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1. Introduction 

US Department of Defense (DOD) platforms can be vulnerable to fires from the 
stowed energetics on the platforms. Historically, the main concern has been fires 
from fuel and ammunition due to the large volume of these stowed energetics. 
However, tires, plastics and composites, hydraulic and lubricating oils, crew 
clothing, and more recently, energy-dense lithium (Li)-ion batteries and flammable 
refrigerants have also become of greater concern. In addition to fires, advancements 
in vehicle development, new threats, emerging technologies, and regulatory 
changes can introduce new fire hazards. As a result of the wide range of topics 
relating to vehicle fires, research and development efforts in vehicle fire protection 
can vary widely over time.  

This report documents a two-day Fire Protection Information Exchange Meeting 
held 10–11 October 2018 at Aberdeen Proving Ground, Maryland. The meeting 
was jointly hosted by the US Army Combat Capabilities Development Command 
(CCDC) Army Research Laboratory (ARL) and CCDC Ground Vehicle Systems 
Center (GVSC). The purpose of the meeting is to provide a forum for the Defense 
community to discuss current and emerging fire hazards on military platforms and 
methods to prevent or extinguish these fires. Military and industry fire protection 
investigators came together to discuss research efforts and explore opportunities for 
collaboration. Along with the military services, other government agencies, 
industry, and several allied militaries participated. This is the fourth fire protection 
meeting the two organizations have hosted.1–3 

After this meeting was held, the Research Development and Engineering Command 
(RDECOM) moved from under the Army Materiel Command (AMC) to the Army 
Futures Command (AFC). As a result, the names of several of the organizations 
that participated in this meeting have changed. The organizational names used in 
this report will be the new names under the AFC, with the exception of the 
presentations in Appendix C that retain the organizational names used under AMC. 
The name changes are shown in Table 1. 
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Table 1 Organizational name changes under AFC 

Organizational name under AMC Organizational name under AFC 

RDECOM CCDC 

ARL CCDC ARL 

Tank Automotive Research Engineering and 
Development Center (TARDEC) 

CCDC GVSC 

Natick Soldier Research Development and 
Engineering Center (NSRDEC) 

CCDC Soldier Center (SC) 

ARL Survivability Lethality Analysis 
Directorate (SLAD) 

CCDC Data & Analysis Center (DAC) 

 
The meeting was broken down into three broad categories: 

1) Engineering/Full-scale Testing  

Discussions focused on hardware development and testing of new/existing 
designs and technologies.  

2) Science and Technology  

Discussions focused on the efforts to better understand the mechanisms leading 
to fires in DOD vehicles and systems and research in alternate extinguishing 
agents. 

3) Environmental and Health Effect Issues  

Discussions focused on environmental issues such as no ozone-depleting 
potential/low global-warming potential (GWP) halon alternatives and 
alternatives to current hydrofluorocarbon (HFC) refrigerants, and the toxicity 
and health issues related to fire protection in military vehicles. 

The meeting included presentations from the following organizations: 

• Government presenters 

o CCDC ARL 

o CCDC GVSC 

o Aberdeen Test Center (ATC) 

o US Naval Research Laboratory (NRL) 

o CCDC SC 

• Industry and Academia presenters 
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o Alion Science and Technology 

o Applied Research Associates, Inc. 

o Fireaway, Inc. 

o Fluid Efficiency 

o Hutchinson Defense and Mobility 

o Jensen Hughes 

o Kidde Aerospace 

o Survice Engineering 

o University of Virginia 

• Foreign contributors 

o French Directorate General of Armaments (DGA) 

• Other participants 

o Assistant Secretary of the Army for Installations, Energy and 
Environment (ASA-IEE) 

o Headquarters, CCDC 

o CCDC DAC 

o Air Force Civil Engineering Center (AFCEC) 

o Aviation and Missile Command (AMCOM) 

o Naval Air Systems Command (NAVAIR) 

o Naval Sea Systems Command (NAVSEA) 

o Naval Surface Warfare Center (NSWC) 

o Program Executive Office Land Systems (PEO LS) 

o US Army Medical Command (MEDCOM) 

o AMEREX Defense 

o AMETEK Ameron LLC 

o AMPAC Halotron 

o Battelle Memorial Institute 
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o Boeing 

o The Chemours Company 

o Dupont 

o Emerson/Spectrex 

o Etrier LLC 

o FireTrace Aerospace 

o Halon Alternatives Research Corporation 

o Hazard Protection Systems, Inc. 

o High Impact Technology, LLC  

o Honeywell 

o Martec Marine and Technologies 

o WAYSMOS USA 

o 3M 

2. Presented Talks 

The agenda for the meeting is in Appendix A, a list of the participants and their 
contact information is in Appendix B, and a copy of the presented talks are in 
Appendix C. 

2.1 Engineering/Full-Scale Testing 

2.1.1 External Fuel Tank Protection from Overmatching Ballistic Threats 

Seth Copeland presented on CCDC ARL’s fuel tank protection effort. The goal of 
the effort is to allow a damaged vehicle to exit from a dangerous scenario after the 
fuel tank has been impacted by an overmatching threat. Baseline evaluations were 
conducted to determine a surrogate tank geometry and wall thickness for the 
evaluation of mitigation techniques; a 12-inch-diameter by 18-inch-long tank with 
a wall thickness of 3/16 inch was selected. Both inner-tank liners and overwraps 
were evaluated versus a shaped-charge threat. The liners and wraps reduced the fuel 
spray from the tank compared to the baseline tank; in addition, the overwrap 
significantly reduced the threat’s entry-hole size. Next, reactive inner liners 
combined with an overwrap were examined. The reactive inner liner and overwrap 
showed potential to deliver a clogging agent to the threat entry and exit holes. 
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Future efforts will continue to explore reactive inner liners and overwraps with both 
clogging materials and fire-suppression agents. 

2.1.2 Aramid Fabric Overwraps of Steel Fuel Tanks Subjected to Shaped-
Charge Attack 

Dr Brian Scott from CCDC ARL spoke on his efforts examining aramid fabric fuel 
tank overwraps to reduce the adverse effects of a shaped-charge jet attack on a fuel 
tank. The overwraps were not intended to defeat the shaped charge, but rather to 
reduce the threat’s hole size, self-seal the holes created by the jet, and prevent 
ignition of the fuel vapor. Baseline evaluations were conducted on a bare steel tank 
with a 1.6-mm wall thickness. Evaluations were then conducted using the  
1.6-mm-thick tank wrapped with either a 40-ply Kevlar wrap, 20-ply Kevlar wrap, 
a 20-ply fabric with a felt and rubber slab, or a 20-ply rubber-coated fabric and felt. 
Performance ranking based on the minimum-sized hole in the exit side of the tank 
and/or average hole diameter in the fabric showed that the 20-ply rubber-coated 
fabric plus felt performed best, followed by the 40-ply fabric, then the 20-ply fabric 
plus felt plus rubber slab, and lastly, the 20-ply fabric. All of the overwrapped tanks 
had reduced entry- and exit-hole sizes when compared to the baseline tank. 

2.1.3 Safetank Fuel Tank Self-Sealing for Tactical Vehicles: State of the 
Technology and Opportunities in Lightweight, High-Performance 
Self-Sealing for Kinetic Energy and Fragment Threats 

Paul Ardovini presented on Hutchinson Defense & Mobility’s Safetank Fuel Tank 
Self-Sealing for Tactical Vehicles (Hutchinson Industries, Trenton, New Jersey). 
Self-sealing protection for fuel tanks provides enhanced mobility and safety options 
for tactical and combat vehicles. Fuel tank damage and the resulting loss of fuel 
reduces operating range, can disable the vehicle and put the crew at risk of a fire,and 
diverts resources from crew protection and the recovery of crews and vehicles. The 
Hutchinson Safetank system addresses the challenges of practical fuel tank 
construction materials and vehicle space and weight constraints with options to 
balance weight and cost impact with varying threats and post-threat performance. 
The flexibility of the Safetank materials and manufacturing options, along with 
innovative energy-absorbing options, enable the use of lighter-weight tank 
materials and provide high self-sealing performance to improve crew safety and 
greater mobility in hostile environments. Safetank is successfully installed and 
deployed on multiple tactical and security platforms such as the Mine-Resistant 
Ambush-Protected Vehicle, US Marine Corps Light-Armored Vehicle, and Special 
Operations Command Ground Mobility Vehicle. (This presentation is not included 
in Appendix C.) 
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2.1.4 DGA Fire Laboratory Overview 

Antoine Orth from the French Directorate General of Armaments (DGA) gave an 
overview of the DGA and the capabilities of the DGA’s Aeronautical Systems (AS) 
Fire Laboratory. The DGA is responsible for equipping the armed forces, preparing 
for the future of defense systems, and promoting defense equipment exports. The 
DGA conducts testing and assessment of equipment and military technologies and 
the DGA AS conducts fire behavior testing to include regulatory testing for aircraft 
and full-scale testing for the French Navy, ground forces, firefighters, and Air 
Force. 

2.1.5 Preliminary Analysis of Flame-Resistant (FR) Uniform Needs Based 
on Burn Injuries 

Thomas Tiano presented on CCDC SC’s flame- and thermal-resistant materials 
development program. The Front-End Analysis for the FR clothing effort was 
initiated in FY17 with the purpose of providing a scientifically based understanding 
of FR protection needs for soldiers. This is being accomplished by examining injury 
data related to operationally based scenarios and military occupational specialties 
(MOSs). When completed, this analysis will aid program managers and program 
executive officers in determining the appropriate level(s) of FR protection for each 
MOS based on the specific knowledge and assessment of MOS-specific threats and 
injury data.  

2.1.6 Fiber Optic Fire Protection 

John Porterfield spoke about United Technology Corporation Aerospace Systems’ 
fiber optic overheat and fire detection system (UTC Aerospace Systems, Charlotte, 
North Carolina). Current state of the art includes eutectic, thermistor, pneumatic, 
and twisted pair thermal detection. Fiber optic overheat and fire detection can 
improve on these systems. Benefits include smaller size, lighter weight, faster 
response time, electromagnetic interference immunity, and higher reliability. Also, 
fiber optic fire detection is potentially cost neutral to current technologies. 

2.1.7 Li-ion Battery Fire Tests 

Jerry Brown representing Fireaway Inc. (Minnetonka, Minnesota) spoke about the 
company’s Stat-X fire suppression system. The Stat-X aerosol suppression system 
is a total flooding system for enclosed spaces. It is listed for Class A, B, and C fire 
hazards. Test results for Li-ion battery fires showed that Stat-X was effective in 
extinguishing fires from a 75-amp-hour nickel manganese cobalt (NMC) Li-ion 
pouch and with a 9-volt DC Li-ion NMC 2×2 four-cell battery pack. 
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2.1.8 Discussion on Requirements for Ground Vehicle Fuel Tanks 

Steve McCormick from the CCDC GVSC led a group discussion on ground combat 
and tactical vehicle fuel tank requirements. The discussion centered on self-sealing 
technologies. Topics of discussion included: 

o Due to the wide range of ground vehicles and vehicle requirements, 
multiple standards may be required. 

o The Navy is publishing a report on the history of self-sealing and 
working on improving self-sealing specifications for aircraft. This 
information may be useful in developing a ground vehicle requirement. 

o Self-sealing technologies were initially developed for aircraft. 
However, the ground vehicle environment may cause issues with 
current self-sealing technologies. 

 Vibration may cause small leaks in a self-sealed bladder. 

 Temperature extremes may affect sealing capabilities. 

 Self-sealing coatings exposed to road debris may be damaged. 

 High-energy threats can overmatch current self-sealing 
technologies. 

o Multi-tier self-sealing requirements for various levels of threats may be 
required: 

 Stop leak  

 Leak with some conditions  

 Extreme leak with some conditions 

2.1.9 Discussion on Unmanned Vehicle Fire Protection 

Kevin Boyd from ARL led a discussion on fire protection for unmanned ground-
combat vehicles. Topics of discussion included the following:  

• For unmanned systems, the automatic fire extinguishing system (AFES) 
does not need to account for crew safety needs 

o Noise and concentration are not a risk  

• A zero-delay deployment system that automatically deploys when a fuel 
tank is impacted by an overmatching threat 

• Agents  
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o Need to be clean for electronics  

o Higher concentration may be okay; do not need to have a toxicity limit  

o Lower concentration of oxygen  

 Inerting system to reduce the chance of starting a fire 

 Inert confined space in an unmanned vehicle 

• Fuel power systems  

o Traditional engines for short term  

o Batteries in the future  

o Hydrogen fuel cell in the future 

 Different fire protection strategies will be required 

• Location of fuel tanks 

o Which is best for unmanned—behind armor or outside?  

 Outside tank location is a concern for human egress from the vehicle 
in the event of fire but is not a concern with unmanned 

 Behind armor provides greater fuel tank protection from 
overmatching threats 

• Multiple AFES deployment events are possible with unmanned vehicles 

o There are crew safety concerns for a manned platform, not a problem 
for unmanned 

• Sensors  

o May need more information since there are no humans in an unmanned 
vehicle—like remote access to the sensor data  

• Two systems—one for when the vehicle is manned and one for unmanned  

o Are multiple systems too complex?  

o Will this cause issues? (Unmanned system deploys when manned?) 

o What are the reasons for a second system?  

 It may be too complex for unmanned in some aspects and too simple 
in other areas such as concentration, toxicity, and locations  

o How to deal with part-time manned vehicles 
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 Modular kit for unmanned versus manned applications  

• Small versus large vehicles  

o Different requirements for a large ground-combat vehicle versus a 
mule-like vehicle 

2.2 Science and Technology 

2.2.1 Overview of CCDC ARL’s Fire Protection Program 

Kevin Boyd gave an overview of CCDC ARL’s fire protection mission program. 
CCDC ARL’s fire protection program is focused on the response of fuel tanks to 
overmatching ballistic threat. The fuel tank response from a ballistic event is threat 
dependent. The main threats of concern for ground vehicles are high-energy threats 
such as shaped charges and improvised explosive devices. The goals of the program 
are to mitigate the effects of ballistically induced hydrodynamic ram (HD-Ram), 
characterization of HD-Ram induced fuel spray, and understanding flame growth 
and propagation from ballistic events.  

2.2.2 CCDC ARL’s Ground Vehicle Testbed and Fuel Spray 
Characterization Studies 

James Anderson presented on CCDC ARL’s Fuel Spray Characterization and 
Ground Vehicle Testbed studies. Fuel spray from the ballistic impact of a fuel tank 
is HD-Ram dependent. Understanding the formation of the fuel spray and the size, 
velocity, and distribution of the particles will facilitate development of more 
efficient mitigation techniques. A two-camera stereo-imaging technique has been 
developed to successfully characterize droplets down to 100 microns in diameter. 
A 300-ft3 ground-vehicle mockup has been built and will initially be used to 
examine the flame growth from ballistic events inside a vehicle crew compartment. 
The mockup has eight 10- × 10-inch viewing ports and one large 46- × 16-inch 
window. Two-camera pyrometry will be used to measure spatial flame growth and 
temperatures in the mockup. Follow-on studies will examine the effectiveness of 
AFES systems and extinguishing agents, and examine Li-ion battery reactions in a 
confined space. 

2.2.3 Hydrodynamic Ram Simulations of Thin-Walled Liquid-Filled 7-L 
and 15,000-L Containers 

Dr Suthee Wiri from Applied Research Associates, Inc. (Albuquerque, New 
Mexico) presented on simulation results for the response of liquid-filled containers 
impacted by fragments. Peridynamics, an extension of continuum mechanics, was 



 

10 

used to study container response. Experiments were conducted on 7-L tanks filled 
with water; the containers were impacted by one, four, and seven fragments. The 
results for simulations with the 7-L tank were in agreement with the experimental 
results; the spray pattern, hydraulic pressure, and deformation of the container 
matched the experimental results. Simulations were also conducted for a 15,000-L 
tank with low- and high-kinetic energy threats. The results showed that the 
peridynamic approach can simulate HD-Ram effects with different container 
shapes and sizes. 

2.2.4 4-D Flame Visualization in Fire Protection: Challenges and 
Opportunities 

Dr Lin Ma from the University of Virginia (UVA [Charlottesville, Virginia]) 
presented on his group’s recent progress in the area of four-dimensional (4-D) 
flame visualization. Due to continued advancements in imaging and computing 
technologies, it has become feasible to attempt a long-desired experimental 
capability—visualization measurements that can resolve both the temporal and all 
three spatial scales (i.e., 4-D measurements) of highly turbulent flames. Example 
measurements from the UVA group included 4-D measurements of turbulent flow 
structures, chemical species, and velocity with temporal resolution up to 20 kHz 
and sub-millimeter spatial resolution in all three directions. Besides demonstrating 
the feasibility and potential of 4-D visualization, these results also elucidate several 
opportunities for both fundamental and applied research under the context of fire 
protection. 

2.2.5 Megasupramolecules (MSMs) as Fuel Additives 

Dr Jeremy Wei from Fluid Efficiency (Pasadena, California) presented on MSMs, 
a new class of additives for lubricants, hydraulic fluids, and fuels. After 9/11, 
members of Caltech University began looking at ultra-long polymers for mist 
control in fuels. After 15 years of research, MSMs were developed that survive 
real-world conditions and prevent explosions by increasing the droplet size of a fuel 
mist. The larger droplets result in less fuel vapor available for ignition during an 
accident or attack. When ignition does occur, it results in a small self-quenching 
fire and little or no pool fire versus the large self-supporting fire with untreated fuel. 
MSMs differ from previous state of the art; they are resistant to nonintentional 
degradation, soluble over a wide temperature range, they permit dewatering and 
filtering, and they burn in an unmodified internal combustion engine. Threat-
readiness level testing by CCDC GVSC shows that MSMs have the potential to 
provide beneficial effects on compression ignition, viscosity index, and lubrication. 
Currently Fluid Efficiency is planning to scale up production to deliver pilot 
quantities of MSMs for field tests. 
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2.2.6 Crew Compartment Free Volume Uncertainty Based on 
Suppressant Concentration Measurements 

Dr Vamshi Korivi from the CCDC GVSC presented a summary of the findings and 
lessons learned from testing and crew compartment volume calculations. Using 
standards for fire suppressant agent properties given by the National Fire Protection 
Association, the free air volume of an enclosed compartment can be determined 
from agent concentration measurement data, the amount of suppressant discharged, 
and the ambient temperature. For a tactical ground vehicle, HFC-227ea 
measurement data were used to determine the crew compartment volume and the 
resultant volume was in agreement with the volume calculated using a solid model 
(CAD) of the vehicle. Similar high-speed concentration test data with Halon 1301 
for the crew compartment of a larger ground vehicle yielded a volume that was 
significantly lower than the volume calculated using CAD. This discrepancy in the 
free air volume comparison motivated a methodical study using a cuboid box with 
a known volume to determine, under different conditions, the uncertainty of the 
volume calculated using suppressant concentration data.  

2.2.7 Evaluation of Commercial Surfactants through Fire Suppression, 
Foam Degradation, and Fuel Transport to Develop a Fluorine-Free 
AFFF Replacement 

Katherine Hinnant spoke about NRL’s effort to develop a fluorine-free aqueous 
film-forming foam (AFFF) replacement. Mechanisms of foam fire suppression 
were evaluated for various commercial fluorine-free surfactants. Fast fire 
suppression is dependent on a foam’s ability to block fuel vapors traveling between 
the burning fuel pool below and the flame above, and maintaining physical 
coverage over the fuel pool. Fuel transport through the foam is influenced by 
diffusion properties between surfactants in the foam and fuel as well as the foam 
layer thickness, which is impacted by foam degradation. Surfactants were evaluated 
as individual components and in a reference formulation mixed with a hydrocarbon 
surfactant and solvent. None of the surfactants have matched the foam degradation 
or fuel transport performance of commercial AFFF. More research is needed into 
surfactant synthesis and the role of fuel in extinction to bridge the performance gap 
between fluorine-free surfactants and AFFF.  

2.3 Environmental and Health Effect Issues 

2.3.1 Regulatory Overview of Low-GWP Agents and Refrigerants 

Patrick Taylor of Jensen Hughes (Baltimore, Maryland) gave a regulatory overview 
of the drivers for low-GWP extinguishing agents and refrigerants and what has 
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changed in the past 18 months. He provided a history of the treaties and 
international agreements that are driving the current concern of ozone depletion and 
global warming trends. The United Nations Framework Convention on Climate 
Change (UNFCCC) was ratified in 1992. It led to the development of the Kyoto 
Protocol, which addressed the use of GWP-classified substances. The Kyoto 
Protocol expired, and in 2015 the parties to the UNFCCC approved a new 
international climate change treaty—the Paris Agreement. The Paris Agreement 
was ratified by 114 countries and entered into force in November 2016. Meanwhile, 
the Montreal Protocol entered into force in 1989 to regulate the production and 
sharing of ozone-depleting substances (ODS) and now high-GWP HFCs that 
are/were the primary alternatives to ODS. On 15 Oct 2016, the Montreal Protocol 
was amended to add high-GWP HFCs to the list of controlled substances. This is 
known as the Kigali Amendment; it gradually phases down the global production 
of high-GWP HFCs. Of military importance are the 100% phase-out of halons and 
hydrochlorofluorocarbons (HCFC)-123 in HCFC blend B, the 100% phase-out of 
chlorofluorocarbons (CFCs)/solvents and HCFCs, and the 85% phase-down of 
HFCs. The US military has reserves of halons, CFCs, and HCFCs and additional 
production can be requested through the Montreal Protocol “Essential Use” 
process. Some issues going forward with the Kigali Amendment are that it has not 
been ratified by the US, and what happens if it is not? Also, military and industry 
needs are diverging; as a result, industry may not make the type and amount of low-
GWP agents that will be needed for future military uses. 

2.3.2 Low-GWP Fire Suppressants 

Steve McCormick and Dan Kogut spoke on a joint CCDC GVSC/AMCOM 
program to evaluate alternate materials for the high-GWP extinguishing agents 
currently deployed in ground and aviation weapon systems. The results of 
laboratory, medium-scale, and full-scale extinguishing tests of low-GWP agents 
against fuel fires were presented. These results are intended to guide future research 
and procurements, and to assess the need for regulatory exemptions and/or reserves 
of high-GWP agents where low-GWP agents are not feasible. The scope includes 
ground vehicle crew and engine compartments, aviation engine and auxiliary power 
unit compartments, and portable extinguishers. The new agents must meet the 
requirements unique to military applications (e.g., vulnerability to ballistic threats 
and explosion suppression in occupied area). A benefit of identifying low-GWP 
agents will be the cost avoidance associated with the reduced availability and thus 
higher costs of current high-GWP agents after expected production phase-downs. 
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2.3.3 Evolution of Combustion Byproducts from Gaseous Fire 
Suppression Agents 

Dr Steve Hodges spoke about an interesting observation made during a study of fire 
suppression agents with lower GWP than currently used agents. It was found that 
the byproducts from low-GWP FK-5-1-12 evolved quite differently than the 
byproducts from higher-GWP Halon 1301 and HFC-227BC. Continuous sampling 
gas phase Fourier transform infrared spectrometers were used to analyze 
combustion products in near real time. It was found that Halon 1301 and HFC-
227BC produced significant levels of carbonyl fluoride (COF2) which then decayed 
into hydrogen fluoride (HF); however, the levels of byproducts remained below 
acceptable levels. FK-5-1-12 on the other hand produced very high levels of HF 
and COF2 simultaneously and the levels of byproducts remained above acceptable 
limits. Overall, this result suggests that chemicals, such as FK-5-1-12, that are 
designed to be more reactive, thus yielding shorter atmospheric lifetimes and 
therefore lower GWPs, generate much higher byproduct levels during the fire 
suppression process than more stable, and thus likely higher GWP, compounds. 

2.3.4 Ballistic Fire Evaluation of R1234yf Refrigerant 

Kevin Boyd presented on a CCDC GVSC-funded effort to evaluate the 
flammability of R1234yf when subjected to ballistic events. R1234yf is a potential 
replacement for R134A in mobile air conditioning (MAC) systems. R134A is 
nonflammable while R1234yf is flammable but has a low burn velocity  
(< = 10 cm/s). In standard ASTM E681 refrigerant flammability tests, no fires were 
observed with R1234yf; however, in the ballistic evaluations, fires were observed 
with R1234yf in a simulated MAC system. MAC systems use oil for lubrication of 
a compressor, and 4 oz of compressor oil were used in the simulated MAC system. 
Follow-on experiments were conducted with 0 and 1 oz of oil to determine what 
effect, if any, the oil had on the fires. Mixed results were observed; with no oil, one 
large fire event, similar to what was observed with 4 oz of oil, was observed along 
with two short-duration fires. With 1 oz of oil, no fires were observed. The 
conclusions from the effort were that R1234yf presents a fire hazard in military 
MAC systems versus R134A, and the ASTM E681 standard refrigerant 
flammability test is not adequate for military applications.  
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ARL’S INVOLVEMENT IN FIRE 
PROTECTION


• What happens when a ballistic threat impacts a fuel tank?
• Does fuel spray from the tank?


• Aerosolized fuel spray is highly combustible and a major 
fire source.


• Does the tank fail and if so why?
• Tank failure greatly increase the severity of fuel fire and 


limits the ability to extinguish the fire.
• Fuel spray and fuel tank failure are caused by the hydrodynamic 


ram (HD-RAM) from a ballistic event.
• A fundamental understanding of fuel spray and fuel tank 


failure modes are needed to reduce the lethality of fuel fires.
• We want to understand the mechanisms that contribute to the 


release of fuel to minimize a fire in conjunction of an overall 
protection strategy.


ARL’S Focus has been the fuel tank system 
Fuel Spray Characterization
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Ballistic impact fuel spray physics 
Fuel Spray Characterization


• Previous efforts have shown that the fuel spray from a ballistic 
event is HD-Ram dependent.


• The threat forms a cavitation bubble in the fluid.
• The bubble collapses generating fluid spray from the tank.  


The aerosolized fuel spray is highly flammable. 
• Understanding the formation of the fuel spray and the size, 


velocity, and distribution of the particles will facilitate in the 
development of more efficient fire mitigation techniques.  


• Approach can range from tank design to AFES soln.
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Fuel Spray Characterization Goals


• Correlate cavitation bubble collapse to fuel spray character
• Develop diagnostic techniques to characterize fuel spay


• Particle velocity and size
• Fluid volume


• Once the diagnostic technique is validated, conduct a parametric 
study to characterize fuel spray versus various threats and fuel 
tank materials.


• Bullets
• FSP
• SC
• EFP


• Work with fuel spray modelers
• Couple shock physics and CFD codes for a 


phenomenological model for fuel spray.


THE GOALS OF THIS EFFORT ARE TO:
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OPTICAL DIAGNOSTICS 


• 2D imaging 
• Cannot determine Z (distance from camera to droplet)
• Magnification is proportionate to Z


• Stereo
• Determine magnification of droplet image – correct droplet size
• Can ‘re-focus’ droplets that are outside depth-of-field
• Imaging and processing more complex


• Determine corresponding drops in each view
• Camera relative geometrical relationship fixed


• Difficult in blast environments


X
Y


Z
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Best balance of many factors
• Resolution (never enough)
• Stand off (explosive, frags, limits)
• Field of view 
• Depth of focus (partially correctable 


with stereo vision)
• Required light input for desired 


exposure 
Lens 
• 200 macro 
• 100 macro
• Extension tubes  


CAMERA LENS SELECTION 


Camera Lens


Extension 
Tube


Stand off


Field of 
View


200 Macro at 1 
meter stand off


200 Macro with 56 
mm tube at 0.2 
meter stand off
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DROPLET ANALYSIS


Video 
Input


Noise 
Reduction


Background 
subtraction


Blob 
Detection


Particle 
identification


Particle 
Distribution


Original Noise reduction


Particle 
DistributionNoiseCreate 


test video


Ground Truth


Blob Detection Particle Detection
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DROPLET EXPERIMENTS


High Speed Cameras


Tank Surrogate


Viper SCJ


Backdrop


• Stereo imaging
• 9000 fps  ‘Need MORE LIGHT’
• Measure ‘Z’ component needed to 


correct diameter for depth


Z


Left Camera Image from Video
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DROPLET SIZE


Left


Right


Uncorrected for Z dimensio


Corrected distribution
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PRELIMINARY RESULTS (STATIC)


Viper Class SCJ


RockEye Class SCJ


• Issues to be worked out
• Labor intensive.  Need to 


automate for analysis of 
video.


• Camera stability required
• Beefier camera 


mounts helped but did 
not eliminate 
movement 


• Fixed fiduciary marks
• Resolution limited
• Need more light


Corrected for magnification
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AUTOMATED ANALYSIS
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Stereo camera  system 
Success  
• Simple field setup
• Reduction of the effect of air blast 
• Well defined droplets easily measured 
• Possible trends identified 
Limitations 
• Difficult to resolve droplets bellow 100 micron diameter 
• Field of view vs. resolution 
• Camera movement is difficult to eliminate
• Concentrated droplet fields are difficult to isolate signal droplets 


FUEL SPRAY SUMMARY 
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• 300 Cubic Feet Interior Volume
• Versatile configuration


• Reusable fuel tank mounted to the interior of the vehicle 
above sponson.


• Could also examine exterior fuel tanks.
• Replaceable armor panel mount located on the side of the 


structure above the sponson.
• Two camera imaging pyrometry to measure spatial flame 


growth and temperatures.
• Stereo fuel spray characterization
• Pressure gauges for measuring pressure and calculating K 


values
• Thermocouples attach to structure wall for measuring surface 


temperatures (can be different than away from walls).


GROUND VEHICLE MOCKUP
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INTERIOR DETAIL 


Shot Line


Reusable 
Fuel Tank







APPROVED FOR PUBLIC RELEASE


APPROVED FOR PUBLIC RELEASE


15


EXPERIMENT SETUP


Replaceable 
Armor Panel


Shot Line
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- 8 small windows 
- 10 by 10 viewing area 


- 1 large window 
- 46 by 16 viewing area 


OPTICAL PORT DETAILS
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• Initial plans are to conduct a parametric study to examine flame 
growth from various ballistic threats.


• Overmatching threats
• Shaped Charge, EFP, 30-mm


• Vary armor to examine the effects of armor thickness and 
armor material on flame growth.


• Examine the effects of an inerting panel mounted to the fuel 
tank.


• Follow-on plans include installing an AFES system inside the 
structure.


• Examine the effectiveness of extinguishing agents.
• Another potential use is examining Li-ion battery reactions in a 


confined space.
• Develop a proof-of-principle battery box and subject it to 


ballistic events in a confined space.


PLANS FOR MOCKUP
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• 300 CuFt. Ground vehicle test bed has been built
• Addition of diagnostics for tracking the thermal evolution of 


fireball. Tracking of 
• Fuel spray characterization technique is showing promise


• Stereo imaging correcting for optical magnification
• Reasonable reproduction of ground truth data
• Further improvements to imaging and processing techniques 


underway


SUMMARY
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• Background
• Fuel Spray Characterization
• Ground Vehicle Test Bed
• Fuel Tank Protection


Outline
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• Flammable Energetics 
• Fuel, Hydraulic Fluid
• Propellants
• Li-ion Batteries, etc.
• Refrigerants?


• Flammable Materials
• Tires 
• Stowed Items


• Fire Mitigation Techniques
• Ammunition Compartments
• Fuel Tanks
• Fire Resistant Materials
• Fire extinguishing systems


• Passive and Active
• Extinguishing Agents


DON’T BE KILLED


DON’T BE PENETRATED
Armor


DON’T BE HIT
Active Protection


DON’T BE ACQUIRED
Signature Management 


DON’T BE SEEN
Tactics and Signature 


Management


STRIKE FIRST
Firepower


Vehicle Fire Protection has many aspects:


VEHICLE FIRE PROTECTION
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ARL’s Involvement in Fire Protection


• Collaborate  with TARDEC’s Fire Protection Team
• ARL’s focus has been on force inputs.


• What happens when a ballistic threat impacts a fuel tank.
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FORCE INPUTS
What happens when a ballistic threat impacts a fuel tank?
• The threat creates hydrodynamic ram (HD-Ram).
• HD-Ram results in fuel spray from the tank and depending 


on the threat fuel tank failure.
• Aerosolized fuel spray is highly combustible and a major fire 


source.
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FORCE INPUTS


• The severity of the reaction from a 
ballistic event is threat dependent.


• Main threats of concern for ground 
combat vehicles are high energy 
threats


• Shaped Charge (SC), Explosively 
Formed Penetrator (EFP), 
Fragmenting Improvised Explosive 
Device (IED).


• The energy and HD-Ram from a SC, 
EFP, or fragments IED are orders of 
magnitude greater than small 
arms/heavy machine gun bullet 
impacts.


• A fundamental understanding of fuel 
spray and fuel tank failure modes are 
needed to reduce the lethality of fuel 
fires.


Small Arms


EFP
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ARL’S VEHICLE FIRE PROTECTION 
PROGRAM


Goals of Program:
• Mitigate the effects of HD-Ram that cause fuel 


tank failure.
• Fires are more intense and harder to extinguish.


• Characterize HD-Ram induced fuel spray.
• Aerosolized fuel spray is highly flammable.


• Understand flame growth/propagation.
• Develop more effective fire suppression systems.
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Fuel Spray Characterization
• Stereo imaging used to understanding the formation of the 
fuel spray and the size, velocity, and distribution of the 
particles.


• Integrate spray characteristics into TARDEC’s fire model.
• Allows for development of enhanced fuel tank designs and fire 
mitigation techniques.


• Can quantify if new designs/concepts are reducing or 
changing fuel spray character.


• FY19 - conduct a parametric study of various ballistic threats.


Fuel Spray 
Characterization


Crew Compartment Fire 
Suppression Modeling
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Characterize combat fires in a crew 
space and integrate into TARDEC’s 
fire model.


• Two camera imaging pyrometry will be used 
to measure spatial flame growth and 
temperatures from combat fires.


• 4D Flame Visualization – Univ. Virginia


FY18 - Conduct shake-down shots to 
verify diagnostics.
FY19 - Parametric study of ballistic 
threats.
FY 20 - Add fire extinguishing system.


GROUND VEHICLE TEST BED


80 
msec


20 
msec


Threat 
Impact
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• Provide some level of sealing from RPG class SC threats.
• SC cores current self-sealing technologies such as self-sealing bladders. 
• Provide time for the crew to drive away. 
• Currently examining materials that clog entry and exit holes.


• Mitigate fires from overmatching CE threats.
• Examine methods such as overwraps to reduce fuel spray from a threat impact 


and double-walled tanks for passive fire suppression.
• Mitigate HD-ram effects that cause catastrophic fuel tank 
failure.


• Internal baffles, fuel tank overwraps, etc.


FUEL TANK PROTECTION
Goals:
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• TARDEC’s Fire Protection Team
• CRADA’s


• Dr. Lin Ma, University of Virginia, 4D Flame 
Visualization


• MAGAM Safety, Self Sealing Technologies
• STTR/SBIR 


• Submitted an STTR topic on fuel inerting additives.
• Dr. Jeremy Wei, Fluid Efficiency/Caltech, 


Megasupramolecules


COLLABORATIONS
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QUESTIONS? 
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•Goal is to examine the flammability of low global warming 
potential (GWP) refrigerants when subjected to ballistic 
events.
•Initial evaluations were conducted with bulk samples of 
refrigerants (ARL-TR-8072, Evaluation of the Flammability of Low-GWP Refrigerants When 
Subjected to Ballistic Threats Phase 1: Bulk Refrigerants, July 2017).


• Conducted a parametric study to compare the flammability of R134A, 
R1234YF, and R290 (propane) to various ballistic threats.


• Applied lessons learned to mobile air conditioning system (MAC) evaluations.


•Conducted experiments with R1234yf and R134A in a MAC 
configuration (ARL-TR-8380, Evaluation of the Flammability of Low-GWP Refrigerants When 


Subjected to Ballistic Threats Phase 2: Mobile Air-Conditioning Systems, June 2018) .
• TARDEC supplied automotive type condenser cores that were plumbed to 5 


lb bottles of refrigerant.
• Initially 4 ounces of PAG oil were used in the system. 
• Follow on experiments conducted with 0 and 1 oz. of PAG oil.


OVERVIEW
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•R134a is a third generation fluorine based gas that is used to 
replace hydrochlorofluorocarbon (HCFC) gases such as R22.
•R1234yf was developed jointly by DuPont and Honeywell as 
a replacement for R134a in mobile air conditioning (MAC) 
units. It is a hydrofluoroolefin (HFO) that is classified as 
having 0 ODP and low GWP.
•R290 (propane) is a natural hydrocarbon (HC) based 
refrigerant. HCs have 0 ODP and low to 0 GWP. Frequently 
used in air conditioning and refrigeration applications.


REFRIGERANTS
Technical 
Prefix


Composition 
Prefix


Safety
Group


GWP LFL (%) UFL (%) Auto Ignition Temp.


R134a HFC-134a A1 1410 N/A N/A > 1369o F (> 743o C)
R1234yf HFO-1234yf A2L 4 6.2 12.3 761o F (405o C)
R290 HC-290 A3 3 2.1 9.5 841o F (449.9o C)
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SAFETY GROUP CLASSIFICATION


•Refrigerants are classified into safety groups based on 
toxicity and flammability (ANSI/ASHRAE Standard 34, 
Designation and Safety Classification of Refrigerants). 


• Toxicity Classification
• Class A refrigerants have and occupational exposure limit of 400 ppm or 


greater.
• Class B refrigerants have and occupational exposure limit of less than  


400 ppm.
• Flammability Classification (Tests conducted in accordance with (ASTM 


E681, Standard Test Method for Concentration Limits of Flammability of 
Chemicals)


• Three classes (1,2,or 3) and one subclass 2L.
• Class 1 – no flame propagation (non-flammable)
• Class 2 – Lower Flammability 


– Class 2L burn very slowly (max. burning velocity <= 10cm/s)
• Class 3 – Highly Flammable
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BULK REFRIGERANT RESULTS


•No Fires were observed with R134a or R1234YF versus any 
threat scenario.
•Sustained fires were observed with propane.


Play Propane 
Video


Play R1234YF 
Video
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MAC EVALUATION


• Evaluated the flammability of 
1234YF and 134A with against 
ballistic threats.


• Two different condenser cores will 
be evaluated (Type 1 – Multi-flow 
and Type 2 - Serpentine).


• Cores were plumbed to 5 lb. 
bottles of refrigerant.


• 4 oz. of PAG oil per bottle of 
refrigerant.


• Seven cores evaluated with 1234YF 
and four with 134A.


Shot Line
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MAC RESULTS (4 OZ. OIL)


Eleven experiments conducted:
• Four experiments with R134a.


• No fires observed.
•Seven experiments with R1234yf.


• Six fires observed.


Play R134A 
Video


Play R1234YF 
Video
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MAC RESULTS (0 & 1 OZ. OIL)


Only R1234yf was evaluated.
• Four shots conducted with 0 oz. PAG oil.


• One fire event similar to what was witnessed with 4 oz. of oil.
• Two very short duration fires.


• Three shots with 1 oz. PAG oil.
• No fires observed.
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•No fires were observed in the bulk sample experiments 
with R134a or R1234yf.
•In the MAC configuration with 4 oz. of PAG oil, fires were 
observed with R1234yf but not R134a.
•When the amount of PAG oil was varied the results were 
mixed.


• Fires with 0 oz. oil and no fires with 1oz.
•The sample size was too small to determine the exact 
cause of fires with R1234yf; however, the fact the fires 
were observed show that R1234yf presents a fire hazard 
over MAC systems using R134a.


• Standard refrigerant flammability tests may be adequate for 
commercial use but not for military applications.


SUMMARY AND CONCLUSION
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•Conduct ballistic-like tests in a controlled environment to 
asses the vulnerability of new refrigerants.
•The test fixture proposed by Dr. Barrie Homan and Dr. Kevin 
McNesby is a constant volume combustion chamber that 
uses a detonator as an ignition source.


• The detonator simulates an energetic threat and its associated shock. 


•Combustibility is evaluated by monitoring the pressure rise in 
the chamber.


• Peak pressure and pressure rise give information concerning the extent and 
violence of the reaction.


PATH FORWARD
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QUESTIONS? 
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• Fireaway was founded in 2005


• Aerosol fire suppression manufacturer


• Two production facilities:


Minnetonka, Minnesota (Global Headquarters), 20,000 ft2, 


35 employees


Minden, Louisiana, 5,000 ft2, 16 employees


• ISO 9001:2015 Certified


• Production audited by UL, ABS, Bureau Veritas, QAS 


International


• Ongoing research & development at Minnetonka & Minden 


facilities


• Delivered 400,000+ Stat-X generators world-wide


• Made in the USA







Electrical / Thermal / Manual Generators function 
in a similar way.
(internals vary depending on size of units)


Non-Permeable 
Membrane


Exit Ports


Insulating Medium


Aerosol Forming 
Compound


Cooling Element


Oxidation Element


Initiator Element


Upon activation, an aerosol of ultra-fine particles (≤ 2 micron) 
is dispersed under low pressure (< 50 psi )







AEROSOL SUPPRESSION SYSTEM


WHAT IT IS


• Total flooding system for enclosed spaces 
NFPA2010 Condensed Aerosol 


• Listed extinguishant for Class A (surface), B, C 
fire hazards  


• Aerosol with ultra-fine solid particles mixed 
with and propelled by low pressure N2 inert gas


• Fire detection & extinguishing system (with 
Fire Alarm Control Panel or stand-alone)  


• Environmentally friendly 0 ODP, ~0 GWP,         
0 Atmospheric Life 


• EPA SNAP listed as a halon 1301 replacement 
approved for Occupied and Unoccupied Spaces


WHAT IT IS NOT


• NOT NFPA 17 Dry chemical system   
(>20µm)


• NOT NFPA 2001 Clean agent system


• NOT HFC halocarbon gas


• NOT suffocating gas


• NOT pressurized storage gas system with 
distribution piping network


• NOT refillable


• NOT listed for Class D fires


• NOT toxic when designed as a total 
flooding system







Protecting People and Valuable Assets Globally







*In the context of Li-ion battery fires, there are several unique fire issues that complicate the 
component interactions in the fire tetrahedron. 


- Chain Reaction: the “thermal runaway” phenomenon in Li-ion batteries is self-perpetuating 
when cathode materials are in close proximity to one another and heat is permitted to 
cascade from cell to cell.


- Oxygen: during thermal runaway, oxygen is believed to be self generated during cathode 
consumption, which may defeat oxygen-depriving extinguishers


- Heat: because the thermal runaway reaction is exothermic, removal of heat becomes a 
challenge because the fire has an internal heat source.


- Fuel: A Li-ion battery fire has multiple sources of fuel. 


To compound the complexity of the Li-ion battery fire, the materials involved in the ignition and 
propagation of the fire are tightly integrated into a pouch, cylindrical cell, or prismatic cell, and 
therefore the fire is a “deep seated” fire. Deep seated fires present extinguishing challenges for all 
extinguisher types. 


*Excerpt from DNV-GL Test Summary







DNV-GL Li-Ion Battery


Test 2017







Purpose of the Test
• Purpose:  To determine if Stat-X would be 


an effective Fire Suppression agent 


against Li-Ion Battery fires in Battery 


Storage Facilities. 


• Consolidated Edison Battery Energy 


Storage Safety (BESS) Program.


• Consolidated Edison and NY State 


funded Test


• DNV-GL performed the Test and produced 
the Test Report







Test Fixture


DNV-GL’s large battery abuse 
chamber 


• Designed to hold battery cells on a rack
• 27 cubic feet volume
• Heating is radiated from above 
• Temperature is monitored at 


multiple locations 
• FTIR gas monitoring probe extends


from above. 







Testing Protocol


• Test single cell and multiple-cell Li-Ion batteries:
• Battery tested:  Single 75 Ah Nickel-Manganese-Cobalt Li-Ion Pouch.
• Battery composition: 33% Electrolyte/8% Graphite/8% Cathode/ 17% 


Separator/33% Casing/1% Conductors.
• Extinguishing Agent: Stat-X Model 60E Aerosol Extinguishing Device. 
• Thermal couples were positioned on upper and lower surfaces of 


single pouch.
• Heat was introduced into the test fixture from the top and when cell 


temperatures exceeded +350C, the suppression event (release of 
Stat-X Aerosol) began as well as timing. 


• Test conducted in a closed-static environment (Closed Vents)







DNV-GL’s Test Conclusions


• Stat-X can put out a Li-ion battery fire. 
• Stat-X can reduce oxygen in an enclosed environment during a battery 


fire.*
• Due to the deep seated nature of a stacked battery fire, the Stat-X 


extinguisher removed heat from the interior of the cells more slowly than 
the exterior. 


• The residence time of gases and aerosols during Stat-X deployment is a 
function of when the atmosphere is ventilated.  


• CO, HF, and HCl are present during Stat-X extinguishing and testing did not 
demonstrate that the concentration of any of these gases is increased by 
the use of Stat-X. 


*Fireaway contracted DNV-GL to run a discharge test Stat-X devices without a 
fire event in the test chamber to measure O2 levels for base line %. The O2 
level started at 20.65% and never dropped below 18.11%. 







NASA Johnson Space Center Test 2015







NASA JSC Test Protocol 


Test Fixture: Box with window-10 cubic feet Fire Test Box.


Batteries tested:  9VDC Li-Ion (NMC) 2X2 four cell battery pack.


Source of heat: Heating coil inserted in center of each cell and 
remained energized throughout test. 


Fire Suppression: One each 30E Model Stat-X Aerosol Fire 
Suppression Device.  


Discharge Time: One 7 second discharge 


Fire Suppression was initiated manually.







NASA JSC Test Results 


• Test conducted in 2015
• 1 minute 48 seconds after applying electrical current, the 1st


cell burst into flames.
• Stat-X Aerosol Extinguishing Agent was released manually. 
• 1st Cell fire flame was extinguished 15 seconds after release of 


agent.
• 40 seconds after overload of the 1st Cell, a 2nd cell (or more) 


burst into flames.
• Residue Stat-X Aerosol Agent extinguishes 2nd cell flame 30 


seconds after flame begins.
• 4 minutes-30 Seconds after 2nd cell flame extinguished, no 


other flame is observed and test was terminated.







Thank You


For additional information regarding 
Stat-X please visit www.statx.com


Ed Ruggles VP of Marketing and Sales 
Fireaway Inc. eruggles@statx.com or
Cell phone 952-353-3015


Jerry Brown President 
ADI Technologies jbrown@aditechnologies.com or 
Cell phone 703-850-9207



http://www.statx.com/

mailto:eruggles@statx.com

mailto:jbrown@aditechnologies.com
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External Fuel Cell Protection From 
Overmatching Ballistic Threats


By: Seth Copeland
Michael Keele
Seth Halsey  


October 10th 2018 
Systems Fire Protection Information Exchange 
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Current approaches for mitigating fuel tank failure and firing
• Overwraps
• Fire extinguishing agents


Goals for protective measures: 
• Threshold 


– Mitigation of fireball effect after impact of threat 
• Desired Objective


– Allow for damaged vehicle to exit from a dangerous scenario after external fuel 
cell has been ruptured by an overmatched threat


• Required to achieve Success: 
‒ Plugging of the entry/exit hole after the SCJ and EFP pass through 
‒ Preventing post fuel spray from entry and exit holes
‒ Mitigating post event hydraulic ram 


Vehicle Fuel Tank Protection
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1. Baseline 
• Variation in wall thickness


2. Inner Liners
• Rubber 
• Kevlar Felt


3. Overwraps
• Rubber
• Kevlar


4. Pressurized liner/wraps
• Pressurized hose with fire suppressant
• Inner pressurized hose Clogging material 


5. EFP Survivability 
• Mitigation of catastrophic tank failure due to over matching EFP interaction


Testing and Evaluation Process 
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• Criteria for tank designs
- Repeatability 
- Easily replaceable 
- Easily manufactured 


• Materials: Mild Steel, Stainless Steel
Thicknesses:  


‒ 1/32” (rolled/welded), 
‒ 1/16” (rolled/welded), 
‒ 3/16” (pipe & stainless steel)


Baseline fuel tank design


Cylindrical tank dimensions used:  12”X18 and 18”X18”
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Baseline Steel Tank Test Results


t wall  = 1/16”


Large exit hole with end cap 
weld failure 


Medium exit hole without 
end cap weld failure


Small exit hole without end 
cap weld failure


Results:
1) 1/32” tank was too thin, resulted in catastrophic failure of end-cap 


welds
2) 3/16” tank resulted in high structural performance against SC threat 


encountered, small entry/exit hole
3) 1/16” tank resulted in near failed seams and large entry/exit holes  


t wall  = 1/32” t wall  = 3/16”
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Testing and Evaluation Process 


1. Baseline 
• Variation in wall thickness


2. Inner Liners
• Rubber 
• Kevlar Felt


3. Overwraps
• Rubber
• Kevlar


4. Pressurized liner/wraps
• Pressurized hose with fire suppressant
• Inner pressurized hose Clogging material 


5. EFP Survivability 
• Mitigation of catastrophic tank failure due to over matching EFP interaction
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1” Kevlar intimate contact inner liner
post evaluation


Exit hole


Entry hole


Rubber and  Kevlar Liner Results


Exit hole


Entry hole


1” rubber intimate contact inner liner
post evaluation 







UNCLASSIFIED


UNCLASSIFIED The Nation’s Premier Laboratory for Land Forces


1) Both rubber and Kevlar decreased fuel spray when comparing the high speed 
video to that of the baseline


2) Entry/exit holes remained unclogged and completely unsealed from hydraulic 
ram effect  


Inner Liner test Results
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Testing and Evaluation Process 


1. Baseline 
• Variation in wall thickness


2. Inner Liners
• Rubber 
• Kevlar felt


3. Overwraps
• Rubber
• Kevlar


4. Pressurized liner/wraps
• Pressurized hose with fire suppressant
• Inner pressurized hose clogging material 


5. EFP Survivability 
• Mitigation of catastrophic tank failure due to over matching EFP interaction







UNCLASSIFIED


UNCLASSIFIED The Nation’s Premier Laboratory for Land Forces


Overwrap Evaluation


1/2” rubber intimate contact 
overwrap, corset design


1/2” rubber with 1” stand off 
overwrap, stand off design
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Rubber Wrap Results 


Results: 
1) The ½” rubber absorbed most of the fragmentation and significantly reduced 


entry hole size
2) Comparable protection to that of the rubber inner liner with emphasis on entry 


hole protection
3) Post shape charge jet pass through fuel spray decrease over baseline but less 


or equal to inner liner shots
4) No plugging of entry or exit holes 


1/16” thick walled entry hole 1/16” thick walled exit hole 
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Testing and Evaluation Process


1. Baseline Steel
• Variation in wall thickness


2. Inner Liners
• Rubber 
• Kevlar Felt


3. Overwraps
• Rubber
• Kevlar


4. Pressurized liner/wraps
• Pressurized hose with fire suppressant
• Inner pressurized hose Clogging material 


5. EFP Survivability 
• Mitigation of catastrophic tank failure due to over matching EFP interaction
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Pressurized rubber hose overwrap tests: 
• Tank wrapped with 0.75” OD, 0.5” ID fiber reinforced rubber hose 
• Filled with a simulated fire extinguishing powder 
• pressurized with inert gas for exhausting during event


Goals for protective measure: 
• Determine how a pressurized overwrap will react when being punctured/severed by 


a the shape charge jet 
‒ Discover if the powder exhausts at a high enough rate to mix with fluid
‒ Determine if the powder exhausts local to the entry and exit hole
‒ Determine if this method can be used for clogging material 


Reactive Overwrap Evaluation 
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Reactive Overwrap Results


Results: 
1) Pressurized hose exhausted in a relative time frame of the SCJ pass through
2) Powder mixed at entry and exit immediately after SCJ pass through during the 


hydraulic ram event
3) Method has potential to deliver an solid plugging material to entry and exit 


holes
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Goals for protective measure: 
• Determine the feasibility of using a pressurized inner liner as a means for delivering a 


clogging material to the hole location at an expedient rate similar to the fire suppressive 
wrap


Reactive Clogging Inner Liner Testing
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Clogging material selection 


Images procured from: www.medicalsheepskins.com


Scanning Electron Microscope( SEM) Image of Wool Fiber 


SEM Image of Alpaca Fiber 


SEM Image of Cotton Fiber 
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Reactive Inner Liner Test Results


Results: 
1) The temporal frame of the fiber exhausting out of the hose can be matched to 


that of the initial belching of liquid from the hydraulic ram out of the fuel tank
2) The fibers exit the pressurized hose uniformly (same speed) from both sides of 


the hole location 
3) The long fibers entangled during and after the exhausting of the high pressure 


hose 
4) Plans to continued full scale testing with in tank liners and full scale threats 


such as SC lab devices  
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Testing and Evaluation Process


1. Baseline Steel
• Variation in wall thickness


2. Inner Liners
• Rubber 
• Kevlar Felt


3. Overwraps
• Rubber
• Kevlar


4. Pressurized liner/wraps
• Pressurized hose with fire suppressant
• Inner pressurized hose Clogging material 


5. EFP Survivability 
• Mitigation of catastrophic tank failure due to over matching EFP interaction
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Empty Fuel Tank EFP Evaluation


Post event shot of 3/16” thick walled 18”X18” fuel tank without liquid, exit 
hole left entrance hole right 
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Partial Filled Tank EFP Evaluation 


Post event shot of 3/16” thick walled 18”X18” fuel tank with ¾ fill EFP 
interaction
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Double Walled partial Fill EFP 
Evaluation 


3/4th filled 3/16” thick double walled 
tank with Polycarbonate endcaps 


pretest 
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Double Walled partial Fill EFP 
Results 


¾” fill double walled tank EFP 
interaction with polycarbonate 


endcaps, post event 
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EFP Test Results


Results: 
1) For the 3/16” thick walled SS tank the force of the hydraulic ram over 


pressurized the tank producing catastrophic failure 


2) Double walled 3/16” thick tank was unable to withstand the EFP and failed
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• Develop clogging agents for usage in pressurized inner liner experimentation using air 
gun & high pressure hose testing


• Perform full scale testing involving pressurized inner liners and over wraps with both 
clogging materials and fire suppression agents


• Optimize and test combinations of liners and over wraps for best protection results 
against SCJ threats 


• Dynamic RPG shots scaled fuel tanks 


• Explore alternate options for protection against EFP Threats  


Current and Future Work 
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Background
• Aqueous film forming foams (AFFF), used to fight Class 


B fires, contain surfactants harmful to the environment 
and humans


• Efforts to reduce environmental impact are aimed at 
reducing the fluorocarbon tail of the surfactant, whose 
biodegradation is not well understood


• Our research is aimed at eliminating fluorinated 
compounds from AFFF


Important Mechanisms of Fire Suppression
• Previous research aimed at understanding the role of 


fluorocarbon surfactants in AFFF
• Demonstrated importance of foam to maintain 


coverage of the pool surface (foam degradation) and 
reduce transport of fuel vapors through the foam (fuel 
transport)


Fluorocarbon surfactant:


2
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Novel commercial surfactants not extinguishing pool


Need for new metrics to evaluate surfactant performance 


0.3% Fluorinated Surfactant
0.2% Hydrocarbon Surfactant


0.5% Solvent


0.11% Siloxane Surfactant
0.076% Hydrocarbon Surfactant


0.5% Solvent
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Focus on Extinction Mechanisms
• Novel commercial surfactants are not designed for firefighting, but can be used to relate 


surfactant structure to mechanisms of fire suppression  


• To better distinguish potential surfactants useful for firefighting, we must focus on 
mechanisms of fire suppression that impact extinction: foam degradation and fuel 
transport through the foam


• We evaluated two commercial siloxane surfactants and two hydrocarbon surfactants 
with different head lengths and tail structure. Evaluated as a single surfactant and in a 
formulation mixed with a solvent and a hydrocarbon surfactant


K. Hinnant, S. Giles, A. Snow, J. Farley, J. Fleming, R. Ananth, “An Analytically Defined Fire Suppressing Foam Formulation for the Evaluation of Fluorosurfactant Replacement” Journal of Surfactants and 
Detergents, https://doi.org/10.1002/jsde.12166, (2018).
Hetzer, R.H., Kummerlen, F., Wirz, K., & Blunk, D. (2014, February) Fire testing a new fluorine-free AFFF based on a novel class of environmentally sound high performance siloxane surfactants. Paper 
presented at the 11th International Symposium on Fire Safety Science Proceedings, University of Canterbury, Christchurch, New Zealand.
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Single Surfactant vs. Reference Formulation
• Developed a “reference” AFFF formulation with only 3 components: 0.3% fluorinated 


surfactant, 0.2% hydrocarbon surfactant, 0.5% solvent
• Changes in the reference formulation could then be directly related to surfactant 


changes


Commercial Surfactants Analyzed
• Limited structural information


H3C CH3


CH3 CH3 O
CH3


O H
x


O


O H
7


CH3H3C


Tergitol™ TMN6


Tergitol™ 15-S-7 27306-78-1
70-90%


Si
O


Si
O


Si


O
O


CH3


n


Si
O


Si
O


Si


O
O


H
n


67674-67-3
70-90%


Siloxane A


Siloxane B
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Fuel Transport Experiments
• Manufactured glass fuel transport apparatus
• Open: fuel heated with a water bath surrounded by heating 


tape, 4-cm height of foam generated on top of heated pool
• Closed: sealed with a gasket, sparger flowing nitrogen to 


surface of foam, sweeping nitrogen and fuel vapors to an FTIR
• Trials repeated three times for precision


Foam Degradation Experiments
• 4-cm height of foam generated onto a 


heated n-heptane pool (60°C)
• Heptane heated with a water bath 


surrounded by heating tape
• Camera monitored change in foam height 


over time
• Trials repeated three times for precision


Time: 0 min 3 min 4 min


6
K. Hinnant, M. Conroy, R. Ananth, “Influence of fuel on foam degradation for fluorinated and fluorine-free foams” Colloids and Surfaces A, 522(2017), 1-17.
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Large-Scale Extinction Experiments


• Detailed in MIL-F-24385F, 28 ft2 gasoline pool fire test, 2 gpm foam solution rate


• Extinction, burnback, expansion ratio, and liquid drainage time


Small Pool Fire Extinction Experiments
• 12-cm diameter heptane pool 


fire to measure surfactant 
extinction performance


• Evaluated surfactants in a 
formulation


• Measured at multiple flow rates, 
but reported here as the time to 
extinguish at 1000 mL/min


12 cm
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• Siloxane A Sol has longest foam 
lifetime (15 min)


• Foam lifetime is improved when 
surfactant mixed in a formulation


• Siloxane A Sol lifetime much smaller 
than Ref AFFF


• Terg 15-S-7 Sol degrades in 7 min, better 
than the Siloxane B Sol, no conclusions 
on best surfactant type
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• Siloxane B surfactant degraded too 
quickly to take useful measurements 
(foam lifetime less than 1 min)


• Siloxane A outperforms Siloxane B, 
Terg 15-S-7 outperforms Terg TMN6 
but multiple structural differences 
could be the cause


• Siloxane A formulation has slow fuel 
transport rates, but is still 
significantly faster than the Ref AFFF


• Surfactants in a formulation have 
slower fuel transport rates than 
surfactants alone
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• Extinction performance (time is seconds) 
evaluated on 12 cm heptane pool fire –
19 cm fire more relevant to large-scale


• Relative Fuel Transport = time (s) for the 
heptane concentration to reach a 
flammable mixture above the foam


• Trend between extinction and fuel 
transport, but still need more data, pool 
size an issue


• Sil A Sol evaluated at 19 cm 
showed similar extinction to Ref 
AFFF over heptane, evaluated at 
large-scale 10
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MilSpec 
Criteria


Ref AFFF 
Gasoline


Ref AFFF 
Hept


Sil A Form 
Gasoline


Sil A Form
Hept


Extinction 
Time(s)


30


Burnback 
Time(s)


>360


Expansion 
Ratio


5-10


25% Liquid 
Drainage Time 
(min)


>2.5


24 30


759 981*


6.6


3.0


7.5


4.2


>60


N/A


6.8


3.5


6.4


3.3


51


338*


11*Expect higher burnback times over heptane with a lower vapor pressure than gasoline
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• Attempted to understand differences in fuel 
performance with foam degradation at 37°C


• Fuel property differences of boiling point and aromatic 
components


• Fuel seems to effect performance with both 
performing worse over gasoline


• Expect differences in fuel transport as well, but more 
difficult to quantify due to mixture of gasoline 
components


Although differences in performance over fuel are important to consider, Sil A 
Sol did not perform as well as the Ref AFFF over heptane, need to improve 


surfactant structure for improved performance
12
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Conclusions
• None of the novel surfactants evaluated matched the foam degradation or fuel transport performance of 


the reference or commercial AFFF


• Surfactant structure significantly affects both degradation and transport for both siloxane and hydrocarbon 
surfactants which may impact extinction time


• Sil A Sol performs worse than the Ref AFFF at large-scale and shows a strong dependency on fuel type


Future Research 
We aim to make changes in synthesized surfactants to systematically relate surfactant structure to extinction 


mechanisms. Emphasis will be put on understanding the siloxane structure in order to optimize foam 
degradation and fuel transport performance, important for rapid fire extinction. 
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INTRODUCTION


• An interesting observation made during a study of potential fire 
suppression agents with lower GWP than those currently used, was that 
the byproducts from FK-5-1-12 evolved quite differently than those from 
Halon 1301 or HFC227-BC.[1]


“Note that although the peak acid levels for ‘HFC-227BC’ and ‘FK-5-1-12+’ … are 
similar, the integrated levels used in casualty assessments were very different: 
none of the FK-5-1-12-based tests ‘passed,’…. The difference is related to the 
relative evolution in time of COF2 and HF. Halon and HFC-227BC tests with good 
fire suppression show COF2 quickly peaking and then slowly decaying as the HF 
level slowly rises; in FK-5-1-12 tests both COF2 and HF peak quickly and then 
slowly decay. The result is that the total integrated acid level used in casualty 
assessments … is higher in FK-5-1-12-based tests.” 


1. Hodges, S. E. and McCormick, S. J., “Fire Extinguishing Agents for Protection of Occupied Spaces in Military Ground 
Vehicles,” Suppression & Detection Symposium (SUPDET), National Fire Protection Association (NFPA), 2010. 
http://www.dtic.mil/dtic/tr/fulltext/u2/a517470.pdf 


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.



http://www.dtic.mil/dtic/tr/fulltext/u2/a517470.pdf
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The US Army plans to modernize legacy vehicle platforms, 
including Automatic Fire Extinguishing Systems (AFES). 


Legacy vehicles use Halon 1301 or HFC-227BC to protect the 
crew.   1301 has high Ozone Depletion Potential (ODP) and 
Global Warming Potential (GWP).  HFC-227 has high GWP.


The Army is considering replacing legacy agents with more 
environmentally friendly suppression agents.


TARDEC was tasked to test alternate agents, including FK-5-1-12. 
– FK-5-1-12 suppression agent has zero ODP and low GWP.  


The manufacturer has claimed that it is essentially a drop-in 
replacement for 1301 or HFC-227ea.


BACKGROUND – 2008


Excerpt from www.dtic.mil/docs/citations/ADA517470 
DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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Purpose
TARDEC’s Exploratory tests are intended to 
compare various suppression agents, including 
new, more environmentally friendly ones, with 
those currently deployed. 


Approach
Three extinguisher suppliers supported the tests 
(12/08-9/09) – they were asked to provide 
suppression systems that would yield marginal 
suppression ‘passes’ and ‘failures’ based on 
current vehicle performance criteria.
The tests were conducted in a 260 ft3 (7.36 m3) 
box with relatively little clutter, no stowage, and no 
active air flow. 


EXPLORATORY TESTS 2008-2009


Excerpt from www.dtic.mil/docs/citations/ADA517470 
DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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Seven test series conducted between Dec08 and Sep09
157 live-fire tests
9 suppression agents


– Halon 1301 - ‘halon’  (used in legacy vehicles)
– Halon 1301 with Dry Chemicals (DC) – ‘halon+’ & ‘halonK’
– HFC-227ea with DC – ‘HFC227BC’ (used in vehicles since 2001)
– FK-5-1-12
– FK-5-1-12 with DC – ‘FK-5-1-12+’
– Water with Potassium Acetate – ‘water+’
– Two Dry Chemicals – Sodium (+) and Potassium (K) Bicarbonates


4 Extinguisher configurations from 3 suppliers
– N2 charged with solenoid valve 


(Abrams, BFV, FAASV, STRYKER, UAH, & some MRAP)
– N2 charged with linear actuated valve (NLOS-C Crew & Mission)
– N2 charged with SQUIB actuated valve (some MRAP)
– Hybrid Fire Extinguisher actuated by Gas Generator (experimental)


EXPLORATORY TESTS (CONTINUED)


Excerpt from www.dtic.mil/docs/citations/ADA517470 
DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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Unsuppressed Fire (BL1)


EXPLORATORY TESTS 
UNSUPPRESSED FIRE (BL1)


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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EXPLORATORY TESTS 
SUPPRESSED FIRE (KHBC1)


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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**Best Performance


Agent Total *Pass


**Least 
Agent 
Weight 


(lb)


Lowest 
Acid  Dose 
(ppm-min)


Lowest 
Pressure 


Peak (psi)


Fastest Fire 
Out Time 


(ms) Note
Halon 21 12 ~5 ~500 <1 <200 Legacy fielded product


Halon+ 19 16 ~2.5 <20 <1 <200
New mix compatible with 
fielded extinguishers


HalonK 7 4 ~2.5 <20 <1 <200
New mix compatible with 
fielded extinguishers


HFC227BC 36 17 ~5 <20 <1 <200 Fielded product
FK-5-1-12 21 0 >25 ~2,000 1.2 <200 Available


FK-5-1-12+ 15 0 >15 ~1,300 1.6 <200 Invention required


Water+ 23 12 ~4 0 1.5 ~400
Development required; 
operational issues?


NaBC 13 7 ~3 0 <1 <200
Available; safety & 
operational issues?


KBC 2 2 ~2 0 <1 <200
Available; safety & 
operational issues?


Total 157 70


OVERVIEW OF 2009 RESULTS


* The goal was to ‘pass’ half the tests 
** Best Performance and Least Agent Weight are not obtained simultaneously


Excerpt from www.dtic.mil/docs/citations/ADA517470 
DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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COMBUSTION BYPRODUCTS[1]


• Continuous sampling gas phase Fourier Transform Infrared 
(FTIR) spectrometers were used to analyze the combustion 
byproducts from each trial in near real time.  Using this 
technique allows for the accurate measurement of multiple 
analytes, including COF2 and HF.  


• Since the relative toxicity of these compounds are quite 
different, the ability to quantify each of these compounds is 
necessary for an adequate determination of injury or 
incapacitation due to inhalation of these toxic gases.


1. ATC Chemistry test report no. 2009-CC-359.


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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DEPLOYED AGENT - HALON 1301 


Halon 1301 @ 4.77%
5-min Dose <233 ppm-min
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Halon 1301 @ 3.25%
5-min Dose 439 ppm-min


Minimum Design Concentration: 5.0%


𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∫0
5𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻 + 𝐻𝐻𝐻𝐻𝐻𝐻 + 2𝐶𝐶𝐶𝐶𝐶𝐶2 𝑑𝑑𝑑𝑑 ≤ 746 ppm-min
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DEPLOYED AGENT – HFC227-BC
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HFC-227ea @ 2.50%, 5%w/w BC
5-min Dose 1,070 ppm-min


HFC-227ea @ 4.88%, 5%w/w BC
5-min Dose <125 ppm-min


Minimum HFC-227ea Design Concentration: 8.7%


𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∫0
5𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻 + 2𝐶𝐶𝐶𝐶𝐶𝐶2 𝑑𝑑𝑑𝑑 ≤ 746 ppm-min
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TESTED LOW-GWP AGENT – FK-5-1-12


FK-5-1-12 @ 5.90%
5-min Dose 8,100 ppm-min
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FK-5-1-12 @ 9.31%
5-min Dose 4,959 ppm-min
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Minimum Design Concentration: 5.9%


𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∫0
5𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻 + 2𝐶𝐶𝐶𝐶𝐶𝐶2 𝑑𝑑𝑑𝑑 ≤ 746 ppm-min


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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TESTED LOW-GWP AGENT – FK-5-1-12-BC


FK-5-1-12 @ 9.32%, 5% w/w BC* 
5-min Dose 1,900 ppm-min
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𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∫0
5𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻𝐻𝐻 + 2𝐶𝐶𝐶𝐶𝐶𝐶2 𝑑𝑑𝑑𝑑 ≤ 746 ppm-min


Minimum FK-5-1-12 Design Concentration: 5.9%


*FK-5-1-12 and BC powder can not be stored together; they react chemically
DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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SUMMARY


• Halon 1301 and HFC227-BC generally produced significant levels of 
carbonyl fluoride (COF2) initially which then decayed into hydrogen 
fluoride (HF), generally the levels of byproduct remained below acceptable 
limits 


• FK-5-1-12 produced very high levels of HF and COF2 simultaneously, and 
the levels of byproduct remained above acceptable limits 


• Adding BC dry chemical to the FK-5-1-12 discharge nozzle improved 
performance, but did not change the temporal trend, and the levels of 
byproduct remained above acceptable limits 


• Even when HFC227-BC was applied at less than 1/3 of the HFC-227ea class 
B minimum design concentration of 8.7%, the byproduct levels were much 
lower than the criteria dose limit


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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CONCLUSION


• Correlated with the distinct differences in the temporal evolution of 
byproducts, the dose of acid and carbonyl byproducts from FK-5-1-12, neat 
or with dry chemical, were consistently well above the US Army casualty 
criteria limit of 746 ppm-min (5-minute dose), while byproducts from 
HFC227-BC and Halon 1301, used with normal design concentrations, were 
well below the limit.


• Overall, this result suggests that chemicals, such as FK-5-1-12, that are 
designed to be more reactive, thus yielding shorter atmospheric lifetimes 
and therefore lower GWPs, generate much higher byproduct levels during 
the fire suppression process than more stable, and thus likely higher GWP, 
compounds.


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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DISCLAIMER


Reference herein to any specific commercial company, product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or 
the Department of the Army (DoA).  The opinions of the authors 
expressed herein do not necessarily state or reflect those of the 
United States Government or the DoA, and shall not be used for 
advertising or product endorsement purposes.


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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OUTLINE
• Motivation


• Comparison of volume calculations from simulation and 
testing


– Tactical vehicle volume calculation based on concentration test results


– Combat vehicle volume calculation based on concentration test results


• Fire Box testing at TARDEC
– HFC-227ea (aka FM-200)


– Halon-1301


• Observations & Lessons Learned


UNCLASSIFIED: Distribution Statement A. Approved for public release.
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MOTIVATION
• Traditionally, AFES are initially designed with an agent mass that is developed based on 


OEM estimates of the protected area volume.  The agent mass is then tweaked to final 
amount based on agent concentration measurements, and performance is later confirmed in 
live-fire tests.


• Using fire suppressant agent properties given in NFPA standards applicable to the agents 
used, the free air volume of an enclosed compartment can be determined from agent 
concentration measurement data, amount of suppressant discharged, and the ambient 
temperature. 


• For a tactical ground vehicle, HFC-227ea measurement data was used to determine the 
crew compartment free-air volume and the result was in agreement with the volume 
calculated using a solid model (CAD) of the vehicle. 


• Similar high-speed concentration test data and analysis for Halon 1301, used in the crew 
compartment of a larger ground vehicle, yielded a volume that is significantly lower than the 
volume calculated using CAD. 


• This discrepancy in the free-air volume comparison motivated a methodical study using a 
cuboid box with an adjustable volume to determine, under different conditions, the 
uncertainty of volume calculated using suppressant concentration data (suppressant agent 
type, amount of suppressant agent, clutter inside the compartment, concentration module 
locations, and leakage rate). 


• A summary of the findings from the testing, along with lessons learned are presented.
UNCLASSIFIED: Distribution Statement A. Approved for public release.
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CREW COMPARTMENT VOLUME CALCULATION
Using fire suppressant agent properties given in NFPA standards, the
standard for clean fire extinguishing systems, the free air volume (V) of
an enclosed compartment can be determined from agent concentration
measurement data (C), mass of suppressant discharged (M), and the
ambient temperature (T).


where C is a percentage, and S is the specific volume of the agent 
vapor


Halon-1301 (NFPA 12A):  S(m3/kg) = 0.14781 + (0.000567)T(°C) 


HFC-227ea (NFPA 2001): S(m3/kg) = 0.1269 + (0.0005)T(°C) 


𝑉 = 𝑆𝑀(
100


𝐶
− 1)


UNCLASSIFIED: Distribution Statement A. Approved for public release.
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CREW COMPARTMENT M&S 
(COMPLEX GEOMETRY)


Volume = 341 ft3
Volume = 165 ft3


Volume = 461 ft3
Volume = 157 ft3
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TACTICAL VEHICLE AGENT CONCENTRATION TEST SET-UP


1


11


6
10


5


4
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TACTICAL VEHICLE CONCENTRATION TESTING 
WITH HFC-227EA


Concentration of 8.6% is obtained in simulation with 6.6 lb agent, 157 ft3 volume at 70°F.


Volume (ft3)
T (°F) 8.7% (test 1) 8.6% (test 2)


50 147 149
60 150 152
70 153 155


UNCLASSIFIED: Distribution Statement A. Approved for public release.
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COMBAT VEHICLE AGENT 
CONCENTRATION TEST SET-UP
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COMBAT VEHICLE CONCENTRATION 
TESTING WITH HALON


Combat vehicle ACTs with hatches closed, no airflow, stowed. Calculated
free-air volumes corresponding to the average concentration using the
same method as used for the tactical vehicle tests.


Combat Vehicle Crew Compartment Volume based on 
– CAD: 341 ft3


– ACT Test I (12 lb 1301, 10% at ~15s): 275 ft3


Averaged Halon 1301 Concentration


UNCLASSIFIED: Distribution Statement A. Approved for public release.
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VOLUME CALCULATION FROM ACT - TEST PLAN DECISION TREE


227-1 into 340 ft3


Volume match?


yes


no


1301-1 into 340 ft3


227-2 into 160 ft3


Volume match?


yes


Volume match?
yes no


1301-2 into 160 ft3


no


1301-2: 340 ft3 with clutter
Or new module locations
Or lower concentration


227-3: 160 ft3 with clutter
Or new module locations
Or lower concentration


Volume match?


yes no


1301-3: 160 ft3 with clutter
Or new module locations
Or lower concentration


1301-1 into 340 ft3


Volume match?


yes no
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TARDEC’S RECONFIGURABLE FIRE TEST BOX


• Designed to evaluate the various vehicle platforms by moving modular walls


Larger Vehicle Configuration Tactical Vehicle Configuration


UNCLASSIFIED: Distribution Statement A. Approved for public release.







12


RECONFIGURABLE BOX –
FRONT/SIDE VIEW (340 FT3)


Front View (seeing rear wall)


Side View


Top View


11.29’


4.08’


7.46’
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ACT MODULES SETUP


The Agent Concentration Test (ACT) system is a 12 channel gas analyzer calibrated 
for detection of HFC-227ea, HFC-125, and Halon 1301 fire suppression agents. Gas 
analyzer module contains the infrared optics and electronics to measure agent 
concentration.


Source: Kidde technical manual


Gas Analyzer Module


Data Acquisition 
Computer


Valve 
Actuation 
Control


Agent 
Concentration Data 
Processing


Cables to Measurement 
Modules


Agent concentration data acquisition system
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HFC-227EA TEST RESULTS WITH FIRE BOX
Test # % error in volume


(measured vs  analytical)
Remarks


1 -1.6 Large volume, no clutter 


2 -1.5 Large volume, no clutter (better sealing)


3 -2.6 Large Volume, clutter


4 -2.2 Small volume, clutter


5 +0.3 Small volume, no clutter


6 -3.2 Small volume, no clutter


7 +1.0 Small volume, clutter


8 -4.3 Small volume, clutter, reduced concentration 
(better seal around partition wall)


9 -1.2 Small volume, clutter, reduced concentration
(better seal around partition wall)


10 -5.2 Small volume, no clutter 
(better seal around partition wall)
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OBSERVATIONS AND LESSONS LEARNED


• Volume calculated with HFC-227ea concentration testing are 
within 5% of the expected volume


• Volume is usually under predicted compared to CAD. 


• Halon 1301 testing needs to continue:
• Testing to-date indicates that there is an issue with calibration of ACT 


for Halon.


• It is a good practice to calibrate the ACT equipment before 
each vehicle test.


• If concentration testing is done with multiple suppression 
agents, purge the cylinder filling equipment between tests to 
avoid any contamination.


UNCLASSIFIED: Distribution Statement A. Approved for public release.







17


ACKNOWLEDGEMENTS


Authors like to thank Joshua Sterling, Dan Hernandez, and Pauls Toma
for their help with testing in the fire protection lab.


Also, like to thank Yeefeng Ruan and In-Ho Lee for their help in building
the simulation models for combat vehicle crew compartments.


1
UNCLASSIFIED: Distribution Statement A. Approved for public release.







18


BACKUP


UNCLASSIFIED: Distribution Statement A. Approved for public release.







19


TEMPERATURE INSIDE THE FIREBOX
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FACTORS CONSIDERED & MEASURED QUANTITIES


Type of agent


Volume variation


Clutter (representative of electronic boxes & seats etc.)


ACT Modules locations


Amount of agent


Measured Quantities-


Agent weight, Agent concentrations, 


Temperature, Pressure 


Oxygen concentration
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Overview of Research - Core Expertise 
• Multidimensional and non-invasive measurements of thermal-fluid properties (e.g., T,


P, velocity, mass flow rates, vortex, thrust, flame topography, et al)


• Flow instrumentation in practical devices (combustion systems, propulsion systems,
bio-devices, et al)


Ongoing Efforts
• Resolving unsteady 3D leading edge vortexes in bio-flows using 3D velocimetry


techniques (Fig. 1)


• kHz 3D imaging of passive and reactive turbulent flows (Fig. 2)


• Minimally invasive engine diagnostics using endoscopic techniques (Fig. 3)


• In situ 4D visualization


• Adaptive thermal management strategies for hybrid power systems


Fig. 1 Fig. 2 Fig. 3







4D diagnostics – what and why?


3


• What? Experimental capabilities that can resolve target quantity 
in time and all three spatial directions


• Why? Many scientific and engineering problems are inherently 
transient and have 3D spatial structures. 


• A profound scientific problem with plenty of practical apps 


4D imaging of a chemical species 
distribution at 5 kHz 4D imaging of a flying bat at  500 Hz







Relevance to The Grand Challenges


I) Engineering/full-scale testing. 
Discussions would focus on hardware development and testing of new/existing 
designs and technologies
1. Fuel tank design and development 


2. Automatic fire extinguishing systems. 


3. Test and evaluation techniques and methods. 


4. Fire protection challenges presented by unmanned ground combat vehicles. 


II) Science and technology. 
Discussions in this area would focus on the efforts to fully understand the 
mechanism leading to fires in DOD vehicles and systems and research in alternate 
extinguishing agents. 
1. Experimental techniques that provide insight into the relevant mechanisms of 
fire events. 


2. Current state-of-the-art modeling efforts to predict the results of both 
fundamental experiments and full scale events


3. The development of new fire extinguishing agents and materials. 


4. The flammability of materials other than fuels and lubricants that pose a hazard 
to the crew 4







Fundamental gap between multidimensional 
computational and experimental capabilities 


• 3D DNS
V-flame
• 123 cm3


• 64M grid
pnts
• detailed
chemistry


~ 2005


Cover image 
2005 PNAS


~1995 ~ 2016


Beginning of modern
DNS for reactive flows
(2.5×2.5 cm2, H2 flame)


Capabilities


• 2D (50×50 vectors in
5×5 cm2), faster though.


• Beginning of 3D tomo-
PIV (50×50×10 vectors)


Beginning of modern
2D digital PIV (50×50
vectors in 5×5 cm2)


• Larger domain
• More species


more rxns
• Multiphase and


heterogeneous


• kHz rate
• 50×50×10 vector
• 5×5×1 cm3







Diagnostics needs in 
fire protection engineering


• Experimental Challenges: Turbulence, 
radiation, large volume, and scattering


• Ideal sensing abilities 
– Ability to see thru radiation, turbulence, smoke 
– Imaging with depth info (e.g., fire fighting robotics) 
– Ability to monitor large area
– Sensitive detection at incipient stage (via smoke/soot, a 


chemical species, or visual)


• Fundamental Challenges: multi-phase, -physics, and -scale 


Collaborators: 
Vamshi Korivi 
US Army TARDEC


Kevin Boyd 
ARL







How?
Outline


• Intro to 4D fire imaging by tomography


• Progress


• Challenges/Opportunities 
How to make it 10x cheaper?
How to make it 10x more robust?
How to make it portable?
How to make it 10x more resolved in a volume 10x larger?


• Summary and Conclusion 
7







Outline


• Intro to 4D fire imaging by tomography


• Progress


• Challenges/Opportunities 
How to make it 10x cheaper?
How to make it 10x more robust?
How to make it portable?
How to make it 10x more resolved in a volume 10x larger?


• Summary and Conclusion 
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4D diagnostics – how?


• A relatively young research area and several possible approaches
• Noninvasive  tomography, scanning, holography, light field 


imaging, structured illumination
Tomography


4D tomography of a turbulent flame at 5 kHz







Background of 4D LIF 
When/If the problem is linear
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Length of P
= 6 × 1024 ×1024
~ 6 M


Length of F
= 128 × 128 ×256
~ 4 M
Corresponding to ~0.5
mm spatial resolution in
a 5× 5× 10 cm3 volume


Size of PSF = 6M rows × 4M columns ~ 24T elements!!


Practical aspects of three-dimensional flame 
imaging using tomographic chemiluminescence, 
2014 Applied Optics 







Outline


• Intro to 4D fire imaging by tomography


• Progress
• We have developed techniques to enable 4D measurements


- in extremely turbulent flows, both reactive and non-reactive 
- in two phase flows 
- for a variety of parameters including flame front, chemical species, 3D3C 


velocity, et al
- Up to 20 kHz


• Validation results


• Challenges/Opportunities 
How to make it 10x cheaper?
How to make it 10x more robust?
How to make it portable?
How to make it 10x more resolved in a volume 10x larger?


• Summary and Conclusion 11







Camera 1 Camera 3Camera 2


Camera 4 Camera 5 Camera 6


We’ve demonstrated 4D measurements up to 
20 kHz and spatial resolution of 0.5 mm







4D mixture fraction measurements at 5 kHz
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• Measurements made in a passive flow
seeded with I2 vapor


• Measurement duration ~ 100 ns
• 0.5 mm voxel size in a total volume of


5×5×5 cm







Numerical validations
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• Reconstruction from 12 views with 5% measurement noise







Quantitative validation of flame tomography 
using controlled experiments


A customized McKenna burner verifies 
spatial resolution to ~ 1 mm. 


Within a 6cm measurement domain 
discretized in x, y, z directions
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• Spatial resolution verified 
to ~ 1 mm via this method 


• Verification of finer 
resolution limited by 
difficulty to generated 
gaseous flows with 
controlled patterns at 
smaller scale 







• Science 1984
• Kychakoff, Howe, Hanson, Drake, Pitz, 


Lapp, Penney
• OH PLIF in Turbulent Flamefront


• Applied Optics, 1982
• Kychakoff, Howe, Hanson, and 


McDaniel
• Quantitative OH PLIF


Direct experimental validation: 
PLIF Background 


• PLIF (Planar Laser Induced Fluorescence)
• Illumination by a laser sheet
• A most established 2D technique for a 


variety of parameters 
• Flame front, chemical species, T, mixture 


fraction et al


Courtesy - Prof. Ron Hanson’s group, Stanford







First direct 
validation of using PLIF


• 10 Hz combustion measurement based on Q2(6) and 
Q2(2) transitions of CH near 314.415 nm
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VLIF







HiPilot burner that generates extremely 
turbulent flame 


• Courtesy, Dr. Jim Driscoll, U of
Michigan


• Advanced diagnostics with
unprecedented capability in terms
of temporal resolution, spatial
resolution, and dimensionality are
sorely needed







Demo and validation of VLIF on 
highly turbulent flames
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Single-shot VLIF and PLIF comparison 
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(a)


• Singles-shot VLIF demonstrated to capture both large and small scale structures 
of extremely turbulent flames


• PLIF resolution: 1024×1024 pixels, 0.05 mm/pixel
• VLIF resolution: 256×256 = 64k voxels per plane, 28 planes (1.8M voxels total) 


0.18 mm/voxel







Extract key 3D flame properties
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• Low fueling rate (CH4/air = 23.4/211.6 SLPM) and ReT = 1,580. 
• High fueling case (CH4/air = 50.1/453.8 SLPM) and ReT = 4,240.  


• VLIF provides direct measurements of 3D flame surface area, volume, 
curvature, and wrinkling


• Extraction of skeleton of flame 
fronts







Outline


• Intro to 4D fire imaging by tomography


• Progress
• We have developed techniques to enable 4D measurements


- in extremely turbulent flows, both reactive and non-reactive 
- in two phase flows 
- for a variety of parameters including flame front, chemical species, 3D3C velocity, et 


al
- Up to 20 kHz


• Validation results


• Challenges/Opportunities 
How to make it 10x cheaper?
How to make it 10x more robust?
How to make it portable?
How to make it 10x more resolved in a volume 10x larger?


• Summary and Conclusion 
22







How to make it 10x cheaper?
Endoscopic imaging


Fiber endoscopes 
• Facilitate implementation
• Reduce intrusiveness 
• And enable other 


advantages 
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4 fiber bundles 
350x350
1 CMOS chip
2 kHz


Customized fiber-
endoscopes greatly 
facilitate implementation 


1~2 cm







How to make it robust and make it travel?
Packaged portable 4D sensor


WPAFB
Drs. Tim Ombrello and Cam Carter


• AFRL research cell 19
• Mach 2 flow 
• 8 views simultaneously measured 


at 20 kHz


Portable systems have been developed and successfully
applied at WPAFB and GE. Further developments and
upgrades undergoing for other potential campaigns.


WPAFB (Dayton, OH)
GE (Albany, NY)


PW (Hartford, CT)
TADEC (Warren, MI)


Army (Aberdeen Proving Ground, MD)







How to make it robust?
Hardware and algorithm development


, ,
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P r t F x y z t PSF x y z Fr     


• Linear problem


• Nonlinear problem


P = projection captured by a camera
F = sought 3D distribution
PSF = Point spread function (PSF)


6 M pixels ~ 6 M x 4 M (24T elements) • 4 M voxels 


Examples/applications: imaging through turbid media (such as fog or bio-
tissue) or active media (e.g., LIF or radiation-trapping)We have been developing and patenting the hardware 


and software design for industry-worthy system.







How to make it 10x more 
resolved in a volume 10x larger?


Plenoptic Imaging (aka Light-field Imaging)


?


• 11M pixels and  ~ 23 0
• 1 m-lens corresponds to 100 pixels 


• Plenoptic camera can refocus (within a certain range)
• But cannot resolve overlapping features due to limited angular range 


Combination with endoscopes to resolve overlapping features
and facilitate implementation







How to make it 10x more resolved in a volume 10x larger?
AI augmented 4D imaging


• Goals – Use machine learning to augment experimental capabilities to the best our 
hardware can achieve, instead of what we can achieve. 


• Examples – remove blurring, noise, blind spot
• Which sounds “normal”, but actually are the key to obtain high-resolution 


measurements in a larger volume with existing hardware


Experimental 
Measurements 


28*42 PLIF


GAN Restored 
High-Res Image


56*84


GAN
Generative Adversarial Networks







Ultimately, multidimensional 
and multi-scalars measurements 


As motivated by fire engineering


Fire 
Suppressed


Fire Not 
Suppressed


• We are working on a 5D (at least) system to imaging T field and 
fire propagation at kHz, with an ultimate goal of in situ visual!


• Fundamental Challenges: multi-phase, -physics, -dimensional 


Collaborators: 
Vamshi Korivi 
US Army TARDEC


Kevin Boyd 
ARL







Bonus Slide – Fire Under the Context of 
Hybrid Energy Systems


Thermal management 
is a key issue for 
hybrid power system’s 
efficiency and safety


We’ve established a 
niche with expertise in 
thermal-fluid sciences 
and diagnostics.


Novel diagnostics enable 
new opportunities for 
active monitoring and 
control.







Summary and Conclusions


4D diagnostics present both challenges and opportunities for scientific
breakthroughs and practical applications


They are becoming feasible in both laboratories & practical systems


Many collaborative opportunities across disciplines and will invest a
strong effort in collaborations


Acknowledgement
Collaborators: Vamshi Korivi (TARDEC), Kevin Boyd (ARL), Cam Carter (AFRL), Steve Hammack (AFRL), Tim
Ombrello (AFRL), Todd Lowe (Virginia Tech)
Sponsors: Army Research Office, National Science Foundation, US Air Force, US Army, Rolls Royce, Pratt and
Whitney, General Electric


Thank you!


We are working on several ideas to make them cheaper, more robust,
portable, and closer to real world requirements
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NO/LOW GWP FIRE SUPPRESSANTS


Background:
– The Kigali Amendment to the Montreal Protocol on Substances that Deplete the Ozone 


Layer will phase down production of hydrofluorocarbons (HFC) beginning in 2019.


– Joint TARDEC/AMCOM program to evaluate alternate materials for the high GWP 
extinguishing agents (HFC-227ea, HFC-125, etc.) currently deployed in ground and 
aviation weapon systems.


Objectives:
– Evaluation of the technical feasibility of emerging low GWP fire extinguishing agents for 


applicable weapons systems to guide future research and procurements:
– Assessing the need for regulatory exemptions or reserve of high GWP agents if low 


GWP agents are not feasible
– Meeting requirements that are unique to military applications (explosion suppression 


and vulnerability to ballistic threats)
– Cost avoidance due to reduced availability, resulting in greater costs of high GWP 


agents after phase-down


Scope:
– Ground vehicle crew and engine compartments, aviation engine and auxiliary power unit 


(APU) compartments, and portable extinguishers.


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.


DISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.







UNCLASSIFIED/FOUO/DRAFT/PRE-DECISIONAL


UNCLASSIFIED/FOUO/DRAFT/PRE-DECISIONAL


3 3


KIGALI AMENDMENT TO MONTREAL PROTOCOL


Article 5 Group 1 Article 5 Group 2 Article 2 


Baseline 2020-2022 2024-2026 2011-2013


Formula Average HFC consumption Average HFC consumption Average HFC consumption


HCFC 65% of baseline 65% of baseline 15% of baseline*


Freeze 2024 2028 Not applicable


1st step 2029 – 10% Reduction 2032 – 10% Reduction 2019 – 10% Reduction


2nd step 2035 – 30% 2037 – 20% 2024 – 40%


3rd step 2040 – 50% 2042 – 30% 2029 – 70%


4th step None None 2034 – 80%


Plateau 2045 – 80% 2047 – 85% 2036 – 85%
* For Belarus, Russian Federation, Kazakhstan, Tajikistan, Uzbekistan 25% HCFC component of baseline and 


different initial two steps (1) 5% reduction in 2020 and (2) 35% reduction in 2025
Group 1: Article 5 parties not part of Group 2
Group 2: GCC, India, Iran, Iraq, Pakistan


HFC Consumption Phase-Down Schedule


 On 15 Oct 2016, Parties to the Montreal Protocol adopted the "Kigali 
Amendment" that adds HFCs to the Montreal Protocol and gradually reduces 
their consumption (production + imports - exports - destruction)
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NO/LOW GWP FIRE SUPPRESSANTS


 Evaluating feasibility of low GWP chemicals to replace high GWP fire suppressants 
in Army weapon systems


Aircraft


Halon 1301, 
HFC-227ea+ 
bicarbonate


Handheld Fire 
Extinguishers


HFC-227ea, 
HFC-125


*Fixed Facility 
Systems


Halon 1301, 
HFC-125 %


Halon 1301, 
HFC-227ea+ 
bicarbonate #


HFC-227ea,
HFC-125,
HFC-23


 Determine need for regulatory exemptions and/or strategic reserve of HFCs if 
low GWP chemicals do not prove feasible


* No projects planned
# Army Aviation HFC-227ea/SBC HFEs under contract – fielding pending
% Army Aviation does not use HFC-125 in any system, however other DoD systems do


Chemicals 


Targeted for 


Replacement


Engine 
Nacelles 


and APUs


*Unoccupied 
(Engine) 
Spaces


Occupied 
(Crew) 
Spaces


Ground 
Vehicles
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CANDIDATE LOW GWP AGENTS


Material (1) Potential Application Key Findings
HFE Crew Engine


Solstice 1233zd X X High byproduct levels


2-BTP X X Low EC and LOAEL


Chemours TF-1/FC-1 X X High byproduct levels


Chemours SC-1 (3) X X Moderate EC and byproducts


Opteon 1100 (HFO 1336mzz-Z) (3) X X Moderate EC and byproducts


Opteon 1150 (HFO 1336mzz-E) X X X High EC and byproducts and LOAEL


Hexafluoropropene X X High byproducts, Toxicology TBD


Chemours SC-2 TBD Limited availability


E-Octafluoro-2-butene (2) TBD Toxicology TBD, Low BP, Limited availability


1,2,3,3,3-Pentafluorpropene TBD Toxicology TBD, Limited availability


2-Chloro-3,3,3-trifluorpropene TBD Toxicology TBD, Limited availability


Z-1,1,1,4,4,4-hexafluoro-2-butane TBD Toxicology TBD - possibly flammable


2,3,3,3-tetrafluorpropene TBD Toxicology TBD - possibly flammable


1-Chloro-1,3,3,3-tetrafluoropropene TBD Toxicology TBD - possibly flammable


AF11e GWP and ODP unacceptably high


Solstice 1234ze Flammability issue


(1) All agents except AF11e are alkenes which generally have short atmospheric lifetimes. 


(2) Studied previously (NIST HOTWC report R0000270): cup-burner extinguishment 4.9%, bp 0.8 °C


(3) Chemours SC-1 and Opteon 1100 have been confirmed to be the same chemical per manufacturer


- Active evaluation
- Potential candidate
- Potential; higher risk
- Eliminated from consideration
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CUP BURNER TESTING (NRL)


• The sub-scale (5/8) experimental setup able to accurately 
quantify flame extinction concentrations.


- Test data with N2 and halon 1301 compared to historical 
values (based on the full-scale cup burner) to ensure the 
setup gives consistent results.


• Validated experimental setup used to low GWP candidates 
on separate days to further verify consistency of results.


• Cup burner modified to improve agent introduction for some 
agents (i.e. 2-BTP)


UNCLASSIFIED / For Official Use Only


Agent Day 1 Avg EC Day 2 Avg EC Day 3 Avg EC Total Avg EC


Solstice 1234ZE 6.31% 6.38% 6.51% 6.40%


Solstice 1233ZD 6.29% 5.73% 5.37% 5.80%


2-BTP 3.60% 4.92% 5.37% 4.63%


TF-1 5.21% 6.43% 5.43% 5.69%


Opteon 1150 3.99% 3.56% 3.40% 3.60%


Opteon 1100 7.57% 5.83% 6.61% 6.74%


Hexafluoropropene 5.64% 4.28% 5.58% 5.17%
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SMALL-SCALE CHAMBER TESTING


Overhead view of 8 ft3 chamber


Discharge 
nozzle


FTIR sampling 
line


Circ. Fan 
(below fire level)


2’


2’


2-BTP shows potential as a total flooding and streaming compound


1233zd shows potential as a streaming compound


TF-1 shows potential as a total flooding compound. Only available in experimental 
quantities


1234ze reacted violently and generated high levels of acid gases; will not be pursued 
further


Opteon 1150 has a low cup burner value but higher concentration required in the chamber 
testing


Hexafluoropropene produced high byproduct concentrations relative to other materials


Halon 1301 and FM-200 used as baselines to verify chamber performance


UNCLASSIFIED / For Official Use Only


BDL – below detection limitExtinguishing 
Concentration


(cup burner)


Avg.
Extinguishing 


Concentration


Byproduct Results (Peak)


HF COF2


2-BTP 4.6% 3.7% 20-50 ppm 20-60 ppm


Solstice 1233zd 5.8% 7-10% 1800 ppm 560 ppm


Chemours TF-1 5.7% 7.7% 1280 ppm 260 ppm


Hexafluoropropene 5.2% 10.5% 2800 ppm 585 ppm


Opteon 1150 3.6% 11.3% 1350 ppm 315 ppm


Opteon 1100 6.7% 9.1% 310 ppm 80 ppm


Halon 1301 2.9% 3.0% BDL BDL


FM200 6.7% 8.9-11.0% BDL BDL


FM200+SBC 6.7% 5.0-6.5% BDL BDL
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TOXICOLOGY


– The safe level for HFCs and most alternate agents is intended to prevent cardiac sensitization, a 
condition in which the heart may become sensitized to catecholamines (i.e., adrenaline) increasing 
the risk of cardiac arrhythmia.


• Criteria are based on animal studies and pharmacokinetic modeling.
• Criteria are available for the primary agents under consideration. 


– Most of the fluoroalkene agents considered have little to no toxicology data available for either acute 
inhalation toxicity or cardiac sensitization.


• Animal studies would be required to fill toxicity data gaps and derive safety criteria if these 
candidates meet other performance requirements.


– In the case of hexafluoropropene, acute inhalation toxicity from kidney effects may be a greater 
limiting factor than cardiac sensitization. 


– Combustion byproducts of primary concern are hydrogen fluoride (HF) and carbonyl fluoride (COF2).
• COF2 toxicity is recognized to be higher than HF and a greater limiting factor.
• Based on experience with FM200-BC, the use of blends with dry powder is considered critical for 


reducing byproducts of the alternative agents.
HFC-227ea


2-BTP
Solstice PF Opteon 1100


(HFO-1336mzz-Z)
Opteon 1150


(HFO-1336mzz-E)(FM-200) (Solstice 1233 zd)
CAS 431-89-0 1514-82-5 102687-65-0 692-49-9 66711-86-2 


IUPAC name and 
structure


1,1,1,2,3,3,3-
Heptafluoropropane


2-Bromo-3,3,3-trifluoro-
1-propene


Trans-1-chloro-3,3,3-
trifluoropropene 


(Z)-1,1,1,4,4,4-
Hexafluoro-2-butene


(E)-1,1,1,4,4,4-
Hexafluoro-2-butene


(CF3-CHF-CF3) (CF3CBr=CH2) (CF3CH=CHCl) (CF3CH=CHCF3) (CF3CH=CHCF3)
LOAEL (%) 10.5 1 (Madden, 2014) 2.5 2.5 7.0
NOAEL (%) 9.0 0.49 (Huntington, 2002) 2.5 1.25 7.0


8-hr TWA (ppm) 1,000 11.0 (proposed) 800 500 ?
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FUEL-SPRAY FIRE TESTING


Agent Starting 
Quantity


Calibration N/A


Baseline (FM200BC) 10lbs + 10% BC


BC Dry Chemical, regular 3.75 lbs


BC Dry Chemical, nano 3.75 lbs


BC Dry Chemical, mix TBD


HFO-1233zd(BC) 7lbs + 10% BC


Opteon 1100(BC) 8lbs + 10% BC


Opteon 1150(BC) 6.5lbs +10% BC


2-BTP 6.5lbs + 10% BC


Starting quantity: minimum design concentration


• Candidates are being tested in a 172 ft3 crew 
compartment mockup in both open and cluttered 
configurations.


• Agent down-select and design concentrations based on 
small-scale test results.


• Testing to verify laboratory results and 
determine agents for further development in full-
up vehicle.


• Testing started as-of 17 Sep


79.75” 60”


62”
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NO/LOW GWP PAN FIRE ASSESSMENT
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PURPOSE


• Top level assessment of candidate agent performance against modified 
UL711 pan fire (JP8 fuel source).


• Testing the agents in non-optimized handheld fire extinguishers (HHFE) still 
provided valuable performance information that can be used if future 
optimization testing is required.


• Agents were tested in a neat configuration and blended with different sodium 
bicarbonate (SBC) additives.
– SBCs - processed USP grade SBC (sub-micron particle size, uncoated)
– KSA (reduced particle size Kiddex)


• Agents included a variety of experimental compounds and commercially 
available materials.


NO/LOW GWP PAN FIRE ASSESSMENT
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TEST INFORMATION


• Testing conducted was more exploratory rather than performance 
verification.
– Extinguisher hardware, fill configuration, and discharge characteristics 


were non-optimized


• Two different extinguisher variants were used for testing
– 80 in3 cylinder
– 97 in3 cylinder
– Both cylinders had discharge nozzles directly attached to the valve 


head assembly (VHA)
– One trial was conducted using an 80 in3 cylinder with swing arm and 


horn


NO/LOW GWP PAN FIRE ASSESSMENT
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TEST INFORMATION, CONTINUED


• Fill configuration and nozzle type varied to produce discharge 
characteristics that were reasonably similar to a fielded unit and NFPA 
guidelines
– ~9 second discharge
– ~6 ft. throw distance


• Four nozzle types were used with varying overpressurization
– Spraying Systems H6.5, 240 psi
– BETE P190, 230 psi
– 16 hole nozzle, 230 psi
– 1211 Amerex nozzle, 130 psi


• After switching to the 97 in3 cylinder, the 1211 nozzle and 130 psi over 
pressurization was used in most tests for consistency


NO/LOW GWP PAN FIRE ASSESSMENT
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PERFORMANCE SUMMARY (97 IN3 CYLINDER)


Agent SBC 


Type


SBC Percent Largest Successful


Extinguishment


2-BTP - - 5B (12.5 ft2)
Honeywell Solstice ZD - - 2B (5 ft2)
Honeywell Solstice ZD SBCs 5 3B (7.5 ft2)
Honeywell Solstice ZD KSA 10 3B (7.5 ft2)


Chemours Opteon 1100 - - 2B (5 ft2)
Chemours Opteon 1150 - - 3B (7.5 ft2)
Chemours Opteon 1150 KSA 5 3B (7.5 ft2)


NO/LOW GWP PAN FIRE ASSESSMENT
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DISCUSSION ON PERFORMANCE


• 2-BTP did not seem to blend as easily with SBCs and KSA as some of the 
other agents.  Limited blended testing was conducted but additional 
studies would be useful to determine the interaction between 2-BTP and 
SBCs.


• Honeywell Solstice ZD and Chemours Opteon 1150 performed adequately 
as blended agents – further optimization to increase flow and improve 
discharge pattern is desired to see if performance can be increased.


• Opteon 1150 has a lower boiling point than many no/low GWP compounds 
which can be beneficial in fire extinguishing applications.


• Testing with Opteon 1100 as a blended agent was not conducted due to 
limited time and material.  


NO/LOW GWP PAN FIRE ASSESSMENT
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SIMULATED ENGINE NACELLE FIRE TESTING
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ENGINE NACELLE TESTING WITH 2-BTP


• Exploratory Testing was conducted 06 – 17 August 2018 at the FAA Technical 
Center (FAATC) Generic Nacelle Fire Simulator (gNFS)


• Test concept leveraged from previous work conducted in the mid 2000s by 
industry


• The gNFS is used to assess the behavior of potential halon-replacement 
candidates considered for use in the fire zones of power plant and auxiliary 
power unit compartments of aircraft.


• FAATC established a baseline Halon 1301 performance which is used as a 
reference for candidate agent testing.


• This testing was conducted in 2018 to see if an adverse reaction observed in 
previous testing could be mitigated with modifications.


ENGINE NACELLE FIRE TESTING
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GNFS AGENT CHARACTERISTICS


• Previous testing with 2-BTP ended with negative results upon fuel reignition
within the test fixture. FAATC described the phenomena as an audible cue or 
thud, with one particular instance louder than the rest.  


• Attempts to reduce or eliminate the negative results were two-fold with the 2018 
testing:
– Discharge the 2-BTP into the gNFS at a heated agent temperature to 


simulate a solid propellant gas generator (SPGG) pressurization.  This 
would be used to expel the agent at approximately 200° F.  NOTE: It is also 
thought that a SPGG capability with higher boiling point (BP) agents such as 
2-BTP would help overcome low temperature performance requirements.


– Each cylinder was heat soaked to 185° F to simulate the SPGG.  The 
thermal limits of the electronic solenoid valves were limited to 185° F.


– The heated 2-BTP was also injected into the system with a 10% by weight 
charge of specialized sodium bicarbonate (SBCs).  The SBCs has been 
shown in the past to assist in decomposition product reduction during a fire 
event when mixed with an extinguishing agent.


– Each test used 4.4 lb. of 2-BTP and 0.44 lb. SBCs


ENGINE NACELLE FIRE TESTING
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2-BTP/SBCS AGENT CONFIGURATIONS


• 2-BTP and SBCs were injected into the gNFS plumbing in different ways 
to try and identify which modification was needed to improve performance


• Discharge configurations consisted of:
– Heated 2-BTP + SBCs (injected simultaneously from separate 


cylinders)
– Heated 2-BTP (neat SPGG simulation)
– Ambient 2-BTP + SBCs (assessing the change from addition of SBCs 


only)
– Ambient 2-BTP (worst case verification, attempt to recreate negative 


result)
– Ambient 2-BTP + SBCs Slurry (10% slurry, 5 minutes of 


ultrasonication)
– Ambient 2-BTP + SBCs Slurry (15% slurry, 5 minutes of 


ultrasonication)


ENGINE NACELLE FIRE TESTING
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GNFS PLUMBING LAYOUT


2-BTP SBCs


• Cylinders discharged simultaneously through high speed solenoids
• Slurry and neat 2-BTP single bottle trials replaced the “T” fitting with a 90º elbow
• Nozzles are required to discharge directly into the gNFS or upstream
• Discharge nozzles cannot be directed downstream at the fire source


ENGINE NACELLE FIRE TESTING
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GNFS TEST SETUP


• The gNFS operates in two different configurations – low vent and high vent.
– Low vent is considered to be more difficult and was most likely to produce 


negative results and was chosen as the gNFS configuration for this test
– Low vent test configuration consists of slower airflow through the gNFS 


and an increased temperature in the test zone.


• The agent injection area inside the gNFS consisted of four sets of three 
nozzles around the circumference of the gNFS
– Unmodified oil spray nozzles were used which were chosen to aerosolize 


the blended agent.  NOTE:  These were used in industry testing also
– To increase flow, some oil spray nozzles were drilled to a larger orifice size
– ¼” pipe caps with drilled out discharge ports were used for even faster 


flow


ENGINE NACELLE FIRE TESTING
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GNFS SHORTCOMINGS AND CONCLUSIONS


• Preparation for testing at the FAATC was shortened by several weeks
– Delay in ordering and receipt of plumbing, hardware, and tools reduced 


preparation time further 
– First trial discharge was conducted at the FAATC on a simulated nacelle fire –


delay did not allow for any discharge testing prior to gNFS testing
– Discharge times for most tests were between 2.5 and 3 seconds.  


Improvements to nozzles and plumbing would be needed to reduce the time 
by 1 – 2 seconds.


• Low-vent configuration produced varying results even with identical agent setups.  
This variability was expected by FAATC based on the characteristics of the low-
vent setup


• General trend showed a possibility of improvement over ambient 2-BTP testing 
conducted previously
– SPGG and SBCs blend optimization with 2-BTP and other low BP/low GWP 


candidates would be worth exploring further in future testing 


ENGINE NACELLE FIRE TESTING
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Summary/Conclusions
– Results to date indicate that most currently available candidate low GWP agents:


• Have shown varying levels of firefighting performance
• Exhibit more reactivity than current HFCs resulting in elevated byproduct 


levels
• May require greater reliance on powder additives than current HFCs to 


achieve required performance
• May have performance further improved by additional delivery system 


development


Ongoing Activities
• Complete abbreviated handheld extinguisher development 
• Complete full-scale crew AFES testing with multiple candidates
• Analyze engine nacelle testing results from FAA Tech Center
• Prepare summary report documenting findings
• Continue to pursue additional funding sources to advance this effort


UNCLASSIFIED / For Official Use OnlyDISTRIBUTION STATEMENT A.   Approved for public release; distribution unlimited.
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DGA - MISSIONS


MINISTÈRE


DES 


ARMÉES


(MOD)


CEMA
Chief of the 


Defence Staff


SGA
Secretary


General  for 
Administration


CEMAT
Chief of Staff 
for the Army


CEMM
Chief of Staff
for the Navy


CEMAA
Chief of Staff


for the Air Force


DGA
Chief


Executive


of the 


DGA


Promote Defense


equipment for 
export 


Prepare the future 


of Defense systems


Equip the Armed Forces







DGA TA / MTF


30/10/2017


4
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testing (Odeillo)
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Aeronautics related skills, relevant to other domains


EMBEDDED SYSTEMS


& SOFTWARE


SYSTEMS & SUBSYSTEMS


MATERIALS  & 


TECHNOLOGIES


STRUCTURES


AIR MOBILITY


TEST RIG ENGINEERING


ELECTROMAGNETISM  


& OPTRONICS


DGA AERONAUTICAL SYSTEMS
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 90 % MoD


 10 % Industry


 Mechanical characterisation


 Corrosion and coating evaluation


 Fire behaviour testing


 Solar furnace with flux and temperature 


control – Odeillo site


 Post incidents-accidents investigation 


 Activity


MATERIALS & TECHNOLOGIES


DGA AERONAUTICAL SYSTEMS
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 Evaluation of fire resistance of materials (small and medium scale)


• Fire reaction(propagation, smoke, toxicity, HRR measurement)


• Fire resistance (performance of assemblies / equipment)


 Tests from scratch (specific requests and studies)


 Numerical simulation


Missions


FIRE LABORATORY
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2 tests enclosures (≈70 and 100m3 ):


1 test enclosure of 1000m3 dedicated to full scale fire tests


FIRE LABORATORY
Test facilities
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 Flamability test (Bunsen Burner test) :
(flame propagation & self-extinguishability)


 NBS test chamber : 
(smoke & toxicity)


 Radiant Panel : (flame propagation on 
thermal-acoustic insulation materials)


 OSU Test Chamber : 
(heat release)


 Cone calorimeter
(heat release, mass loss, opacity,           


ignition…)


FIRE LABORATORY
Standard fire tests for aircaft FAR/CS25


Small scale
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 Seat Cushion test: (≈ 1040°C / 120kW/m²)
(flamability of seat cushion)


 Cargo Liner test: (≈ 930°C / 90kW/m²)
(fire resistance of cargo liners)


 Burnthrough fire test: (≈ 1040°C / 180kW/m²)
(post crash fire penetration of insulation blankets)


 AC 20.135 / ISO 2685 Fire resistance test: (≈1100°C/120kW/m²)
(fire test on equipment & fire walls installed in fire zones)


FIRE LABORATORY
Standard fire tests for aircaft FAR/CS25


Medium scale
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 Soldier equipment tests with an 


instrumented manikin


• Burn cartography of the body


depending on the equipment tested


 Aircraft carrier : Half 


Rafale wing fire test to 


assess the risk of 


composite fire and 


extinguishment 


capabilities 


FIRE LABORATORY
Full scale tests – Air & Ground Forces + Navy
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 European project to assess the potential 


use of composites in naval structures


 Fire resistance test according to ISO834


 New fire reaction test apparatus


purchased in 2017


FIRE LABORATORY
Full scale tests – Navy
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 Extinguishment systems in an armored vehicle


 Fires in different parts of the vehicle


• Engine area


• Passenger compartment


 Several technologies of fire suppressor 


evaluated


FIRE LABORATORY
Full scale tests – Army
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 Characterization of kerosene and propane pool fires


FIRE LABORATORY
Full scale tests – Air Force Fire Brigade
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 Cell scale studies (ion and polymer)


 Thermal runaway resistance of equipment


 Study in progress to assess the effect of thermal 


runaway in cabin or cargo (risk assessment, detection, 


extinction...) 


 Thermal runway of large battery packs inside or outside 


the vehicles (“smoke proof” vehicle, toxicity, overall 


effects on crew and vehicle


FIRE LABORATORY
Lithium Batteries


Powerbank Li-ion 26 800 mAh
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FIRE LABORATORY
Numerical simulation


• Studies


Smoke propagation in test facilities


Pre-test simulation for instrumentation optimization


Full scale test simulation to reduce number of tests


Caracterization of materials with the lab to improve


simulation


• Internship


Stay updated


R&D


Scale effect study


Ventilation-controled fire simulation
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 Overview of the experimental capabilities 
available at DGA Aeronautical Systems
•Regulatory fire tests for aeronautics


• Full scale tests facilities


• Flame characterization


•Application to Navy, Ground Forces, Fire fighters, Air 
Force…


 Development of fire simulation competences
 Development of battery lithium testing


CONCLUSION
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 Standard fire tests / Fire lab manager: 


• Serge LE NEVE serge.le-neve@intradef.gouv.fr


 Full scale tests:


• Camille RIERA camille.riera@intradef.gouv.fr


• Antoine ORTH antoine.orth@intradef.gouv.fr


 Numerical simulation and battery testing:


• Antoine ORTH antoine.orth@intradef.gouv.fr


 Fuel tanks and ground vehicles:


• Antoine OGER antoine.oger@intradef.gouv.fr


CONTACTS
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QUESTIONS ?








UNCLASSIFIED


Aramid Fabric Overwraps of Steel Fuel 
Tanks Subjected to Shaped Charge 


Attack
Brian R Scott


ARL


October 10  2018
Systems Fire Protection Information Exchange
APG, MD


UNCLASSIFIED


UNCLASSIFIED







Army Fire Design Guidance


• MIL-HDBK-684
• FEBRUARY 15, 1995
• DESIGN OF COMBAT VEHICLES FOR FIRE 


SURVIVABILITY
• “Once the armor is perforated, the ballistic penetrator 


cannot be prevented from killing people or destroying 
equipment, but a fire can be prevented, spall or 
secondary missiles can be minimized or stopped, and 
the generation of irritating, noxious, or toxic particulate or 
gaseous products can be minimized.”  (1-4.1)


UNCLASSIFIED


UNCLASSIFIED







Incumbent US Spall Liner Materials


• MIL-DTL-62474F (AT) LAMINATE:  ARAMID-FABRIC-
REINFORCED, PLASTIC,  class B


• MIL-DTL-64154B LAMINATE: FIBERGLASS-FABRIC-
REINFORCED, PHENOLIC,  class A


UNCLASSIFIED


UNCLASSIFIED







External Fuel Tank Situation


UNCLASSIFIED


UNCLASSIFIED


An external diesel fuel tank is vulnerable to Shaped Charge Jet (SCJ) warhead attack


Undesirable aspects:
ignition of fuel
leaking of fuel into burning pool
structural failure of entire fuel cell
spreading of fire to other locations
Fuel/Air Explosion (FAE) internal and external to tank







One option for mitigation


UNCLASSIFIED


UNCLASSIFIED


Structural overwrap 


Not intended to defeat the shaped charge jet (SCJ)


Non- flammable biaxial (hoop and longitudinal) reinforcement
Keeps holes from growing, keeps drum from opening up


Self sealing of holes to limit fuel spillage, oxygen supply
materials must react in ms/µs and not support fire spread


Prevent ignition or extinguish flame 
intumescent, oxygen scavengers, endothermic, insulation, thermal sinks


Option for retrofit of existing tank


Option for alternate tank construction (metal/composite hybrid)







Overview of overwrap


UNCLASSIFIED


UNCLASSIFIED


or


aramid fabric wrap
or glass reinforced plastic (GRP)
outer shell


Fire retardant (FR) rubber wrap


rubber coated wrap


aramid fabric
hole closure via fibrillation
High tensile hoop strength
High fire resistance
Pyrolization shrinkage


FR rubber
hole closure via stretch recovery
Small entrance hole
Shifted hole stack-up
Fracture and tear resistance
Binder for FR powder


boric acid
aluminum trihydrate
sodium bicarbonate


Dynamic thermal curative


GRP outer shell
Excellent structure
Excellent fire resistance
Laminate potential buckling







Status of materials / establish baseline


UNCLASSIFIED


UNCLASSIFIED


Some Kevlar fabrics available (1.27 m-1.65 m width)


Limited rubber coated fabrics available


Nomex felts available


Subscale 125 liter steel drums available


Custom steel cylindrical tanks from weld shop


Preliminary tests with laboratory shaped charge warheads
identified one subscale tank configuration that could
provide a baseline to compare various overwrap designs


1.6 mm thick steel wall cylindrical tank
305 mm diameter,   457 mm long,  
¾ full, water filled







LF-2 Viton binder with thermal activated curative
(no longer available)


Single phase Viton with thermal activated curative
available for extrusion into 3.2 mm sheet
not known whether coating is possible


Smart fire retardant polymer


establish filled elastomer sample casting capability


establish filled elastomer fabric coating capability


interim use of existing rubber mats


interim use of rubber coated Kevlar fabric


custom casting/extrusion of boric acid filled Viton sheet


Experience from reformulation of Detasheet-C explosive
(highly flammable RDX / PETN powders)







Bare 1.6 mm steel wall – water filled


65 mm lab warhead
No lead particle (LP) stripping
Rubber debris strip


entrance exit


Hoop hole dia = 183 mm
Axial tear = 368 mm


Hoop hole dia = 63.5 mm
Axial tear = 175 mm







Simple Assembly







40 ply wrap 1.6 mm steel wall – water filled


65 mm lab warhead
No LP stripping
Rubber debris strip


entrance exit







40 ply wrap 1.6 mm steel wall – water filled


65 mm lab warhead
No LP stripping
Rubber debris strip


entrance exit


Hoop hole dia = 95 mm Hoop hole dia = 19 mm
axial hole dia =  19 mmaxial hole dia = 60 mm







40 ply wrap 1.6 mm steel wall – water filled


exit sideentrance side


tank contact







20 ply wrap 1.6 mm steel wall – water filled


65 mm lab warhead
No LP stripping
Rubber debris strip


entrance exit







20 ply wrap 1.6 mm steel wall – water filled


entrance exit


axial hole dia =  50 mm
hoop hole dia =  57 mm


hoop hole dia =  50 mm
axial hole dia + tear =  108 mm







20 ply wrap 1/16 (0.063) wall – water filled


exit sideentrance side tank contact
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Qualitative Observations
Fabric alone


Extent of steel tank hole diameter and petalling proportional
to ply count


minimum ply count not determined yet


Fiber pulling and stretching in hoop direction
Tensile failure visually apparent in both directions
SEM confirmation of fibrillation


No visual evidence of shear failures around hole


Most fabric holes smaller than steel tank holes


Exit hole dimensions less than entrance


Evidence of partial hole clogging 







20 ply fabric + felt + rubber slab


70 x 70 mm


60 x 65 mm







Rubber coated fabric + felt


60 x 45 mm


20 x 35 mm
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20 ply + felt + rubber


axial-mm hoop-mm


Rubber coated vs rubber slab


Steel tank hole
Steel tank hole







Qualitative Observations
including rubber and felt


For roughly equal areal density and thickness


Fabric holes smaller than tank holes


Fabric exit holes smaller than fabric entrance holes
(due to lower jet diameter and energy?)


Felts not effective on entrance side due to radial 
displacement, nor on exit due to displacement from tank


Evidence of partial hole clogging 


Performance ranking: based upon minimal hole in exit side 
of tank and/or average hole diameter in fabric


20 ply RCF*+FELT > 40 ply FAB > 20 ply FAB+FELT+RUB > 20 ply FAB > BARE TANK
* Rubber Coated Fabric







Discontinue the use of a single felt layer


Evaluate a thin layer of felt between each fabric layer


Continue to evaluate flame resistant rubber layers, either
as a coating or single layer in contact with tank


Using the 20 ply coated fabric design as a benchmark,
compare designs incorporating:


fewer overwraps
different rubber fillers in coatings and thick sheet form
alternate fabric architectures
rigidized fabric (composite) wraps with stiffened tanks


When a compromise between cost, construction simplicity
and weight is identified - move up in scale and consider
challenging the wrap with fuel filled tanks


Recommendations
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Regulatory Update of Drivers for Low GWP 
Agents and Refrigerants


Patrick Taylor, JENSEN HUGHES
11 October 2018







www.jensenhughes.comAdvancing the Science of Safety


 Review
 In 2015, the Parties to the UNFCCC approved this international 


climate change treaty  
 Main components are Nationally Determined Contributions (NDCs)


– Define the goals of each Party’s climate change program (voluntary)
– Outline mitigation measures they plan to meet that goal (voluntary)


 Ratified by 114 countries and has already entered into force 
 November 2016 meeting in Marrakech was the first Meeting of 


Parties of the Paris Agreement (MOP 1)
– Held during and after U.S. election 
– Marrakech Action Proclamation seen as a strong political statement on 


the determination of countries to move forward on the Paris Agreement 
with or without the U.S.


 Update
 U.S. announced its withdrawal from the Agreement in June 2017
 The controversial decision was attributed to the unfair burden it 


would put on the U.S. economy


Paris Agreement
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 Review
 On 15 Oct 2016, the Montreal Protocol was amended to add high 


GWP hydrofluorocarbons (HFCs) to the list of controlled 
substances 


 Gradually reduces the global production of high GWP HFCs
 Phase-down and not a phase-out
 Sets different goals and timelines for developed and developing 


countries 
– Montreal Protocol refers to developing countries as Article 5 Parties 


and developed countries as non Article 5 Parties
– In this case, Article 5 Parties are broken into two groups: Group 2 for 


(essentially) high ambient temperatures
 Update
 The Amendment remains unratified by the U.S.
 However, enough countries have ratified Kigali so that it will go 


into effect 1 January 2019
 Unclear what U.S. path forward will be


Kigali Amendment to Montreal Protocol 
on Substances that Deplete the Ozone Layer
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 Introduced to the Senate in February as SB 2448 
 Would require EPA to issue rules by 31 December 2018 to 


phasedown HFCs in accordance with schedule outlined in 
Kigali Amendment


 Applies to refrigerants, solvents, fire retardants, foam blowing 
agents, aerosols and propellants


 Encourages improvement of refrigerant management 
programs


 Focus is on keeping American jobs in chemical manufacturing 
industry rather than on the environment
 Gives flexibility and minimizes costs to HFC producers
 Does make mention of improving protections for human health and 


the environment
 Seeks to minimize costs to the consumer


 No action yet from the Senate


Senate Bill “American Innovation and Manufacturing 
Act of 2018”
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 In May, 32 top executives of HVAC&R companies sent a letter 
to the President asking him to send the Kigali Amendment to 
the Senate for advice and consent
 Estimates 589,000 jobs that would be kept and 33,000 jobs that 


would be added to manufacturing sector
 Estimates $4.8B in increased American exports
 Signatories include companies such as: Hillphoenix, Danfoss Cool 


North America, Emerson, Johnson Controls, Dow Chemical, 
Honeywell and others


 In June, 13 Republican Senators followed suit with a similar 
letter to the President
 Asks the President to send them the Kigali Amendment
 Cites similar economic figures as HVAC&R letter
 Signatories include prominent members of the Senate: John 


Kennedy (LA), Susan Collins (MA), Lindsey Graham (SC), Lisa 
Murkowski (AK) and Marco Rubio (FL) to name a few


Push for Ratification of Kigali
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 In August 2017, the D.C. Circuit Court of Appeals ruled that 
EPA does not have the authority under the Clean Air Act to 
require manufacturers to replace non-ODS such as HFCs 


 EPA did not challenge the Court’s ruling, but industry and 
environmental interveners sought a rehearing “en banc” but 
were turned down


 Industry and environmental groups then challenged the ruling 
to bring it to the Supreme Court
 Majority opinion in D.C. Circuit Court of Appeals ruling written by 


new Supreme Court Justice Brett Kavanaugh
 This ruling changes the way EPA regulates HFCs and vacates 


part of its SNAP Program
 EPA will need to reevaluate how they will regulate second 


generation alternatives and run the SNAP Program in general
 Example: Supermarket refrigerators.  Some might be replaced 


using SNAP if they use ODS, but if not, SNAP would not apply.


Significant New Alternatives Policy (SNAP) 
Program Lawsuit
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 In light of the Court ruling, the California Air Resources 
Board (CARB) passed its own law to reduce the use of high 
GWP HFCs
 Known as the California Cooling Act, SB 1013
 Includes SNAP delisting rules with modified deadlines
 Establishes an incentive program to encourage retailers and 


local utilities to switch to low GWP technologies
 Keeps CA on track to reach previously established HFC 


emission goals
 Other States (e.g., New York) are considering doing 


something similar
 The Clean Air Act authorizes California to adopt and enforce 


State standards at least as protective as Federal ones
 Other States may then adopt California’s standards
 More than half the States that have done so contain Army 


installations


California Law
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 Confirm quantities and types of HFCs needed
 Work with EPA on development of regulations to 


implement the Kigali Amendment
 Continue evaluation of new alternatives
 Industrial base issues 
 Where will High GWP HFCs be manufactured? 
 Create HFC reserves?
 Establish manufacturing capability?


What next?
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Questions?
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Backup
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 Agreed in 1992
 Signed by President Bush in June 1992
 Ratified by Senate in October 1992
 Cooperatively consider 
 Limit average global temperature increases and resulting 


climate change
 Cope with inevitable impacts (adaptation)


 195 parties to the convention 
 Led to the Kyoto Protocol – expired
 Led to the Paris Agreement 


UFCCC
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 Adequacy of proposed NDCs (limiting rise in 
temperature to 2°C) 


 Measurement and verification of NDC activities 
(rules and guidelines for reporting) 


 Financing 
 Technology transfer and intellectual property 


UNFCCC – Paris Agreement
Key Issues for Treaty Implementation 
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 September 16, 1987 – International Ozone Day
 Signed by President Reagan December 21, 1987
 Ratified by Senate April 21, 1988
 Entered into force January 1, 1989
 Signed initially by 46 countries
 One of the most successful treaties of all time
 Ratified by 197 states (all 193 UN and the Holy See, Niue and 


the Cook Islands) as well as the European Union
 Regulates production and sharing of production, called 


consumption of Ozone Depleting Substances (ODS) and now 
High GWP HFCs that are/were the alternatives to ODS


 Does not regulate use of these materials


Montreal Protocol
on Substances that Deplete the Ozone Layer
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Montreal Protocol
on Substances that Deplete the Ozone Layer
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* For Belarus, Russian Federation, Kazakhstan, Tajikistan, Uzbekistan 25% HCFC 
component of baseline and different initial two steps (1) 5% reduction in 2020 and 
(2) 35% reduction in 2025


Group 1: Article 5 parties not part of Group 2
Group 2: Gulf Cooperation Council countries (Saudi Arabia, Kuwait, the United 


Arab Emirates, Qatar, Bahrain, and Oman), India, Iran, Iraq, and Pakistan
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 Radiative forcing is a way to compare the effects of emissions on the 
energy balance of the atmosphere and hence on the climate


 GWP is based on the time integrated radiative forcing due to a pulse 
emission of a unit mass of a gas
 Can be given as an absolute global warming potential (AGWP) in units of 


Wm-2 kg-1 year
 More commonly given a dimensionless value by dividing the AGWP by the 


AGWP of a reference gas, typically CO2


 GWPs are integrated over a particular length of time
 Most common for policy makers is 100 year horizon
 Also typical to see 20 year and 500 year horizons
 Depending upon atmospheric lifetime, different time horizons may have 


different implications 
 While there are many references to high or low GWP there is no 


accepted definition of high or low GWP (or anything in between) 
 For purposes of this presentation low will be taken to mean 


significantly lower than the GWP of the existing fire suppressants 
and refrigerants  


Global Warming Potential (GWP)


15







www.jensenhughes.comAdvancing the Science of Safety


 ODP is the relative amount of damage a chemical can cause 
to the ozone layer


 Ozone layer
 Located in lower part of the stratosphere, which is between the 


troposphere and mesosphere, or 26,000 – 59,000 ft above sea 
level


 Protects Earth from cancer- (and other harmful effects) causing 
UV-B radiation


 ODP of a substance is measured by its ratio of global loss of 
ozone relative to trichlorofluoromethane (CFC-11)


What is Ozone Depletion Potential (ODP)?
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 Halons are halocarbons with a specific 
numbering convention
 Nomenclature: “Halon abcd”, where:


a = # of carbon atoms
b = # of fluorine atoms
c = # of chlorine atoms
d = # of bromine atoms


 Example: CCl2F2 (Freon-12)        Halon 122
 Convention for CFCs is another way to 


classify molecules
 Nomenclature: “CFC efg”, where:


e = # of carbon atoms -1
f = # of hydrogen atoms +1
g = # of fluorine atoms


 Example: CCl2F2 CFC-12


Halon Numbering Convention
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 Recall CFC numbering system
1. # of double/triple bonds
2. # of carbon atoms – 1
3. # of hydrogen atoms +1
4. # of fluorine atoms
 Leading zeros are omitted


 “O” signifies olefin, or unsaturated hydrocarbon
 Examples:
 CF3CHFCF3 HFC-227ea
 C3H2F4 HFO-1234yf


HFC/HFO Numbering Convention
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 Class I ODS – Halons and CFCs
 Complete Consumption  / Production Phase-out
 No Production of halons after 1993 in non-Article 5 and 2009 in 


Article 5 parties
 No production of CFCs after 1995


 Mechanism to request production for “Essential Uses”
 Managed under the Montreal Protocol
 Must be approved by the Parties to the Protocol


 Class II ODS – Hydrochlorofluorocarbons
 Production phase-out almost complete in non-Article 5 parties
 Montreal Protocol considering potential need for Essential Uses in 


2020 and beyond
 Phase-out underway in Article 5 parties


– Avoid High GWP HFCs?


 High GWP HFCs


Montreal Protocol
on Substances that Deplete the Ozone Layer
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 100% phase-out production/consumption of fire suppressants
 Halons
 HCFC-123 in HCFC Blend B


 100% phase-out of CFCs / solvents and HCFCs
 U.S. Military has reserves (stocks) of halons, CFCs and 


HCFCs
 Additional production, where consistent with the Clean Air Act, 


can be requested through the Montreal Protocol “Essential 
Use” process 
 Halons – National Security Presidential Order (Limitations)
 HCFCs – Ends in 2030 


 85% phase-down of HFCs
 Regulations from EPA will need to be developed
 GWP-based caps


Phase-outs versus Phase–downs
Military Importance
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 Does the U.S. Senate “need” to ratify the Kigali Amendment?
 Technically no but all other Montreal Protocol Amendments have 


been  
 Will the Montreal Protocol be considered a Climate Treaty?
 What Happens if the U.S. does not Ratify the Kigali Amendment?


 Some applications currently need halon or a high GWP HFC
 Crew compartments of ground combat vehicles
 Military and civil aviation engine nacelles 
 Civil aviation lavatory and cargo compartments
 Oil and gas exploration in cold climates


 Are the flammable refrigerants suitable for military use? 
 Some, Many or Most? – Refrigerant applications will need a high 


GWP HFC
– Q: Why not CFC? A: Worse from both climate and ozone perspectives


 Will new fire suppressants be robust enough?


Kigali Amendment
Issues Going Forward…..
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 National security / military needs diverging from 
industry?
 HFO-1234yf (flammable) is a major player in replacement of HFC-


134a in mobile air conditioning
 HFC-32 (flammable) in home air conditioners and heat pumps –


military environmental control units
 Propane (flammable) in home / industrial appliances – military field 


kitchens and morgues
 Flammability concerns might be a larger issue for military than 


commercial or residential uses


 No/low-GWP alternatives for fire / explosion 
protection that currently require Halons or high 
GWP HFCs
 Industry might not solve this for military / aviation / etc.
 Economy of scale


Kigali Amendment
Issues Going Forward…..
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 Caps (or conversely, allowable production) will be 
GWP-based
 Is the cap large enough for all uses that will require high 


GWP HFCs?
 Will industry make the amount and type of agents the 


military needs? 
– Direct implications if national security and other specific 


interests are included within the overall cap
– Will authorizations for production be GWP-based or will there 


be some or all quantity-based to meet a specific GWP level?
– DoD production?


 NATO Status of Forces Agreement and Supplements
 Europe F-Gas Regulation


Kigali Amendment
Issues Going Forward…..
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 Australia
 Ozone Protection and Synthetic Greenhouse Gas (SGG) 


Management Act 1989
– Controls imports, exports and manufacture of ODS and SGGs and 


imports of equipment containing ODS and SGGs
– Places controls on the end use of ODS and SGGs in refrigerants and 


fire suppressants
 Canada
 Prohibits release of HFCs and ODS from specified sources
 Requires recovery of HFCs from closed systems
 Has code of practice to govern HFCs and ODS (new technologies, 


best practices)
 Japan
 Act for Rationalized Use and Proper Management of Fluorocarbons


– Covers CFCs, HCFCs, HFCs in commercial refrigerators and air 
conditioners


– Recently reworked to include alternatives, the phase-down of HFCs and 
the reduction of refrigerants leakage from equipment during use


Global Scheme for Clean Agents
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 European Union
 F-gas regulation


– Described in greater detail on upcoming slide
 Mobile Air Conditioning Directive


– Restricts HFCs in mobile air conditioning systems to substances 
with GWP of 150 or less


 EU Effort Sharing Decision
– Establishes GHG emissions targets with possibility to include 


HFCs
 Regulation on eco-design and energy labeling for air 


conditioners and comfort fans
– Establishes framework for setting eco-design requirements for air 


conditioners and provides bonuses for low-GWP refrigerants


Global Scheme for Clean Agents (cont.)
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 European Union (cont.)
 Directive on Waste Electrical and Electronic Equipment 


(WEEE)
– Collection and take-back of equipment containing ODS and F-


gases
 European Eco-Management and Audit Scheme


– Establishes environmental management systems for 
improvement of environmental performance of organizations


 EU Green Public Procurement Criteria for Electrical and 
Electronic Equipment used in the Health Care Sector
– Voluntary involvement for public authorities to procure goods and 


services with relatively low environmental impact


Global Scheme for Clean Agents (cont.)


26







www.jensenhughes.comAdvancing the Science of Safety


Fluorinated Greenhouse Gas (F-Gas) Regulation


 F-gases
 Mainly used as substitutes for ODS
 HFCs, perfluorocarbons (PFCs), sulphur hexafluoride (SF6)


 European Union F-gas regulation
 Became applicable January 1, 2015
 Freeze in 2015, followed by gradual phase down reaching 79% 


reduction by 2030
 Bans systems and extinguishers that contain HFC-23 as of 


January 1, 2016
 Requires containment and recovery
 Requires labeling with name and quantity in weight and CO2


equivalents
 EU F-gas reporting provisions
 Companies are required to report any import of fire protection 


equipment (systems and extinguishers) containing more than 100 
tons of CO2 equivalent HFCs


 Report for 2014 imports was due March 31, 2015
 EC published implementing regulation that determines format and 


method for reports
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 50/50 blend of HFO-1233zde and FK-5-1-12
 Potentially not applicable to DoD, but we are aware of it and new 


blends are emerging 


New Fire Suppression Blend
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COMMON FR ARMY UNIFORMS


Item Depiction Purpose ASTM F1930
4 second exposure


Flame Resistant Army 
Combat Uniform (FR ACU)


Provides flash and thermal protection for 
deployed Soldiers


TPBI* < 35%


Army Combat Shirt (ACS) /
Army Combat Pant (ACP) 


Provides Soldiers flash/thermal protection; 
primary wear is during dismounted operation 


and operation of tactical vehicles
TPBI* < 35%


Army Aircrew Combat 
Uniform
(A2CU)


Two-piece FR flight suit for rotary aircraft 
crews.  Special features include extraction 


strap, zipper pocket closures, minimal snag 
hazards and fabric with static-dissipative 


fiber.


TPBI* < 35%


Improved Combat Vehicle 
Crew Coverall (iCVC)


Flame resistant  (FR) coverall for combat 
vehicle crews (CVC).  Special features similar 


to A2CU.
TPBI* < 35%


Fire Resistant 
Environmental Ensemble 


(FREE) 


FR and environmental protection system for 
CVC and Aviators.  Tailorable to the specific 


mission profile


TPBI* < 25%
(for specific 


configuration)


*TPBI + Total predicted burn injury including 2nd and 3rd degree burns (including head sensors)
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FLAMMABILITY REQUIREMENTS FOR
U. S. ARMY FR UNIFORMS


Test 
Method


Test Method Title Type Army Requirement*


ASTM 
D6413


Standard Test Method for Flame 
Resistance of Textiles (Vertical 
Test)


Fabric Char Length: 4.5-5.5 inches 
(max)


NFPA 2112 Standard on Flame-Resistant Garments for Protection of Industrial
Personnel Against Flash Fire


Section 8.2 Heat Transfer Performance Test Fabric HTP rating – varies 
depending on items


Section 8.4 Heat and Thermal Shrinkage 
Resistance Test


Fabric Thermal Shrinkage: 10-20%


ASTM 
F1930


Standard Test Method for 
Evaluation of Flame Resistant 
Clothing Against Fire Simulations 
Using an Instrumented Manikin


Garment
or


System


Predicted 2nd & 3rd ° Burn 
Injury (including head 
sensors):
35% (max)


* Requirements vary depending on item.  See specification documents for details.
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• Flame resistant (FR) combat uniforms for 
Dismounted Soldiers introduced in 2007, fully 
fielded by April, 2008


• 2011 Study by COL Evan M. Renz, MD, FACS, 
Director of Burn Center at Brooks Army Medical 
Center, indicated reduction in frequency and 
severity of burn injuries to Soldiers after April, 
2008


• Other factors have contributed to this mitigation:
• Improvements in Tactics, Techniques and Procedures
• Fielding of improved vehicles
• Soldier compliance with uniform standards may have 


improved


BACKGROUND
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STUDY OF COMBAT BURN 
CASUALTIES APRIL 05 – APRIL 11
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5,176 Army WIA in OEF


42 Army Burn Casualties from OEF


Fielding of FR 
Uniforms


20 Army Burn Casualties from OEF 


1,324 Army WIA in OEF


~50% DECREASE IN OEF BURN CASUALTIES
AFTER FIELDING OF FR UNIFORMS


1.5% of WIA 0.8 % of WIA


Courtesy of COL (ret) Evan Renz MD
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DECREASED BURN SEVERITY & 
FREQUENCY


Measure Data
Burn Casualties 325
Mean ISS 16 *
Mean TBSA 20.1% *
Mean Full
Thickness


13.9% *


Mean Burn Center 
Length of Stay


30 days


Estimated Hospital 
Costs for 
Survivors


$ 48.8 M


Died of Wounds 30 (9.2%)


Measure Data
Burn Casualties 96
Mean ISS 11.2 *
Mean TBSA 13.4% *
Mean Full
Thickness


7.2% *


Mean Burn Center 
Length of Stay


23 days


Estimated 
Hospital Costs for 
Survivors


$ 11.1 M


Died of Wounds 4  (4.2%)


Three Years Before Fielding of 
FR Combat Uniforms


Three Years After Fielding of
FR Combat Uniforms


April 2005 – March 2008 April 2008 – March 2011
ISS: Injury Severity Score
TBSA: Total Body Surface Area Courtesy of COL (ret) Evan Renz MD
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OBJECTIVE
• Provide a scientifically based understanding of FR protection needs for 


Soldiers
• Prompted by congressional inquiry on the value of issuing FR 


uniforms to all Soldiers (not just those deployed to battle areas)


METHOD
• Examine injury data as they relate to operationally based scenarios and 


military occupational specialties (MOSs)


• Collect anecdotal data via interviews with User Requirement Developers 
and Soldiers


EXPECTED RESULT
• Determine the likelihood and severity of burn injuries based on a variety 


of factors 
• Make recommendations:


• FR uniform needs based on injury data
• Changes in requirements and testing


FR INJURY ANALYSIS - PROJECT PLAN
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• Collected and sorted burn injury data for the timeframe of 
2011-2017 


• Non-combat injury data was obtained from the Army 
Risk Management Information System (RMIS) data base


• Combat injury data was obtained through multiple 
inquiries with US Army Medical Research and Materiel 
Command (USAMRMC) Joint Trauma Analysis and 
Prevention of Injury in Combat (JTAPIC) 


• This information was acquired through independent 
inquiries for Mounted and Dismounted injuries


• Anecdotal data was obtained through interviews with 
Soldiers and requirement developers for electrical, metal 
working, fuel handling and aviation specialties


CURRENT STATUS OF ANALYSIS
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COMBAT BURN CASUALTIES
(2011-2016)


In this context, Mounted Soldiers include all injuries occurring while on a vehicle


Mounted, 334 total casualties


Assumption: In combat situations FR uniforms, gloves, eye 
protection, body armor and helmets would be worn


Burn Location Data Coming
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COMBAT BURN INJURIES
BY SEVERITY


Vehicle improvements (fire 
suppression, up-armoring, etc.) 
during the period evaluated likely 
explain differences between 
mounted and dismounted severity 
percentages.
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Minor: Burns 2nd degree; <10% tbsa or  Burns 3rd degree;  <100cm2 [face <25cm2]
Moderate: Burns 2nd or 3rd degree;  10-19% tbsa
Serious: Burns 2nd or 3rd degree;  20-29% tbsa
Severe: Burns 2nd or 3rd degree;  30-39% tbsa
Critical: Burns 2nd or 3rd degree;  40-89% tbsa







UNCLASSIFIED


UNCLASSIFIED


12


COMBAT vs NON-COMBAT
2011-2016
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NON-COMBAT BURN INJURIES 
BY BODY LOCATION
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CAUSES OF NON-COMBAT
BURN INJURIES
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• Assess preventability of injury and applicability of 
garment and/or doctrine


• Assess cost to Army
• Recommend garment issuance based on preventability 


and cost


EFFORTS IN FY 2019
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Fluid Efficiency Origin


• After 9/11, Julie Kornfield and 
her team at Caltech set out 
to develop anti-mist fuel 
additives that work in 
practice.


• 15 years of research led to 
breakthrough self-repairing 
polymers “Mega-
supramolecules” (MSMs) that 
survive real world conditions 
and prevent explosions.


• The polymers work in many 
applications beyond fuel.
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Jet Fuel That Does Not Explode
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Jet A fuel (Kerosene) Mist Control Kerosene (MCK)


Cloud of large drops 


When ignition occurs, there is


a large, self‐supporting, 
“hot” fire ball


that triggers pool fires


Pool fire


Fuel Release 
(spill, splash)


Easily 
ignitable


NOT easily 
ignitable


Shear Shear


..... ..
...


..
Lots of vapor Less vapor


Little or No Pool fire


When ignition occurs, there is


a small, 
self‐quenching, 


“cold”
fire


.


/ Impact/ Impact


Mist Control Mitigates Post‐Impact Fires
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• Flexible chains resist stretching


• They can stretching enormously


• Drop breakup involves high 
degrees of extensional 
deformation


Req ~ N1/2


Entropic penalty for stretching 


F ~ kT rend-to-end


Lext ~ N


rend-to-end


Ultralong Polymers Control Drop Breakup via Stretching
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“Fuel‐loving backbone”Associative end groups (the 
“Velcro”)  Good solubility in fuels over 


entire range of operating temp. 
(‐40°C to 60°C or above)


 Minimum heteroatom content
 Inherent strength to resist 


mechanical degradation
 Adequate length


 Effective in fuels even at 
low concentration


 Well defined
 Easy and inexpensive to 


attach


Long Telechelic Polymers
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Long Telechelic Polymers
(LTPs)


Association


Dissociation
&


+ higher‐order 
aggregates


Linear


Cyclic


,           : Complementary Associative Units “Mega‐Supramolecules”


End Association Assemble LTPs into “Mega‐
Supramolecules”


End Association Assemble LTPs into “Mega‐
Supramolecules”
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Existing UHMW 
polymers


Complementary ends 
form hydrogen bonds


Under shear, complementary ends 
release with no permanent damage


Complementary 
ends reassemble


Long covalently‐
bonded backbone


Under shear, covalent bonds break, 
polymer degrades


Molecules smaller, less 
effective over time


Read more in Vol. 350, Issue 6256, pp. 72-75


MegasupramoleculeTM


Mega‐Supramolecules vs. Ultra‐long Polymers
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Ultra‐long Polyisobutylene (PIB; 4,200 kg/mol) vs. 430 kg/mol LTP in Jet‐A


0.35%)


0.3%)


 Snapshots at 60 ms after impact


Shear Stability in Action
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• Effective at low concentrations (acceptable viscosity)


• Introduced at the refinery


• Resistant to non‐intentional degradation


• Soluble over wide temperature range (‐60oF to 120oF)


• Permit dewatering and filtering


• Permit atomization into engine combustion chamber


• Clean burning


• Affordable


In addition to being effective, the additive must be:


 YES


• NO


• NO


• NO


• NO


• NO


 YES


• NO


 YES


 YES


 YES


 YES


 YES


 YES


 YES


 YES


MSMs Are Friendly to Fuel Usage
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 Pairwise end‐associative polymers partition into cyclic and linear 
supramolecules


How long? How strong? How many?
 Fuel‐soluble backbone size of MW ≈ 500 kg/mol.
 Binding strength ≈ 16 kT
 0.14% total polymer conc.  >50ppm of 


supramolecules with 5x106 g/mol or more (ca. 
4%)


Binding strength = 16 kT
Backbone length = 30,000 carbons


Total conc.
≥ 50 ppm


Supramolecule Mw
(million g/mol)


0      5     10  15 20 25
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Cyclic         
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Megasupramolecules 
(Mw ≥ 5x106 g/mol) 


Long Telechelic Polymers
(LTPs)


Association


Dissociation
&


+ higher‐order 
aggregates


Linear


Cyclic


,           : Complementary Associative Units


Theory Paves the Way
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76K 230K


300K 430K


 LTP of the right length gives fire protection, as theory 
predicts.


 All solutions are “unsheared,” 0.5 wt% in Jet‐A.


Size Does Matter
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Part 1:


≈
≈


Aspects of Molecular Design


Polycyclooctadiene







14


 Olefin metathesis:


 Ring Opening Metathesis Polymerization (ROMP)


MM M M = W, Mo (Schrock); Ru (Grubbs)


Nobel Prize 2005


FG: Functional group. 
Can be clusters of 
associating groups


Reaction is driven by the 
release of ring strain.


 Need to be soluble in 
reaction media for ROMP


 Need to be 
precursors/carriers of 
associating groups.


Olefin Metathesis and ROMP
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Part 2:


≈
≈


Aspects of Molecular Design
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 Charged‐assisted hydrogen bonds (CAHBs): 3‐4 times stronger than typical H‐
bonds. 


 CAHB‐capable end groups can effectively assemble long (≥ 400 kg/mol) 
telechelic PCODs into Mega‐Supramolecules in hydrocarbons.


Charge‐Assisted Hydrogen Bonding


Isophthalic acid (DA)


Di‐tertiary amine (DB) Di‐isophthalic acid (TA) Tetra‐tertiary amine (TB)


DBDA TBTA


R = 
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 1wt% in Jet‐A at 25°C
 Based on viscosity averaged over shear rates 10‐100 s‐1


Non‐associative 
Individual component
Mixture


 430K TA/TB


17


 670K DA/DB
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End‐Association of LTPs Works in Jet Fuel
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 Multi‐Angle Laser Light Scattering (MALLS) of 670k DA/DB pair in 
cyclohexane (0.028wt%) proves directly existence of mega‐
supramolecules (Mw = 2,200 kg/mol). 


(M.‐H. Wei et al., Science 350, 72‐75 (2015))


DBDA


 A very large excess of 
triethylamine (TEA) is 
sufficient to turn off 
DA/DB association


Mega‐Supramolecules Account for Efficacy
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• Initial Diesel Engine Federal Test Protocol Results
Averaged over whole FTP: 
• Power: 


indistinguishable 
(0.4% apparent)


• Fuel consumption: 
indistinguishable
(0.3% apparent)


• NOx: possible incr. 
1.2% (p = 0.005)


• Particulate matter: 
significant decrease
11.7% (p=0.002) RP


M
 (%


 o
f m


ax
.)


Torque (%
 of m


ax.)


University of California at Riverside, College of Engineering 
– Center for Environmental Research and Technology (CE‐CERT) 


MSMs Burn in an Unmodified Engine
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 ASTM D4054: tests required by engine & airplane OEMs for fuel additive approval.
 DoD has organized ASTM D4054 into TRL groups of tests to evaluate maturity of 


evolving technologies
 U.S. Army TARDEC performed selected TRL1‐3 tests to evaluate one 


MegasupramoleculeTM variant as an aviation fuel additive at 3 concentrations: 8, 1000, 
and 3000 ppm. 


 TRL‐1 tests:
• Indistinguishable: Freeze Point (ASTM D5972), Heat of Combustion (ASTM D4809), Flash 


Point (ASTM D93), Aromatics (ASTM D1319) 
 TRL‐2 tests: 


• indistinguishable: Total Acid Number (ASTM D3242), Distillation Temperature (ASTM D86), 
Density (ASTM D4052), Smoke Point (ASTM D1322), Calculated Cetane Index (ASTM D976 or 
D4737); 


• acceptable: Saybolt Color (ASTM D156 or D6045), Electrical Conductivity (ASTM D2624), 
Thermal Oxidation Stability of Aviation Turbine Fuels ‐ JFTOT (ASTM D3241);


• Viscosity at ‐20°C (ASTM D445) acceptable up to 0.1% (borderline at 0.3%); Existent Gum 
(ASTM D381) equal to polymer added


 TRL‐3 tests:
• indistinguishable: Lubricity (ASTM D5001); 
• improved: Derived Cetane Number (ASTM D6890); Viscosity at 40°C (ASTM D445)


Progress Toward Approval (I)
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 AFRL independently tested 3 MegasupramoleculeTM variants at 0.1wt% and 
found all three Pass the Following Spec Tests in Aviation Turbine Fuel (Kerosene)


Progress Toward Approval (II)


Relative to base fuel
ASTM D 3242 – 11 Total Acid Number (mg KOH/g) Indistinguishable


ASTM D 1319 – 15 Aromatics (% vol) Indistinguishable


ASTM D 3227 – 13 Mercaptan Sulfur (% mass) Indistinguishable


ASTM D 4294 – 16e1 Total Sulfur (% mass) Indistinguishable


ASTM D 86 – 15 Distillation Indistinguishable


ASTM D 7345 – 14 Micro Distillation Indistinguishable


ASTM D 93 – 15a Flash Point (°C) Indistinguishable


ASTM D 4052 – 15 Density @ 15°C (kg/m3) Indistinguishable


ASTM D 5972 – 15 Freezing Point (°C)  Indistinguishable


ASTM D 445 – 15a Viscosity @ ‐20°C (mm2/s) Pass, <30% increase


ASTM D 1322 – 15 Smoke Point Indistinguishable


ASTM D 130 – 12 Copper Strip Corrosion (2 h @ 100°C) Indistinguishable


ASTM D 3241 – 15e2 Thermo‐oxidative Stability at 260°C Pass


ASTM D 4809 – 13 Net Heat of Combustion (MJ/kg) Indistinguishable
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Summary of initial TRL1‐3 tests:


• Concentrations up to 0.1% passed the selected spec. tests


• At 0.3% the viscosity at ‐20°C is at the max. acceptable value


• Potential to provide beneficial effects on compression ignition, viscosity index and 
lubrication


Recommendations:
• Demonstrate shear stability: survive at least 50 miles of turbulent pipeline flow, or 


passage through 10 centrifugal pumps along a pipeline


• Demonstrate acceptable cold ignition from sea level pressure to 15,000 feet (4572 m) 


• Demonstrate altitude ignition capability from 5000 feet (1524 m) to above 25,000 feet 
(7620 m)


• Jet engine fuel test in conjunction with T63A engine 250 hour oil qualification testing 
performed by AFRL at WPAFB.  (requires 6400 gallons of treated fuel).


TARDEC Recommended Next Steps
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Additional MSM Opportunities


 Global additives market: ~$14B
 Certain MSM formulations can serve as 


key enabling additives in industrial 
manufacturing processes. 


Lubricants/Specialty Chemicals


Self-Repairing Drag Reducers
 Market size: >$800M/yr in U.S. alone
 For crude and refined pipelines
 Only needs to be injected once
 Similar treat rates and prices compared to 


existing technology (which need to be 
frequently re-injected)
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A Clear Path Forward


 Scale Up Production:


• Letter of intent in place for production partnership with global polyolefins
player. 


• Scale-up with partner to deliver pilot quantities for field tests. 
 FE will be able to supply >100kg of MSM soon.


• Establish unit costs for commercial scale. 


 Simple regulatory pathway
• EPA-approved as a fuel additive, ASTM qualification imminent. 


 Discussions with potential Series-A investors and partners for joint-
developments agreements are underway. 
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Summary


 Long telechelic polymers form mega‐supramolecules in fuels that improve 
safety and economics: 
 Resist shear degradation
 reduce risk of fuel explosions: post‐crash or post‐ballistic impact
 Burn in unmodified engine
 Improve the flow of fuel through pipelines


 Ongoing:  Scale‐up production, economics evaluation, validation, and exploration 
for new applications. 
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Outline
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Introduction


• Fire Risk from Fuel Tanks
• Military aircraft and ground vehicle survivability
• Commercial aircraft
• Crew and equipment loss
• Various threats


• Modeling and Simulation
• Limited experiments


Hydrodynamic ram (HRAM)


*Yang, K., et al., Modeling and simulation of hydrodynamic ram for aircraft survivability, JASP Online, Aircraft 
Survivability, Fall 2016


U.S. Marine Corps Photo*
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Introduction


• Hydrodynamic Ram
• High-speed projectile penetrates fluid-filled tank and transfers kinetic energy to the 


surrounding walls


Veras, D., et al., Experimental analysis of fluid-filled aluminum tubes subjects to high-velocity impact, 
Int. J. Impact Eng. 36, 81-91, 2009
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Introduction


• Use peridynamics simulation tool to study container 
response from fragment impact


• Present simulation results for hydrodynamic ram of 
fluid-filled containers


• Compare container shape and spray pattern with 
experimental data


• Compare pressure versus time inside the container with 
experimental data
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Peridynamics:* What it is


• Peridynamics is an extension of continuum mechanics to media with 
cracks and long-range forces


• It uses integral equations rather than differential equations
• These equations can be applied directly on a growing discontinuity


• Applications include fracture and fragmentation, damage in 
composites, impact and penetration


* Peri (near) + dyn (force)
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Experiment Setup


• Seven liter (two gallon) cylindrical steel container
• Filled with water
• Impacted by steel fragment(s)


• Velocity between 1800 – 2100 m/s
• High speed video 


• Side and top views
• Hydraulic pressure
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Experiment Setup: Container


• Two gallon (~7 L) steel container
• Filled with water- ullage of ~1.9 cm (¾ inch )
• Diameter: 20.6 cm
• Height: 26 cm
• Wall thickness: 0.58 mm
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Experiment Setup: Fragments


• Containers were impacted by one, four, or seven 
fragments


• Fragment mass: 1.28 g
• Fragment dimension: 6.4 x 12.7 x 1.6 mm
• Fragment velocity: 1800 – 2100 m/s


1 fragment 4 fragments ~7 fragments
Trial 1a 
Trial 1b 
Trial 1c


Each case repeated three times


Trial 4a 
Trial 4b 
Trial 4c


Trial 7a 
Trial 7b 
Trial 7c
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Simulation Setup: 7 L


Fragment placement and velocities based on field notes


7 Liter container


Steel projectile
12.7 x 6.4 x 1.6 mm
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Simulation Setup: 15000 L


~15000 Liter container


Impacted by steel projectile(s)


v~1800 m/s
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Results
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• Container Shape: 7 L


• Spray Pattern: 7 L


• Hydraulic Pressure: 7 L


• Container Response: 15000 L
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Spray Pattern: 7 L
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Container Shape: 7 L
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Hydraulic Pressure: 7 L
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Hydraulic Pressure: 7 L
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(Normalized by experiment peak pressure)


From experiment with two fragments
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Hydraulic Pressure: 7 L 
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(Normalized by experiment peak pressure)


From experiment with two fragments


Zoom View
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Container Response: 15000 L
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Lower Kinetic Energy
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Container Response: 15000 L
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Higher Kinetic Energy
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Summary


• Presented simulation results for response of liquid-filled 
containers impacted by fragment(s)


• Compared container shape 
• Compared spray pattern at various times
• Peridynamics approach can simulate hydrodynamic ram 


effects including spray pattern and container shape
• Ongoing work to study liquid drop sizes from HRAM events
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Questions?
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