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Abstract 

New developments in explosion protection technology during the last five-to-
ten years include: new explosion prevention and suppression systems using either 
reticulated foam inserts, fine water mist, or onboard oxygen concentration 
reduction; explosion isolation systems; flameless deflagration venting devices; and 
new products and methods for design, construction and analysis of blast resistant 
structures.  Key features of these new developments, and the corresponding 
explosion protection standards that provide guidance on their use, are summarized 
in this paper. Many of the developments and applications are pertinent to industrial 
facilities processing or storing large quantities of flammable gases, vapors, or 
combustible powders.  Other applications include military and commercial aircraft, 
tanker trucks and rail cars, ship fuel tanks, and portable containers for flammable 
liquids.  Blast resistant structure technology has the most diverse applications, 
encompassing blast and projectile resistant walls and buildings. 



Introduction 
Several international events and trends in the last five to ten years have stimulated the 

development of new explosion protection technology.  These include: 1) more regional and 

international explosion protection standards, 2) some widely reported tragic commercial airline 

explosions, 3) government agencies investigating and reporting on destructive/fatal industrial 

explosions, 4) increased competition among manufacturers and providers of explosion protection 

systems, and 5) realization that terrorism represents a more widespread explosion threat to many 

buildings and structures.  As a result, there are now new methods, devices, and systems to 

accomplish inerting of fuel tanks and flammable liquid storage tanks, improved and more 

flexible design guidance and hardware for deflagration venting, new active and passive 

explosion suppression systems for vehicle/aircraft fuel tanks and industrial equipment, a variety 

of explosion isolation systems to prevent propagation of gas and dust explosions between 

process equipment, and many new blast resistance and mitigation products for use on high risk 

buildings and structures.  New developments in each of these explosion protection areas are 

summarized here.  

 

New Inerting Technology 
 

Explosion prevention via inerting requires that the oxygen concentration be reduced 

below the Limiting Oxygen Concentration (LOC) for a particular fuel at a specified temperature 

and pressure.  The LOC is the smallest concentration of oxygen that can support flame 

propagation at the stated temperature and pressure.  LOC values for many flammable gases and 

combustible dusts are listed in the Appendix of NFPA 69 [1].  Most of the values are in the range 

9 – 12 percent by volume for nitrogen inerting, and are about 3 vol% higher for carbon dioxide 

inerting. 

  In cases without any published data, Britton [2] recommends that the following equation 

can be used to estimate the LOC for nitrogen inerting. 
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where ∆Hc is the material’s net heat of combustion in units of kcal/mole fuel, S is the 

stoichiometric oxygen/fuel ratio, and Const =  9.22x104 for hydrocarbons, and =  1.032x105 for 

fuels with C, H, O, N compositions.  For example, propylene has a ∆Hc of 460 kcal/mole and an 
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S value of 4.5.  The LOC value obtained from Equation 1 with the Const for hydrocarbons is 9.2 

volume %.  The LOC listed for propylene in NFPA 69 [1] is 11.5 %, which is 2.3 vol % higher 

than the calculated value.  However, Britton [2] maintains that the values calculated using 

Equation 1 are in better agreement with new test data obtained with a closed vessel test apparatus 

as opposed to the older glass flammability test cylinder.  In Europe, CEN Technical Committee 

305, Working Group 1 is starting to write a new standard (prEN 14756) on test methods for 

determining LOC values for gases and vapors, but the standard is apparently not yet published. 

The cost of commercially purchased compressed nitrogen and the need for high 

pressurize gas piping have been deterrents for widespread use of nitrogen inerting until recently.  

One new development that may eliminate these deterrents for some applications is the 

availability of new air separation technology to produce oxygen-vitiated air on site.  The new 

technology uses hollow fiber permeable membranes in a flow-through Air Separation Module 

shown in Figure 1 to reduce the oxygen concentration of air input to the module.    The oxygen 

flows through the membrane and is vented from the Air Separation Module.  The oxygen 

concentration remaining in the nitrogen enriched air outflow depends on the inlet air flow rate, 

temperature (nominally 82oC), and pressure as well as the size of the module. 

 

 

 

 
The U.S. Federal Aviation Administration has been evaluating commercially available 

Air Separation Modules for On Board Inert Gas Generation (OBIGG) and center wing tank 

inerting, and has recently tested the 4 ft (1.2 m) long by 8 inch (20 cm) diameter Modules on 
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board a A320 commercial aircraft as shown in Figure 2.  Results [3] showed that the Modules 

used in a specially designed FAA OBIGG system produced enough oxygen-vitiated air to 

maintain center wing tank oxygen concentrations below 10% while the A320 was at a cruise 

altitude of 39000 ft (12000 m), and it only climbed to about 12% when ambient air re-entered the 

Center Wing Tank during descent prior to landing.  The results are sufficiently encouraging to 

pursue further development for commercial aircraft use, and possibly for many other inerting 

applications. 

Guidance on the use of inerting systems is currently available in NFPA 69 [1], and will 

eventually also be available in the CEN/TC 305 document being drafted on inerting for 

explosion prevention. 

 

 
 
 

Figure 2.

 
 

 

 

 

 

 

 

 

 

New Deflagration Venting Technology 
 

Most gas explosions and dust explosions are deflagrations, i.e. explosions in which the 

flame propagates through the fuel-air mixture at a speed less than the speed of sound.  The most 

widely used deflagration protection technology is deflagration venting.  In order for deflagration 

venting to be effective, the vent area must be sufficiently large to accommodate the rate of 

pressure increase due to combustion.  Guidelines for deflagration vent design are provided in 
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NFPA 68 [4], other national and regional standards such as the CEN/TC 305 draft standard for 

dust explosion venting [5], and by certain large insurance organizations such as FM Global. 

The relationship between deflagration vent area, Av, and the enclosure volume, V, or 

perimeter surface area, As, can be expressed in general as: 

 

( )DLKorKPAorVPAA StGstatsredvv /,,,,=   [2] 

where Pred is the reduced maximum deflagration pressure in the vented enclosure, Pstat is the vent 

closure static activation pressure, KG and KSt are the deflagration indices for a particular 

combustible gas or dust, respectively, and L/D is the enclosure length-to-diameter ratio.  NFPA 

68 specifies that Pred can be selected by the vent designer to be up to two-thirds of the ultimate 

rupture strength of the enclosure providing permanent deformation can be tolerated, or up to 

two-thirds of the yield strength if such deformation is not acceptable.  CEN/TC 305 [6] has a 

similar requirement and more detailed design guidance for applications with allowable structural 

deformation. There are additional considerations in determining Av for enclosures with either 

heavy vent closure panels or vent ducts to channel the vented flame out of the building in which 

the enclosure may be located. 

One new deflagration venting technology is a new type of deflagration vent that 

incorporates flame arrestors inside it, so that only flameless gases or dusts are vented.  One such 

commercially available flameless vent is shown in Figure 3.  It has a large stainless steel mesh 

filter to quench the flame before it is vented into the surrounding area.  This feature greatly 

reduces the threat of burn injury and flame spread to nearby personnel and equipment.  As with 

any new product, these flame-arresting vent systems have limitations, and NFPA 68 requires that 

the systems be certified by an independent testing organization that clearly identifies those 

limitations as well as appropriate applications.  Similar requirements and guidance are being 

included in the European CEN explosion venting standards (e.g. [5]) now under development. 
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Figure 3.  Flameless deflagration vent. 

 

In order to develop specific equations of the form shown in Equation 2, the committees 

responsible for the various guidelines review and analyze test data obtained using worst-case gas 

or dust concentrations distributed almost uniformly throughout the enclosure volume.  The 2002 

edition of NFPA 68 has new guidelines for dust deflagration venting that allow the use of smaller 

vent areas than in previous editions because the NFPA Explosion Protection Committee 

developed a new generalized data correlation that is a “best-fit” to the available large-scale data.  

Thus, there is no “safety margin” beyond the test data.  The rationale for this approach is that 

almost all accidental dust explosions will not have either worst-case dust concentrations or a 

near-uniform dust cloud throughout the enclosure.  

Another new deflagration venting technological development is the availability of 

venting correlations to design explicitly for applications in which the flammable gas-air mixture 

or combustible dust cloud occupies only a small fraction of the enclosure volume.  The 2002 

edition of NFPA 68 has a procedure for designing a reduced vent area smaller than that obtained 

from Equation 2 for dust explosions.  Other procedures and correlations have recently been 

published for heavier-than-air flammable vapor layers above a liquid spill [6, 7], and for lighter-

than-air flammable gas layers under a ceiling [8].  These new procedures and correlations render 

deflagration more feasible in large, low-strength enclosures such as large rooms and buildings. 
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New Explosion Suppression Technology 

Explosion suppression is the interruption of an incipient deflagration by quenching the 

propagating flame before destructive pressures have developed.  Most explosion suppression 

systems are active in the sense that they respond actively to the developing deflagration, and then 

inject the suppression agent into the enclosure.  Other types of suppression systems are passive in 

that they are pre-installed throughout the enclosure. 

Commercially available active explosion suppression systems are provided with 

explosion detectors (either flame sensors or pressure transducers), a suppression agent stored 

under high pressure in one or more agent containers, a rapid activation device to trigger the 

discharge of agent upon explosion detection, and a control unit to monitor the system during 

standby and send the trigger signal upon detection.  Since chlorinated and brominated 

hydrocarbon suppression agent production was banned because of the agents’ effect on 

stratospheric ozone depletion, most commercial suppression systems use a dry powder agent 

(usually sodium bicarbonate or monoammonium phosphate based) or water. 

  Active suppression systems fall within the scope of NFPA 69 [1], ISO 6184/4 [10], and 

CEN TC/305 [11].  The latter two standards include provisions for certification testing of the 

suppression system in a few different enclosure volumes, and then using the successful test data 

as a basis for using the suppression system in volumes as small as 75% of the smallest volume 

tested, and as large as four times the maximum volume tested successfully.  

Commercial active suppression systems are usually not suitable for very large enclosures 

because of the large number of suppression agent containers required, and the high cost of agent 

for refills after system discharge.  A possible alternative for these large enclosures is the use of 

water spray deluge systems with a virtually unlimited supply of water and spray nozzles 

distributed throughout the enclosure.  References 12, 13, and 14 describe research programs that 

explored the effectiveness of various types of water spray discharges into enclosed flammable 

hydrocarbon gas clouds.  In many cases, the water spray did significantly mitigate the explosion 

but did not completely suppress it.  Figure 4 is an example of one such pair of test data for 

propane-air deflagrations in a large-scale mockup of a highly obstructed offshore oil production 

module.  However, some other tests resulted in water spray enhancement rather than mitigation 

of the propane deflagration. 



 

Figure 4. Deflagration pressures measured with and without a water spray deluge system [13]. 

 

Van Wingerden’s analysis [14] of water spray deluge effect data provides the following 

explanation of when and why water spray sometimes mitigates or suppresses the deflagration, 

while other times the spray has just the opposite effect.  The process of discharging the water 

spray inevitably generates turbulence in the enclosure.  This turbulence can significantly increase 

the rate of combustion and associated rate of pressure rise during the deflagration.  In order for 

water droplets to cool or quench the propagating flame, the droplets have to vaporize in the 

combustion zone.  According to van Wingerden [14], the droplet diameter has to be less than 10 

micrometers, to vaporize in the combustion zone.  These small droplets can either be generated 

directly by certain fine water mist nozzles, or they can be generated by aerodynamic forces 

breaking up much larger drops (greater than 200 micrometer diameter).  The aerodynamic forces 

are caused by the gas-air flow ahead of the propagating flame.  These complicated phenomena 

are currently not amenable to a simple design basis for water spray explosion suppression 

systems.  Nevertheless, several such systems have been installed with gas detection actuation in 

several petroleum and chemical production plants. 

Passive explosion suppression systems use reticulated metal or polymer foams pre-

installed in the enclosure as shown in Figure 5 for portable flammable liquid containers.   The 

large specific surface area due to the reticulated foam configuration can provide ample surface 

area for flame quenching during an incipient gas explosion.  For example, an expanded 

aluminum alloy foam with a density of 40 kg/m3, a characteristic mesh size of 80 µm, and a 

surface area per unit enclosure volume of 280 m-1 has successfully quenched stoichiometric 

propane-air deflagrations.  The flat plate quenching distance for a stoichiometric propane-air 

mixture is 2 mm, i.e. about 25 times as large as the characteristic foam mesh size. 
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liquid storage tanks.  The 

liquid d splacement caused by the foam insert in the tank is negligible. 

 

Polyurethane foam has also been used effectively for passive explosion suppression.  

Foam densities are in the range 19 to 24 kg/m3 with pore sizes in the range 0.8 to 3.2 mm have 

been shown to suppress hydrocarbon vapor-air deflagrations.  Figure 6 shows the foam before 

and after an explosion suppression test.  The deflagration did produce some charring of the 

polyurethane, but the flame exposure duration was too short to cause sustained burning.  Some of 

the applications for expanded aluminum and polyurethane foam passive suppression systems 

include aircraft fuel tanks, military vehicle fuel tanks, and flammable 

Figure 5.  Expanded aluminum foam for explosion suppression in portable containers. 

i

 

Figure 6. Polyurethane foam samples before and after explosion suppression test. 



 

New Explosion Isolation Systems 
 

Although explosion venting and explosion suppression can be very effective for 

protecting a single enclosure, both methods can be defeated when there is explosion propagation 

between enclosures.  Flame propagation between enclosures causes flame jet ignition and a much 

more rapid rate of pressure rise when the explosion is initiated in the second or third connected 

enclosure.   Therefore industrial processes and facilities with enclosures connected by ducting or 

piping often ropagation 

c application of this nature is combustible particulate 

rocessing with one or more dust collectors. 

 

                       

 
 

 require some type of explosion isolation system to prevent explosion p

between equipment and vessels.  One generi

p

The two most common types of explosion isolation devices are fast-acting mechanical 

barriers and chemical isolation systems. Figure 7 is a simple schematic of a fast-acting 

mechanical barrier for explosion isolation.   An optical detector or pressure detector installed in 

the enclosure on the right senses the incipient explosion and sends a signal to the system 

controller.  The control then initiates the gas cartridge actuator in order to rapidly propel the fast-

acting valve across the pipe or duct cross-sectional area.  Neither the deflagration flame nor the 

pressure is allowed to propagate beyond the closed isolation valve. 

 

 

                                                                                                                                                             

 

Figure 7. Explosion isolation valve schematic.
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Figure 8 is a simple schematic for a chemical isolation system actuated by a pressure 

detector.  Upon detection, the controller actuates the discharge of suppression agent in the path 

of the propagating flame. 

 
 

 

 

 isolation with actuated valves or suppressants requires proper spacing 

f the isolation device and appropriate timing to actuate the explosion propagation barrier.  This 

requires some type of mathematical model and associated system software.  CEN/TC 305 WG 3 

[15] has drafted a standard to specify system design and installation requirements for these 

system

ome explosion isolation systems use only a passive device that relies on the pressure 

developed by the propagating deflagration to either  

9, or to divert the deflagration out of the pipe or duct, as shown in Figure 10.  The passive 

systems are conceptually simpler than the activ lation systems, but they also require 

certification testing to determine their applicability and limitations for various combustible 

mixtures, various size pipes/ducts, and various deflagration initiation scenarios that produce 

explosions with various flame propagation speeds and associated rates of pressure rise. 

 

 

 

 

 

 

 

 

Effective explosion

Figure 8. Chemical Isolation System

o

s. 
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 close the isolation valve as shown in Figure

e iso



 
Figure 9. Passive explosion isolation valve. 

 
 

 

 
 
 
 
 
 

 

Figure 10. Flame front diverters for passive explosion isolation.
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ew Blast Resistance Technology 

The war against terrorism has stimulated recent advances in blast resistance technology, 

specially in the area of new blast barriers and blast resistant walls.  Some of those technological 

evelopments have reached the stage of commercially available products.  Table 1 is a listing of 

last barriers and blast resistant wall products posted on the Web site of the U.S. Blast Mitigation 

or of this paper specifically endorses these 

otential users to investigate their performance and 

suitabil

dson et al tests.  Both free field (side-on) pressure 

gauges

il at blast pressures greater than 1.8 – 2.9 

psig (1

propell

N

e

d

b

Action Group (BMAG).  Neither BMAG nor the auth

individual products, but they do encourage p

ity for various applications.  Some of the products are intended to be expedient retrofits 

on existing high-risk structures, whereas others are more suitable for new construction.   Both the 

BMAG Web site and individual company Web sites provide details and listings of personnel 

who handle product and application inquiries. 

  Many of the products listed in Table 1 have been subjected to blast resistance testing.  

The tests entail setting off an explosive charge at a standoff distance from the test structure and a 

control structure such that both structures are subjected to the same blast load.  Figure 11 shows 

the test layout used recently by Davidson et al [16] at Tyndall Air Force Base to test the 

effectiveness of sprayed-on polymers applied to un-reinforced concrete masonry walls.  Figure 

12 shows the instrumentation used in the Davi

 and reflected pressure gauges were used, along with accelerometers and laser deflection 

gauges to measure the wall response to the blast loads. 

The characteristic blast wave produced by explosive charges is shown in Figure 13.  The 

primary parameters characterizing the blast load are the side-on peak pressure, Pso, and the 

positive phase specific impulse, Is, which is calculated as the area under the positive phase of the 

blast pressure curve.  When the blast impinges head-on to a nearly rigid wall, the corresponding 

parameters are the reflected peak pressure, Pr, and the reflected positive phase impulse, Ir. 

Un-reinforced concrete block walls typically fa

2 – 20 kPa).  The tests conducted by Davidson et al [16] demonstrated that a reflected 

peak pressure of 57 psig (393 kPa) and an Ir of 212 psi-ms (1460 kPa-ms) completely destroyed 

the unprotected control masonry wall, but the sprayed-on polymer protected wall remained intact 

with some damage.  Other tests with larger peak pressures and impulses did cause collapse of the 

polymer-protected wall, but the polymer retrofit prevented wall panel debris from being 

ed into the interior of the test structure. 
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Table 1 
Blast Barrier/Barricade Products 

Company Product Web Site 
AIGIS 

Engineering 
Solutions Ltd.

Applique wall blast protection system http://www.aigis.co.uk  

Achidatex Blast wall covering WWW.INFOMEDIA.CO.IL
/Companies/A/ACHIDATE

EXNEL.html
Astralloy Wear 

Technology 
 

Blast-resistant modular fencing http://www.astralloy.com  

Ballistics 
Technology 

International Ltd. 

Shock absorbing concrete blast protection wall 
system 

http://BallisticsTech.com

Battelle Memorial 
Institute 

Blast mitigation using a water spray system that 
reduces the energy from a vehicle bomb 

www.battelle.org/ 

BlastGard, Inc. http://www.blastgard.net  http://www.blastgard.net  
CINTEC Retrofit system to increase the blast-resistant 

capacity of masonry walls 
http://www.cintec.com

Composite 
Fibreglass 

Moudlings, Ltd 

Blast-resistant cladding panels None listed 

Corus 
 

Blast-mitigation wall consisting of steel-
concrete-steel sandwich construction 

http://www.bi-steel.com

Creative 
Building 
Products 

Portable plastic barricades and barriers http://www.soacorp.com/cbp
  

Cymat Corp. Blast wall covering, and blast door core http://www.cymat.com
Federal Fabrics 

Fibers, Inc. 
Blast mitigation barricades, wall coverings, and 

window shades 
None listed 

Firexx Corp. Blast mitigation foil material made of aluminum 
and magnesium 

http://www.Firexx.com

General Plastics 
Manufacturing 

Co. 

Explosive blast-damping wall system http://www.generalplastics.c
om

Hesco Bastion 
Ltd. 

Units are cells formed of Bezinal galvanized 
weldmesh, lined with polypropylene geotextile 

material. 

http://www.hesco.group.com

Inter-Block 
Retaining 
Systems 

Interlocking, stackable modular mass (4,000 
lb) concrete block units 

http://www.inter-block.com  

LINE-X 
Protective 
Coatings 

Blast mitigation spray-able polymer coating http://www.line-
x.com/FPED/  

Maccaferri, Inc. Multicellular geocomposite system walls for 
ballistic and blast protection. 

http://www.flexmac.com 
and www.maccaferri-

usa.com
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Company Product Web Site 
Mandall Armor 

Manufacturing 

Bla http://www.mandall.com
Design & 

st-resistant doors and walls 

M  Blast-mitigating material panels http://www.mistralgroup
.com

istral Security
Inc. 

Northern Precast Roof and wall blast mitigation panels None 
Off The Wall 
Products, L

Portable plastic, water ballast safety barricade 
LC 

http://multi-barrier.com

Suppress X-S, 
LLC 

Blast mitigation aluminum mesh; three 
dimensional honeycomb configuration s.com

http://www.suppressx-

Terr rael e-Armee Is
Co., Ltd. 

 

Blast-resistant wall None 

WCB & 
Associates 

Ballistically sympathetic concrete None 

 
Davidson et s of

to be beneficial in providing in and preventing fragmentation, most 

hav advantages. blems in adhering to the wall, 

toxicity hazards, particularly during coating application, and material flammability 

consi s.  Resea veral ot

over se proble men

mate

ational  recentl

c ec ts techno ian 

ag  pr ngs 

T  [17] had eleven seven recommendations, including the 

f

accou e barriers and exterior 

screening in reducing bla e performance of structural wraps and other 

retrofit

furniture, fixtures, and office equipment in causing incremental damage and 

injuries, and im

Develop a blast-resistance decision framework based on threats, building 

stim

of protection for new and retrofit construction. 

al [16] point out that although many different type

creased wall blast resistance 

 wall coatings appear 

e other dis  These disadvantages include pro

deration rch is continuing at Tyndall AFB and se her test facilities to 

come the

rials. 

ms and also develop even better blast/frag tation resistant retrofit 

A U.S. N  Academy of Sciences (NAS) committee has y studied and issued 

onclusions and r ommendations on how to transfer military blast-effec logy to civil

encies and the ivate sector, so as to better protect people and buildi

 conclusions and 

from terrorist blasts. 

he NAS report

ollowing: 

 Provide engineers and architects with blast-resistant design guidance that 

nts for such topics as: effectiveness of vehicl

st loads, th

s, the performance of various window systems, vents and doors, effects of 

proved rescue methods. 

 

vulnerabilities, available resources, and accurate cost-e ates for various levels 

http://bmag.pecp1.nwo.usace.army.mil/WWW.INFOMEDIA.CO.IL/Companies/A/ACHIDATEEXNEL.html
http://www.astralloy.com/


 16

 Implementation of blast mitigation measures should be based on established risk 

anagement t can acco

itigation technologies. 

m

m

and risk assessment principles tha unt for the new blast-

 
Figure 11. Blast resistance test setup at Tyndall AFB (from [16]) 

 
In order to carry out these NAS conclusions and recommendations, simplified and 

convenient blast analysis methods are needed to use in conjunction with information on the 

performanc

empirical bas

fundamental an

is important to

and building 

contributions t  simple adjustment factors to allow 

determinat

panels based o

e and cost-effectiveness of various blast resistant materials and structures.  An 

is for blast analysis already exists for many military structures [18], and 

alytical methods are also available for more general simple structures [19, 20].  It 

 extend both the empirical and analytical methods to a wider variety of structural 

elements.  Researchers such as Mays et al [21] have been making important 

oward this end by deriving and validating

ion of the blast resistance of structural elements such as reinforced concrete wall 

n their static load structural strength. 



 
Figure 12. Instrumentation for Blast Resistance Tests at Tyndall AFB (from ) 

 

 
Figure 13.  Ideal blast wave pressure versus time. (from DOD TM5-1300) 
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Conclusions 

Facility and aircraft/vehicle engineers, managers, and safety officials now have many 

more choices and resources available to provide effective protection for internal and external 

explosion hazards.   New and less expensive air separation modules are available to provide on-

site nitrogen for inerting flammable liquid storage tanks and combustible powder silos.  New 

developments in explosion venting include new venting devices with internal flame arrestors to 

prevent flame venting, and new design guidelines that render explosion venting more feasible in 

large buildings and process structures.  New explosion suppression/mitigation systems now 

available include water spray/mist deluge systems for process structures handling large quantities 

of flammable gas and vapor, and reticulated aluminum and polymer foam inserts for aircraft and 

vehicle fuel tanks and flammable liquid storage containers.  Contemporary explosion isolation 

systems now available include active mechanical and chemical barriers triggered by pressure or 

flame detectors, and passive isolation valves and flame front diverters that are activated by the 

pressures acco ers and blast 

mitigation wall products are now commercially lable for both new and retrofit applications. 

Most of these blast resistance/mitigation products have been subjected to large-scale testing so 

that data are now available to delineate their effectiveness and limitations.  However, a risk-

based decision framework is apparently lacking to compare the cost-effectiveness and 

advantages of these products to other blast protection measures. 
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