian Head, Maryland. The size and magnitude of the charges detonated
specified the chamber size and dimensions used for the test series. The previous test series
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utilized a chamber whose volume was 4.6 m x 4.6 m x 3.1 m (15.1 ft x 15.1 ft x 10.1) [13]. That
chamber was rated for overpressures associated with 4.5 kg (10 Ibs) detonations of TNT. In the
present test series, the chamber volume was 6.1 m x 6.1 m x 4.9 m (20 ft x 20 ft x 16 ft) and it
accommodated overpressures equivalent to 23 kg (50 Ibs) of TNT. Both chambers are composed
of reinforced concrete lined with steel plate. Figure 1 is a schematic of the inner dimensions and
locations of the door and ventilation system of the chamber used in the test series.

The ventilation system consisted of an exhaust pipe and supply pipe that protruded 0.91 m (0.33
m OD, 0.30 m ID) ((3 ft (13” OD, 12” ID)) down from the overhead into the chamber. The
supply pipe had a manually controlled fan used to circulate air into the chamber following an
experiment, and the exhaust pipe vented to the open atmosphere. The vent pipe remained open
to the atmosphere at all times. All the explosive charges utilized in this test series were supplied
by NSWC Indian Head, and each charge was detonated in the center of the chamber. The
bottom of the charge was 1.5 m (5 ft) above the deck and was directed down.

4.2 Phase I: Water Mist System and Characterization

In Phase 1, the overhead of the chamber was outfitted with the water mist system as shown in
Figure 2. This consisted of assembling the stainless steel piping and installing the water mist
nozzles. As shown in Figure 2, the water mist system had nine available nozzle positions and the
positions were spaced approximately 1.5 meters apart.
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Figure 2. Schematic of water mist system in the overhead of the chamber



For this test series, the water mist system was specifically designed and configured to provide
more flexibility and control over the water mist generated in the chamber. A hybrid water mist
option and a series of different nozzle sets (shown in Table 1) were used to achieve a range of
different droplet size and water mist concentrations (shown in Table 2). The hybrid water mist
was created with the addition of nitrogen to the water mist system as shown in Figure 2. The
water mist system became a dual flow system where both nitrogen and water exited the nozzles
simultaneously. The nitrogen flow enhanced droplet break-up as they exit the nozzles. Because
of the system flexibility, the introduction of nitrogen into the water mist system was easily
incorporated.

Table 1. Nozzle Set

Nozzle Manufacturer | Nozzle Model K factor Flow
Set Number

Marioff 4S 1MC 8MB 1000 | 1.9 Ipm/bar™0.5 | 19 Ipm at 100 bar
Marioff 4S 1MB 6MB 1000 | 1.4 Ipm/bar™0.5 | 14 Ipm at 100 bar
Marioff 3N 1MA 4MA 1000 | 0.5 Ipm/bar™0.5 | 5 Ipm at 100 bar

Table 2. Water Mist Properties
Pressure | Water
Mist Flow
Rate

100 bar | 171 Ipm

35 bar 101 Ipm
100 bar | Hybrid

100 bar | 126 Ipm

35 bar 74 Ipm

100 bar | 95 Ipm

In these tests positive displacement electric driven pumps were used rather than a pressurized
nitrogen system as in the previous test series to push the water through the nozzles and into the
chamber [16]. The pump provides the capability of delivering water at a constant flow and
pressure (maximum 194 Ipm at 120 bars). As a result, a steady state water mist composition
inside the chamber was achieved and maintained, unlike the previous test series [13,14]. Figure
3 shows the pump configuration (please note only two of the pumps were required for these
tests) and Table 3 provides the pump motor specifications and capacity.



Figure 3. The pump and reservoir assembly

Table 3. Pump Specifications

Motor Power Supply Flow
Motor 1 | 27 kWatts (36 HP) | 480 Vac, 3-Phase, (50 Amps) [ 97 Ipm at 140 bar

Motor 2 | 22 kWatts (30 HP) | 480 Vac, 3-Phase, (46 Amps) [ 97 Ipm at 120 bar

Together | 49 kWatts (66 HP) | 480 Vac, 3-Phase, (100 Amps) | 194 Ipm at 120 bar

A state-of-the-art laser light scattering analyzer (Malvern Spraytec Malvern Instruments Inc.,
Southborough, MA) was placed inside the chamber to determine the critical point at which the
mist concentration and droplet size distribution, for a given nozzle configuration, reached a
steady state. These properties were measured for different nozzle configurations used to mitigate
the HE blasts in Phase Il of the test series. Table 2 provides the water mist concentrations and
droplets sizes that the test series achieved. In addition, the Table indicates the nozzle set used to
create the mist. The nozzle set properties are provided in Table 1.

4.3  Phase Il: Explosion Tests

Phase Il involved seven separate detonations experiments. Four of these experiments were
conducted with 23 kg (50 Ibs) of TNT while two were conducted with 50 Ibs TNT equivalent
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PBXN-109, and the final detonation was with 50 Ibs TNT equivalent Destex. For each 50 Ib
TNT detonation experiment, one of the well characterized water mist compositions shown in
Table 2 was used to mitigate the overpressures associated with the detonation. By comparing the
mitigating efficiencies of the water mist systems utilizing TNT, emphasis was placed on the
function each mist parameter had in the mitigation process. For a defined set of mist conditions,
the blast was detonated in the chamber after the mist had reached steady state.

The water mist composition that was most effective in the blast mitigation of 50 Ibs of TNT was
used to mitigate the overpressures associated with two different 50 Ib TNT equivalent
aluminized HE charges (Destex and PBXN-109). Emphasis was placed on comparing and
determining the mitigating efficiency of the water mist on explosives whose chemical
composition and reaction process were different than that of TNT.

431 TNT

TNT (2,4,6 Trinitrotoluene) is a solid secondary high explosive currently used in military
weapons and civilian mining processes. Secondary explosives simply require a primary or
initiating explosive to ignite it [17]. This material was chosen for this test series because it is one
of the most common and well understood explosives, and small-scale explosions of TNT (0.9 kg,
2.2 kg, and 3.2 kg) (2 Ibs, 5 Ibs, and 7 Ibs) have demonstrated the ability of water mist to
effectively suppress the overpressures associated with the detonation of this type material [13].

Two of the most important detonation performance parameters that represent the effectiveness of
different explosives are the detonation velocity and detonation pressure (Chapman-Jouguet, C-J)
[11,18,19]. Detonation velocity is the speed at which the detonation wave travels through the
explosive [17,18]. Both parameters are dependent on the material’s heat of detonation, charge
density, and composition [11,18,19]. Table 4 shows the performance parameters for TNT and
how they compare to other TNT and RDX based explosives. Equation 1 provides a simple
reaction mechanism for TNT [5,18].

C7HsN306 2 2.5 H,O + 3.5 C(s) + 3.5 CO + 1.5 N, + 247 kcal/mol TNT (1)

Table 4. Explosive Performance Parameters

Density | Detonation Detonation (C-J) | Heat of Detonation
(glem®) | Velocity (fps) | Pressure (GPA) | AH' (kcal/mole)
TNT 1.65 [18] | 23,000 [18] 20 [18,11] 247 [5,18]

TNT/AI (89.4/10.6) | 1.72[11] |23,000[11] | 21*
TNT/AI (78.3/21.7) | 1.8 [11] | 23.000 [11] 22*

Material

TNT/AI (67.8/32.2) | 1.89[11] | 23,000 [11] 23*

RDX 1.81 18] | 29,000 [18] 35* 335.4 [18]

RDX/AI (90/10) 1.68 [11] | 26,000 [11] 27*

RDX/AI (80/20) 1.73[11] [ 25,000 [11] [ 26*

RDX/AI (70/30) 1.79[11] | 25,000 [11] 26*
*Detonation Pressures calculated using reference [16].




From Table 4 and the reaction mechanism, TNT is notably oxygen deficient, less dense, and its
decomposition reaction produces less energy than other energetic materials. This yields lower C-
J pressures and slower detonation velocities [5,18,19].

4.3.2 Destex

Destex is desensitized Tritonal that was developed in the 1970°s [16]. The explosive is TNT
based and contains approximately 74.4% TNT, 19.1% Aluminum powder, 1.9% carbon black.
This compound is used by the US Navy and Air Force in a missile designed to sink warships in
the open ocean. The missile, AGM-84 Harpoon SLAM [Stand-Off Land Attack Missile]
contains 98 kg (215 Ibs) of Destex and is the only missile used by the US military with anti-ship
warfare as the primary objective [17].

Aluminized composite explosives are classified as having nonideal behavior [11,20]. In such
materials, the metal additive reacts with the detonation products expanding behind the detonation
zone [11,20]. This causes an increase in temperatures and pressures associated with the blast.
Table 4 shows how the detonation pressures and charge densities of TNT/Al composites increase
as the percentage of aluminum increases. As a result, the addition of aluminum powder has
traditionally been used in military applications to enhance air blasts effects, increase bubble
energies in underwater weapons, raise temperatures, and create incendiary effects [11].

4.3.3 PBXN-109

PBXN-109 is composed of 64% RDX, 20% Al, and 7.4% polymer based binder. This explosive
was selected for this test series because its blast mechanism and performance parameters (Table
4) are significantly different than explosives primarily composed of TNT. RDX (hexahydro-
1,3,5- trinitro- 1,3,5- triazine) is a cyclic amine that is used in several different military
explosives such as HBX, H-6, Cyclotol, and Compositions A, B, and C [17]. RDX is second to
nitroglycerin in strength among common explosives, and it is considered the most powerful and
brisant of the military high explosives [17]. Equation 2 gives a simple reaction mechanism for
RDX [18].

C3HeNgOg 2 3 H,0 + 3 CO + 3 N; + 335.4 kcal/mol RDX 2

From Table 4 and the reaction mechanism, RDX is denser, has a greater balance of oxygen, and
its decomposition reaction produces more energy (335.4 kcal/mol) than the TNT based
explosives. This yields higher C-J pressures and faster detonation velocities [18]. Table 4 also
shows that the addition of aluminum appears to lower the performance parameters of RDX.
Despite the slight reduction, the values are still greater than those for TNT.

4.4  Phase Ill: Base Line Explosion Tests

In Phase I, the initial blast overpressures and quasi-static overpressures were measured for the
three different HE charges (TNT, Destex, and PBXN-109) used in Phase Il. These initial tests
provided baseline measurements for comparing and determining the mitigating efficiency of
water mist as a function of water mist characteristics and chemical blast mechanisms, when it is
introduced into the chamber during Phase II.



5.0 TEST MATRIX
5.1 Water Mist Test

Twenty three tests were conducted in Phase | to achieve and characterize the mist compositions
listed in Table 2. The mist characteristics measured at the location of the charge were deemed
the most relevant to this analysis.

5.2  Explosion Test Matrix
The explosion test matrix is provided in Table 5.

Table 5. Explosion Test Matrix

Charge Test Type | Water Mist Water Mist Droplet | Droplet Mean
System Flow Rate | Concentration Diameter
TNT Water mist | 95 Ipm 29 g/m° 176 pm

TNT Water mist | 101 lpm 57 g/m’ 184 um

TNT Water mist | Hybrid water mist | 36 g/m® 80 um

TNT Water mist | 171 lpm 70 g/m° 165 pum
PBXN-109 | Water mist | 171 lpm 70 g/m® 165 um
Destex Water mist | 171 Ipm 70 g/m’ 165 pm
PBXN-109 | Water mist | 95 Ipm 29 g/m’ 175 um
Destex Baseline
PBXN-109 | Baseline
TNT Baseline
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6.0 INSTRUMENTATION

The water mist properties and the initial blast overpressures and quasi-static overpressures
generated by the blast were of the most interest in this test series.

6.1  Explosion Instrumentation
6.1.1 Data Acquisition System

The primary data acquisition system used in the explosion phases of the test series was supplied
by NSWC Indian Head. The system was primarily used to collect and process the overpressure
data measured by the pressure transducers. The data acquisition system used was a National
Instruments PXI system capable of collecting 2.5 million samples per second using a PX1-6133
card. To give 5 seconds worth of data, 100,000 samples per second was chosen.
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Figure 4. Instrument Location in Chamber
6.1.2 Pressure Transducers

The chamber was outfitted with pressure transducer boxes in each corner approximately 6.5 feet
off the deck as shown in Figure 4. Any number of transducers can be mounted in these boxes
given the test’s criteria. For this test series, one box was outfitted with one Kulite KTE-190-
1000A transducer and the other three gauges were Endevco 8530B-500. The gauges have a
maximum pressure range of 200 psi and they were flush mounted in the boxes. A thin layer of
grease was placed in front of each gauge to protect them from heat and blast effects.

All gauges were calibrated at the start and end of each test series or if the output appeared
questionable. Pressure data were recorded at 100,000 samples per second for a minimum
duration of 5 seconds. The data were recorded using at a 100 kHz low pass filter setting, which
could have been digitally filtered later if necessary.

6.1.3 High Speed Video

A high speed video camera was provided by NSWC Indian Head to capture the explosion event
in the chamber (the fire ball) with and without water mist. The following camera was used:

e Vision Research Phantom 4s — capable of 3100 frames per second at a resolution of
800x600. Frame rate increases with scaled down resolution.

Further information on the camera can be found at www.visiblesolutions.com.



6.2 Water Mist Characterization
6.2.1 Droplet Size Analyzer

Each configuration of the water mist system was characterized by a droplet size analyzer
(Malvern Spraytec Malvern Instruments Inc., Southborough, MA). The analyzer provided water
droplet size distribution and mass loading measurements as a function of time. The Sauter Mean
Diameter (SMD) is primarily used to quantify droplet size distribution of the spray, however the
instrument provides other critical spray composition parameters such as Dv(10), Dv(50), and
Dv(90). Dv(10) represents the drop diameter below which 10% of the total liquid volume of the
material exits. Dv(50) is the mass median droplet size, and Dv(90) is the drop diameter below
which 90% of the total liquid volume of material exists [15]. The analyzer was configured with
the following options: 200 mm focal length lens, 10 mm laser beam diameter, and continuous
mode operation. The 200 mm focal length lens is capable of measuring droplet sizes between 1 -
400 um. The Malvern was used to map the concentration and droplet size in the chamber at
three separate locations shown in Figure 4, and two different heights (0.9 m and 2.3 m) (3 ft and
7.5 ft) at those locations. These measurements will be used in conjunction with the optical
density meters to provide mist concentration measurements.

7.0  SAFETY

Safety was paramount in all field tests involving explosive operations. All personnel handling
explosives followed approved Hazard Analysis and referenced Standard Operating Procedures
(SOP) prepared by and approved by Indian Head personnel. Test operations were under the
control of Indian Head personnel.

8.0 RESULTS AND DISCUSSION
8.1  Water Mist Characterization

Prior to the detonation experiments, the average droplet properties were measured for the mist
produced by a series of different nozzle sets shown in Table 1. The measurements were made at
the charge location. Mist droplet size and concentration are key parameters in determining the
time scales for which droplet breakup, momentum transfer, evaporation, and radiation absorption
could extract energy from the shock front and suppress overpressure created from a blast [21].
Thus the objective of this test series was to achieve a range of different mist concentrations and
droplet sizes, using the nozzle sets given in Table 1, to determine the how each mist parameter
affected the blast mitigation process. Table 2 shows the average water mist properties produced
over a sixty second spray interval by the 3 nozzle sets shown in Table 1 operating under different
settings and conditions (reduction in pressure and additions of nitrogen).

Detonations were initiated after mist was preemptively sprayed into the chamber for sixty
seconds in the HE detonation experiments with water mist. Sixty seconds was chosen to provide
sufficient time to initiate the mist system and secure the blast test area before detonation for
safety reasons.
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As shown in Figures 2 and 4 the mist was sprayed from the overhead of the chamber using a nine
nozzle array. The mist contains different size droplets, which settle to the floor at different rates
due to air resistance. Table 2 shows the nozzle set with the highest K factor (4S 1MC 8MB
1000) produced the highest measured mist concentration (70 g/m®) in the chamber with a droplet
SMD of 54 um. When the pressure was reduced from 100 bar to 35 bar for that nozzle set and
conditions, the mist flow rate and mist concentration in the chamber were reduced from 171 Ipm
to 101 Ipm and 70 g/m® to 57 g/m®. This reduction in pressure at the nozzles also caused the
droplet size to increase as shown by an increase in SMD from 54 um to 105 um and Dv(10)
from 52 pym to 71 um. With the addition of nitrogen to the system, it became a dual flow hybrid
system that caused further reductions in mist concentration to 36 g/m® and droplet size SMD to
27 pm. The dual flow conditions reduced the amount of water exiting the nozzles and the
nitrogen enhanced droplet break-up as they exited the nozzles. These mist conditions created the
least amount of observable residual water on the chamber floor and walls.

The nozzle set with the second largest K factor (4S 1MB 6MB 1000) operating at 100 bar
produced similar mist concentrations achieved by the first nozzle set operating at a reduced
pressure of 35 bar. Though the concentrations were similar, the second set of nozzles produced
significantly smaller droplets as indicated by a reduction in SMD to 30 um and Dv(10) to 6 um.
As expected, when the pressure at the nozzles was reduced from 100 bar to 35 bar the droplet
size increased as shown by an increase in SMD from 30 um to 116 pum and Dv(10) from 6 um to
68 um and the droplet concentration measured was reduced from 60 g/m® um to 47 g/m®. The
final set of nozzles characterized (3N 1MA 4MA 1000) produced similar mist concentrations (29
g/m°) to the hybrid set of conditions (36 g/m®) with significantly different droplet characteristics.

The differences in droplet size distribution under hybrid conditions and the conditions produced
using the 3N 1MA 4MA 1000 nozzle set is shown in Figure 5. The size distribution results were
averaged over a 60 second spray period and the fraction of smaller droplets produced under the
hybrid conditions over this period was a factor of 3 to 5 times greater than those produced by the
3N 1MA 4MA 1000 nozzle set as indicated by the reduction in SMD and Dv(10). Since the total
evaporation rate of the mist depends linearly on the mass concentration of water and on the
inverse square of the droplet diameter, the shift to smaller droplets produced under hybrid
conditions would indicate the evaporation rate of the mist was greater [15]. The difference in
droplet characteristics for nozzle sets producing similar concentrations enabled a parametric set
of droplet conditions to be achieved for investigating the effects droplet concentrations and sizes
have on mitigating the blast.

Figure 6 shows the droplet size distribution for the nozzle set and conditions that produced the
largest measured mist concentration in the chamber. In the Figure Dv(10), Dv(50), and Dv(90)
are 52 um, 165 pum, 332 um. These values are comparable to those values measured for the mist
system used in the 7 Ib TNT detonation experiments Dv(10) 51 um , Dv(50) 171 um, and Dv(90)
356 um conducted at Indian Head, and the details of the mist system and chamber dimensions for
those tests are available [13]. The values for Dv(10), Dv(50), Dv(90), and SMD for both test
series represent the characteristics of the mist before it is affected by the incoming shock wave.
Once the shock front has passed, these values will be subjected to heat and shear forces
generated behind the shock front [21,22].
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Figure 5. Water mist droplet size distribution measured over a 60 second spray period for
nozzle set 1 (-o- 4S 1MC 8MB 1000, 100 bar, hybrid) SMD, Dv(10), Dv(50), Dv(90) [27 um, 13
um, 80 um, 224 um] and nozzle set 3 (-e- 3N 1MA 4MA 1000, 100 bar) SMD, Dv(10), Dv(50),
Dv(90) [83 um, 64 um, 175 pm, 333 um].
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Figure 6. Water mist droplet size distribution measured over a 60 second spray period for
nozzle 1 (4S 1MC 8MB 1000 operating at 100 bar). SMD, Dv(10), Dv(50), Dv(90) [54 um, 52
um, 165 um, 332 um].
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Since the total evaporation rate of the mist could play a significant role within the short time
scales of an explosion, a key objective in this test series was to produce and maintain steady state
water mist conditions inside the chamber. Figure 7 compares the mass concentration of water as
a function of time for mist conditions produced by different nozzle sets shown in Table 1
operating under different settings and conditions shown in Table 2. The nozzle set (4S 1MC
8MB 1000) that produced the highest measured mist concentration (70 g/m®) in the chamber
fluctuates during the 60 second spray interval. However, when averaged over 20, 60, and 90
seconds the average mist concentrations were 70 + 10 g/m®. The nozzle sets and operating
conditions that produced the least amount of water in the chamber (hybrid and 3N 1MA 4MA
1000) created more stable concentration profiles. Thus the dynamics of the mist produced are
such that less turbulence and mixing takes place as less water is pumped into the chamber. The
Figure also shows the mist concentration for each different set of mist conditions reaches its
average steady state output within seconds of initiating the pump, indicating no need for long
preemptive spray intervals. This is critical because in the event of a threat, an area may be
secured with water mist within seconds to reduce blast effects.
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Figure 7. Mass Concentration of water as a function of time for mist conditions shown in Table
3: (black line —) Nozzle set 1 (100 bar); (- -) Nozzle set 1 (35 bar); (...) Nozzle set 1 (Hybrid);
(gray line —) Nozzle set 3 (100 bar).

It is estimated that approximately 171 liters of water was sprayed into the chamber in 60 seconds
to achieve the highest mist density measured in the chamber for this test series. If the water was
completely suspended in the air, the average droplet concentration would be 938 g/m®. This
value is over twice the 412 g/m® that would have been theoretically achievable in the 7 Ib small
scale detonation experiments. The actual measured values for these mist systems were 70 g/m*
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(shown in Table 2) and 87 g/m®. Thus only about 7.5% of the 938 g/m® and 21% of the 412 g/m®
were suspended at any given time in the different test series. In addition only 6 to 12% of the
mist generated from each of the other mist conditions used in this test series was found to be
suspended in the air. This is likely the results of droplets settling to the floor and along the
chamber walls. Thus continued spraying of water mist beyond the settling time might not have
contributed to the mist concentration in the air.

The droplet concentration values shown in Table A-1 of Appendix A for two different heights at
the charge location are found to be higher than those values closer to the chamber wall. In the
blast experiments with water mist, the bottoms of the explosives were placed approximately 1.5
m above the chamber floor.

The total evaporation rate of the mist will largely depend on the mass concentration and inverse
square of the droplet diameter. How it plays a role in the short time scales of an explosion is
critical to determining the mechanisms behind explosion suppression by water mist. Therefore
the evaporation time scales associated with the droplet properties of the mist injected into the
chamber are evaluated using the d*-law shown in Equation 3 as [15]:

d02 = Mev (3)

where d, is the initial droplet diameter before the explosion (SMD) and te, is the time for
complete droplet evaporation.

The evaporation constant A is given in Equation 4 as:

A = 8 kg In(1 + B)/Cpspu (4)

where Kq is the thermal conductivity of air, Cps is the specific heat capacity of air at 673 K and
pw is the density of water. The heat transfer number B is shown in Equation 5 as:

B = Cps (Ta - To)/L (5)

where L is the latent heat of water vaporization, T, is 673 K and Ts is the water surface
temperature corresponding to water vaporization, 373 K. T, was chosen based on the
simulations performed by Ananth that suggest the water droplets encounter temperatures
between 600 and 700 K behind the shock front at 2 milliseconds [22]. Figure 8 shows the time
in which it takes for droplets having diameters between 5 and 400 um to evaporate without
breaking up. Equation 3 shows that at these temperatures in ambient air, a 5 um droplet will
evaporate within 2 milliseconds, a 51 um droplet will evaporate within 60 milliseconds, and 400
um droplet will evaporate within 3 seconds. The effect of high gas velocities generated from the
explosion will shear the droplets causing breakup which will significantly lower the evaporation
time scales.
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Figure 8. Initial droplet size (5 - 400 um) as a function of time for complete evaporation.

8.2 Effects of Mist on Blast

Figure 9, 10, and 11 show the pressure pulse generated from the detonation of 50 Ib TNT, 50 Ib
TNT equivalent Destex, and 50 Ib TNT equivalent PBXN-109 with (grey) and without (black)
water mist. TNT was chosen for this test series because it is one of the most common well
characterized and understood explosives, and small scale explosions of TNT (0.9 kg, 2.2 kg, and
3.2 kg) (2 Ibs, 5 Ibs, and 7 Ibs) in an enclosure have demonstrated the potential for mist to
suppress explosion related effects [13]. The effect water mist has on suppressing overpressures
generated by the detonation of explosives simulating traditional materials used in military
application (Destex and PBXN-109) is also of interest [17].

Prior to the detonation in the mist experiments, water was sprayed into the chamber for a finite
time period of 60 seconds. The mist was secured approximately 20 to 40 seconds after the
detonation. In each detonation experiment the data acquisition system collected up to five
seconds of data at 1 x10”° second intervals.
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Figure 9. 50 Ibs TNT Pressure Trace with and without water mist: Black (baseline), Grey (water
mist).
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Figure 10. 50 Ibs TNT equivalent Destex Pressure Trace with and without water mist: Black
(baseline), Grey (water mist).
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Figure 11. 50 Ibs equivalents PBXN-109 Pressure Trace with and without water mist: Black
(baseline), Grey (water mist).

In the detonation experiments shown in Figures 9, 10, and 11, the charges were detonated at time
t=0. Upon detonation, the blast wave propagates across the air to the chamber walls. At the
walls, the blast wave was reflected multiple times causing large fluctuations in the pressure trace.
The amplitude of the fluctuation reached a steady value that decreased slowly with time because
of gas venting out of the chamber and cooling of the explosive gases inside the chamber. From
the pressure traces, the impulse and initial blast wave overpressure can be determined and
compared. The impulse is defined by the area under the pressure trace from 0 to 5 seconds. The
results are given in Tables 6 and 7.

In Table 6 the impulse and initial blast wave overpressures for different HE charges and different
HE charge densities is higher without water mist. For different charge densities of TNT, the
impulse and initial blast wave overpressures are the highest for 50 Ibs TNT and the lowest for 7
Ibs TNT with and without water mist [13]. Table 7 specifically shows the impulse and initial
blast wave overpressures for 7 Ibs TNT was suppressed by 44% and 43% compared to 40% and
36% suppression achieved using the highest mist density in the 50 Ib TNT detonation
experiments. Table 6 also indicates that the mist concentration measured in the chamber for the
lower charge density detonation experiments was higher by 17 g/m®. When the mist density is
decreased from 70 g/m® to 57 g/m® in the 50 Ib TNT detonation experiments, suppression of the
impulse and initial blast is reduced from 40% and 36% to 26% and 16% (Table 7). Further
reductions in mist concentration to 29 g/m® used in the PBXN-109 detonation experiments, show
the impulse and initial blast suppressed by 9% and 16% compared to the 49% and 39% achieved
using more water.
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Table 6. Pressure Results

Charge Type Mist Droplet Impulse Initial Blast | Quasi-static
Concentration | SMD (um) | (psi*sec) | Wave (psi) | peak (psi)
(g/m’)

7 lbs TNT Baseline 0 39 184 35

7 lbs TNT 87 85 22 104 24

50 Ibs TNT Baseline 0 181 512 74

50 Ibs TNT 70 54 108 327 48

50 Ibs TNT 57 30 134 431 53

50 Ibs TNT equivalent | Baseline 0 179 430 70

Destex

50 Ibs TNT equivalent | 70 54 102 324 47

Destex

50 Ibs TNT equivalent | Baseline 0 175 449 71

PBXN-109

50 Ibs TNT equivalent | 70 54 90 273 42

PBXN-109

50 Ibs TNT equivalent | 29 83 159 375 57

PBXN-109

Table 7. Suppression Results
Nozzle | Charge Type Mist Impulse | Initial Blast | Quasi-static
Set Concentration | (psi*sec) | Wave (psi) | peak (psi)
(g/m’)

* 7 lbs TNT 87 44% 43% 31%

1 50 Ibs TNT 70 40% 36% 35%

1 50 Ibs TNT 57 26% 16% 28%

1 50 Ibs TNT equivalent 70 43% 25% 33%
Destex

1 50 Ibs TNT equivalent 70 49% 39% 41%
PBXN-109

3 50 Ibs TNT equivalent 29 9% 16% 20%
PBXN-109

*Nozzles and mist system described in reference [13].
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The suppression results obtained for the aluminized explosives, Destex and PBXN-109 confirm
thermodynamic and Navier-Stokes calculations that predicted the overpressure would be reduced
in the presence of water mist [22]. This is significant because it was suggested that water mist in
the chamber would lead to reactions between aluminum and water to form hydrogen. Thus these
reactions would release energy and result in enhancing the blast overpressures instead of
mitigating them. In addition, the suppression results indicate mist is effective in reducing
overpressures associated with the detonations of materials having a different chemical
composition (Destex and PBXN-109) than TNT.

In Figure 12 an arithmetic average was calculated to show the changes in overpressures as a
function of time for the detonations of 50 Ibs TNT and 7 Ibs TNT with and without water mist in
the chamber. A minimum time interval size of 1000 points (10 sec) was chosen to smooth the
curve. Since the pressure is contained within the chamber, the smoothed overpressure curve
shows how the pressure rises rapidly after the detonation to a maximum value before it decreases
slowly with time as the explosive gases escape out the vent and cool within the chamber. The
sustained pressure is called the quasi-static pressure. This pressure, not the initial blast wave, is
believed to be responsible for damage within an enclosure [23]. The quasi-static peak pressure is
measured from these smoothed curves by fitting a tangential line through the average peak
pressure (0.2 sec — 0.5 sec) and extrapolating it back to the initial pressure rise [23].
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Figure 12. 50 Ibs and 7 Ibs TNT Smoothed Pressure Trace with and without water mist: 50 Ibs
TNT [Black, baseline (=), mist (-----)], 7 Ibs TNT [Grey, baseline (-), water mist (-----)].
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The results in Figure 12 and Table 6 highlight the significant change in overpressures measured
for different charge densities of TNT with and without water mist. The quasi-static peak
pressures are two times greater for the 50 Ib detonations, and yet the suppression of the impulse,
initial blast wave, and quasi-static peak pressures in Table 7 are comparable between the
different charge densities. This strongly suggests that suppression is scalable to larger charge
densities.

The quasi-static peak pressure reaches a maximum within 200 milliseconds in Figure 12. These
time scales imply that mist droplets below 100 um are well positioned to evaporate and extract
energy from the blast (Equation 3). Thermodynamic calculations of droplet breakup energies
performed by Adiga et al. suggest the droplet evaporation rate should increase as a result of the
droplets fragmenting near the shock front [21]. While the energy from the breakup processes
was found to be negligible, a significant increase in the surface area of the droplets should result
in a tremendous increase in the droplet vaporization rate. In this case, a 200 um droplet (0.78
seconds to evaporate, Equation 3) fragmented into 10 um droplets (0.002 seconds to evaporate,
Equation 3) would mean a 20 fold increase in droplet surface area and a 400 fold decrease in the
time for the droplets to evaporate.

Recent simulations of a 50 Ib detonation of high explosive in a 3.5 m radius spherical chamber
performed by Ananth et al. indeed highlight the significance droplet breakup has on blast
suppression [22]. The simulations show that a shock front propagates ahead of the thermal front
immediately following the detonation.  Thermodynamic and Navier-Stokes simulations
performed with and without droplet breakup found that droplet breakup near the shock front
enhanced the sensible and latent heat energy absorption by 100 times or more and cooled the
gases in the region between the shock and thermal fronts. It was concluded from the simulations
that the latent heat absorption by evaporation was the dominant mechanism by which water mist
absorbed energy near the shock front.

Other simulations by Schwer and Kailasanath concluded that momentum absorption was the
mechanism by which water mist suppressed the quasi-static pressures produced by small
explosions of TNT (2 and 5 Ibs) in an enclosure [24]. In these simulations droplets were not
fragmented at the shock front so they were able to interact with the front as it was reflected
multiple times. The droplet sizes (7-50 pm) and the mist concentrations (250-2000 g/m?) used in
the simulations far exceed the realistic size and quantities achievable with current technologies.
For example, the highest mist concentration theoretically achievable in the 50 Ib test series was
938 g/m® and 412 g/m® in the 7Ib test series if all the water remained completely suspended in
the air. However, only a small fraction of the water was measured to be in the air.

Two different mechanisms of blast suppression are proposed by Schwer et al. [24] and Ananth et
al. [22], however they both suggest suppression is achievable with mist and that greater
suppression is achieved with higher mist concentrations. Detonation experiments in Figures 13
and 14 along with the overpressure results in Table 7 once again emphasize that the mist
conditions that produced the highest measured concentration of water in the chamber had the
greatest effect on suppressing the overpressures produced by the detonation of TNT and PBXN-
109. The impulse, initial blast wave, and quasi-static peak pressures for TNT and PBXN-109
were suppressed by (40%, 36%, 35%) and (49%, 39%, 41%) compared to (26%, 16%, 28%) and
(9%, 16%, 20%) suppression using less water (Table 7).
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Figure 13. 50 Ibs equivalent PBXN-109 Smoothed Pressure Trace with and without water mist:
Black (baseline), Light Grey (--- Nozzle set 1 (100 bar)), Dark Grey (— Nozzle set 3 (100 bar)).
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Figure 14. 50 Ibs TNT Smoothed Pressure Trace with and without water mist: Black (baseline),
Light Grey (--- Nozzle set 1 (100 bar)), Dark Grey (— Nozzle set 1 (35 bar)).
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9.0 CONCLUSIONS

Blast mitigation experiments were conducted in a vented chamber using three different HE
explosives, TNT, Destex, and PBXN-109. The mist produced by 3 separate nozzle sets
operating under different conditions was characterized prior to the detonation experiments. The
impulse, initial blast wave, and quasi-static overpressure generated by the detonations were
reduced by as much as (40%, 36%, 35%) for 50 Ibs TNT, (43%, 25%, 33%) for 50 Ibs TNT
equivalent Destex, and (49%, 39%, 41%) for 50 Ibs equivalent PBXN-109 using water mist at
concentrations and drop sizes of 70 g/m® and 54 um SMD. These suppression results are similar
to those achieved for the low charge density (2 Ibs, 5 Ibs, and 7 lIbs TNT) explosion experiments
conducted in 2005 at NSWC Indian Head, Maryland. This suggests suppression is scalable to
larger charges. In addition the mist characterization studies indicate the mist conditions reach
steady state output within seconds of initiating the mist into the chamber. Therefore the
preemptive application of water mist at concentrations and droplet sizes typically employed for
fires suppression could lead to significant suppression against HE explosives used in military
application and terrorist attacks.

The suppression results obtained for the aluminized explosives, Destex and PBXN-109 were
comparable to the amount of suppression of the impulse, initial blast wave, and quasi-static peak
pressure measured for TNT using the highest mist density (70 g/m®) conditions. These results
substantiated thermodynamic calculation that predicted a reduction in overpressures with the
application of water mist [22].

The measured mist droplet concentrations used in this test series (70 g/m?®, 57 g/m®, 29 g/m®) and
the previous test series (87 g/m®) along with the suppression results appear to support Navier-
Stokes simulations performed by Ananth et al [22] and the experimental results found by
Thomas et al. [25] that suggest latent heat absorption by evaporation is the primary mechanism
behind explosion suppression in a confined space.

Finally the results of the detonation experiments with TNT and PBXN-109 showed that the
highest mist density conditions (70 g/m®) outperformed lower mist concentrations produced in
the chamber (57 g/m®, 29 g/m®). This difference in the suppression of the impulse, initial blast
wave, and quasi-static peak pressure using different mist densities in the detonation experiments
corroborate simulations by Schwer et al and Ananth et al that suggest greater suppression is
achieved with higher mist concentrations in a confined space.
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APPENDIX A.

Table A-1. Nozzle Properties

Nozzle

Number

Location

Conditions

4S 1IMC
8MB

A4

Center 91

100 bar

AS

Center 91

100 bar

Al

Center 25

100 bar

A2

Center 25

100 bar

A7

Back R 91

100 bar

A3

Front R 25

100 bar

Center 91

35bar

Center 91

35bar

Center 91

100 bar
(hybrid)

Center 91

100 bar
(hybrid)

Center 91

100 bar

Center 91

100 bar

Center 25

100 bar

Back R 91

100 bar

Front R 25

100 bar

Center 91

100 bar

Center 91

35 bar

Center 25

100 bar

Front R 25

100 bar
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