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EXECUTIVE SUMMARY 

Chemical oxidizers are defined as óany material that readily yields oxygen or other oxidizing gas, 
or that readily reacts to promote or initiate combustion of combustible materials and, under 
some circumstances, can undergo vigorous self-sustained decomposition due to contamination 
or heat exposureô.1 Unless properly stored and handled, oxidizers are serious fire safety 
hazards. In an effort to prevent and/or mitigate fires caused by or involving oxidizers, the NFPA 
developed a four-class classification system for solid and liquid oxidizers. The first and most 
important step in applying the Codeôs requirements for the safe storage of oxidizers is Class 
assignment.  The Class of oxidizer not only provides an indication of the potential fire hazard but 
also specifies the quantities of material requiring protection under various storage configurations 
and occupancies. Oxidizers assigned to Class 1 are least hazardous, while those assigned to 
Class 4 exhibit the most severe physical hazards (i.e., explosive reaction). While in use since 
1973, this classification system is subjective. Burning rate, the principal physical hazard of 
oxidizers used to distinguish between the four Classes, is not defined by the Code and there are 
no tests for assessing the degree to which an oxidizer increases the burning rate of combustible 
materials with which it comes into contact.   

In 2005, the Hazardous Chemicals Technical Committee (HCS-AAA) initiated a project to 
develop a new or enhanced system for classifying oxidizers with criteria determined by the use 
of systematic, measurable test data. The project was undertaken in two phases. Phase I 
consisted of a comprehensive review of the Code and annex, fires involving oxidizers during 
transportation and storage, published literature, and test methods for evaluating oxidizer 
physical hazards.2  A report of the findings from this review was published in April 2006. The 
development of reaction-to-fire tests with criteria based on burning rate only to classify oxidizers 
consistent with the current definitions of Class 1, Class 2, Class 3 and Class 4 was set as the 
objective of Phase II. The Phase II research proposal and test plan reflected the Committeeôs 
desire for development of a reliable and meaningful bench-scale screening test and/or an 
intermediate-scale fire exposure test.  Other specific interests of the Committee included an 
evaluation of oxidizers common in high-volume commerce and storage and the influence of 
product form and different combustible test packaging on burning rate.  

During Phase II, a bench-scale screening test was developed based on the globally accepted 
UN Test O.1 method for Division 5.1 solid oxidizers.3  The bench-scale test was used to perform 
over 225 screening tests with twenty oxidizers that exhibited a range in burning behavior. Four 
test-operator-independent variables were used to evaluate burning rate: mass loss rate, burning 
duration, peak temperature, and flame height.  Fifty-nine oxidizer-fuel mixtures were tested 
using the Fire Propagation Apparatus (FPA, ASTM E 20584) at FM Global. Results from the 
bench-scale screening test were validated by establishing correlations between mass loss rate 
and heat release rate data from the FPA. Thirty-two intermediate-scale fire exposure tests 
based on ASTM E 20675 were conducted at Southwest Research Institute (SwRI) with empty 
packaging, packaged sodium chloride, packaged phenolic resin powder, and fourteen oxidizers 
in three combustible test packaging types.  Most intermediate-scale tests consisted of the same 
mass (24-lbs) of oxidizer in the same combustible packaging consisting of six high-density 
polyethylene (HDPE) containers enclosed in doubled-wall corrugated board cartons. Energy 
released during the fires involving oxidizers at the intermediate-scale was characterized by peak 
convective heat release rate and the duration of active burning from radiant heat flux profiles.    

The proposed oxidizer classification method consists of two reaction-to-fire tests: (1) a bench-
scale screening test with 30-g mixtures of oxidizer and dried cellulose powder exposed to a 
glowing wire and (2) an intermediate-scale test with 24-lbs of oxidizer in combustible test 
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packaging exposed to a constant external fire source. The data from eleven solid oxidizers, 
tested at both the intermediate-scale and bench-scale, were evaluated and used to establish 
criteria for classifying oxidizers. Peak convective heat release rate at the intermediate-scale and 
maximum mass loss rate at the bench-scale were determined to be the principle indicators of 
burning rate. The duration of increased burning rate or active burning times were consistent, 
secondary criteria for classification that distinguished Class 1 oxidizers from Class 3 oxidizers.   

The proposed bench-scale screening test can be performed by most laboratories at low cost*. 
The intermediate-scale fire exposure test requires a burn facility. The screening test should be 
used as a first step to classify oxidizers, followed by confirmatory intermediate-scale tests, 
especially for oxidizers that are not clearly Class 1 or Class 3. And for safety, the bench-scale 
screening test should be conducted before intermediate-scale testing.  

The mass loss rate and active burning time data from the bench-scale screening test are test-
operator-independent indicators of burning rate and are capable of preliminary categorizing an 
oxidizer according to the fire characteristic in question (i.e., burning rate).  The method of 
collecting mass loss data during combustion has already been subject to inter-laboratory 
testing.  Criteria based on mass loss data were found to be more reliable than the burning time 
determined with a stop watch.  The bench-scale screening test can distinguish between weak or 
clearly Class 1 oxidizers, strong or clearly Class 3 oxidizers, and oxidizers that principally 
decompose. It can also be used to investigate the influence of particle size, additives and the 
degree of hydration or moisture content on burning rate. The intermediate-scale test and the 
peak convective heat release rate are the best method and measure of the burning rate of the 
packaged oxidizer, respectively. The larger scale test results were used to establish meaningful 
criteria for the bench-scale screening test.  The intermediate-scale fire exposure test would be 
required for oxidizers that principally decompose, and are not clearly Class 1 or Class 3.  The 
results of an intermediate-scale fire exposure test with 24 pounds of material in combustible test 
packaging will determine if an oxidizer is Class 1, Class 2, or Class 3.   

Cumulative results indicated that the burning rate of the tested solid oxidizers was principally a 
function of the oxidizer and its concentration.  Inclusive in the influence of the oxidizer and its 
concentration were the amount and type of additives as well as the degree of moisture content 
of the oxidizer or hydrated salt additives.  The tests and criteria are sensitive enough that 
formulated or oxidizers mixed with inert materials were distinguishable from the unformulated or 
pure oxidizer. Product form (granular vs. tablet) did not exhibit as strong an influence on burning 
rate.   

Additional research is required to evaluate fire scenarios involving liquid oxidizers.  Because 
there are fewer liquid phase oxidizers than solid phase oxidizers, it is recommended that the 
storage, use and handling of these materials be subject to individual fire hazard assessment 
until which time a test method(s) and criteria based on fire scenario are developed and validated 
by intermediate-scale tests.  Also, Code provisions should be considered for liquid oxidizers that 
have been identified as explosive precursors. 

Results from this project will significantly improve the Code and safety where oxidizers are 
stored by properly identifying the Class to which an oxidizer or oxidizer-containing product 
belongs. This research represents the first time bench-scale tests to evaluate chemical oxidizers 

                                                

*
 The laboratory should have oxidizer-handling experience, the minimum required equipment requirements and 

chemical safety training. 
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were based on intermediate-scale test results and the first time bench-scale tests involving 
oxidizers mixed with fuels in different concentrations have been studied and validated with 
fundamental reaction-to-fire properties.  

The following table and flow diagram summarize the proposed oxidizer classification tests and 
criteria resulting from this research project.  The bench-scale screening test can be used to 
classify oxidizers. If the materialôs maximum mass loss rate and active burning time are not 
clearly Class 1 or clearly Class 3, then it is a candidate Class 2 oxidizer. A manufacturer can 
accept Class 2 assignment or proceed to intermediate-scale testing in combustible test 
packaging to resolve whether the oxidizer is a Class 1, Class 2, or Class 3.  

Tests and Criteria for Assigning Solid Oxidizers to Class 1, Class 2, Class 3 and Class 4. 

  PROPOSED TESTS AND CRITERIA 

  

 

Bench-Scale Screening Test 
(30-g mixtures)  

Intermediate-Scale  

Fire Exposure Test 

(24-lbs in test packaging) 

CLASS CURRENT CRITERIA 

Maximum  
Mass Loss 

Rate (MLR)* 

[g/s] 

Active 

Burning Time 
(tactive)** 

[s] 

Peak 
Convective 

Heat Release 
Rate 

(HRRconv) 

[kW] 

Active Burning 
Time*** 

[s] 

CLASS 1 
Does not moderately 
increase the burning rate of 
combustible materials 

Ò0.3 Ó30 Ò100 Ó120 

CLASS 2 
Causes a moderate increase 
in the burning rate of 
combustible materials 

0.3<MLR<3 6< tactive <30 100-200 60< tactive <120 

CLASS 3 
Causes a severe increase in 
the burning rate of 
combustible materials 

Ó3 Ò6 Ó200 Ò60 

CLASS 4 
Generally meets the Class 3 criteria plus evidence to support explosive reaction due to contamination 
or exposure to thermal or physical shock including UN and/or GHS designations. 

* Maximum mass loss rate from 20 to 80% the final measured mass (mf) of 1:1, 4:1 and 9:1 mixtures.  

** Calculated from the mass loss profiles. 

***Calculated from the width of the curve at ½ the peak radiant heat flux. 
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Class 2

Bench-Scale Screening Tests

with Oxidizer:Cellulose

Powder Mixtures*

Class 1 Class 3

Class 1 Class 2 Class 3* *

Intermediate-Scale Fire

Exposure Test  with 24 lb

(10.9 kg)  Oxidizer in Test

Packaging

Borderline

Class 1/ Class 2

Borderline

Class 2/ Class 3

Max MLR20-80%mf¢0.3g/ s

& act ive burning t ime

 ( t 0-80%mf)²30s

Max MLR20-80%mf²3g/ s

&  act ive burning t ime

( t 0-80%mf)¢6s

Peak Convect ive HRR²200 kW

&

Class 1 or Class 3 criteria

not  met

100 kW< Peak Convect ive HRR< 200 kW

&

60s<  Act ive burning t ime< 120s

Peak Convect ive HRR¢100 kW

& Act ive burning t ime²120s Act ive burning t ime¢60s

* Thirty-gram ( 30-g)  piles of 1:1,  4:1 and 9:1 by weight mixtures of the oxidizer,  with the as-received

particle size,  and dried cellulose powder.   I f the 1:1 or 4:1 oxidizer: cellulose powder mixture result in

burning durations less than 6 seconds or mass loss rates greater than 3 g/ s,  testing a 9:1 mixture is not required.

* * A Class 4 oxidizer generally meets the Class 3 burning rate criteria plus evidence to support explosive reaction

due to contamination or exposure to thermal or physical shock.

Solid oxidizer classification tests and criteria flow diagram. 
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Recommendations 

Assigning an oxidizer to Class 1, Class 2, Class 3 or Class 4 no longer needs to be subjective 
as the present research proposes a systematic, quantitative method with two reaction-to-fire 
tests and criteria for evaluating the enhancement or acceleration of burning rate by oxidizers. 
Based on the results from Phase II of this project, the following recommendations are proposed 
to the Hazardous Chemicals Technical Committee: 

(1) Adopt the proposed method with two reaction-to-fire tests and criteria for assigning solid 
oxidizers to Class 1, Class 2, Class 3, or Class 4. 

(2) Evaluate and refine the definitions of oxidizer, burning rate and the definitions of Class 1, 
Class 2, Class 3, and Class 4 oxidizers based on this report and the proposed tests and 
criteria.  

(3) Add a summary of this research in the Codeôs Annex.   

(4) Evaluate the test data and Class of oxidizers that, based on the intermediate-scale test 
results, differed from their current NFPA Class.  These oxidizers are sodium persulfate, 
calcium peroxide, potassium permanganate, potassium perchlorate and calcium 
hypochlorite (50 wt%). Under the proposed tests and criteria, each would be one class 
higher.  Further, potassium monopersulfate should be considered for addition to Class 1 in 
the Codeôs annex.    

(5) Evaluate the burning rate of ammonium nitrate. 

(6) Establish a technical basis for the existing fire protection provisions with additional  testing 
using Class 1-borderline Class 2 and Class 2-borderline Class 3 oxidizers. 

(7)  Modify the Code to provide the same security measures recommended by the NRCan 
Explosive Act for specific solid and liquid oxidizers identified as explosive precursors. The 
oxidizers include hydrogen peroxide (Ó30%), potassium chlorate, potassium perchlorate, 
sodium chlorate, nitric acid (Ó68%), potassium nitrate, and sodium nitrate.  

Disclaimers 

Oxidizers have multiple physical and health hazards. The tests and data described in this report 
provide information only on the óburning rateô of oxidizers. This report does not address other 
physical hazards of oxidizers, such as thermal instability and chemical reactivity, or health 
hazards of gaseous products generated during combustion or decomposition. Dangerous 
reactions can occur if oxidizers are exposed to fire or other heat sources.  If confined, gaseous 
products generated from oxidizer decomposition can result in overpressure events and 
explosions.  This report and research can be used as part of a full hazard-assessment of 
oxidizers, including thermal decomposition and reaction to contaminants. 

The results in this report do not include an evaluation of oxidizer-containing explosive mixtures, 
pyrotechnic mixtures, and oxidizers stored in non-combustible vessels or in non-combustible 
packaging.  Recognizing that some oxidizers are packaged in non-combustible packaging, this 
research and proposed tests and criteria involved combustible test packaging consisting of 
plastic and corrugated cardboard, which may not be representative of oxidizers in their normal 
packaging.    
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Lastly, the proposed tests and criteria assign an oxidizer to a NFPA Class for storage.  The 
NFPA Class is not applicable to and should not be confused with transportation or Packing 
Group assignment and vice versa.  The Department of Transportation (DOT) and United 
Nations (UN) Packing Group (III, II, I) assignments are different from, and not synonymous with, 
the NFPA Class (1, 2, 3, 4) assignments for storage.   
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INTRODUCTION 

Background 

Recognized hazards of chemical oxidizers are the potential to (1) increase the burning rate of 
combustible materials; (2) cause spontaneous ignition of combustible materials; (3) decompose 
rapidly; (4) evolve or emit hazardous gases; (5) undergo self-sustained decomposition which 
can result in an explosion; and (6) react explosively if mixed with incompatible materials or if 
involved in an exposure fire6.  Whether it decomposes and initiates a fire or is involved in an 
exposure fire, an oxidizer can release an oxidizing gas, in the condensed and/or gaseous 
phase, that can increase the intensity of a fire compared to normal combustible materials. The 
degree and/or range of hazards vary and are different for each oxidizer.  Storage environment-
related combustible materials with which oxidizers come into contact include combustible 
packaging and pallets. 

The loss history of oxidizers includes large fires during transportation and storage.  Recent fires 
involving oxidizers have occurred at waste treatment facilities. Contaminated sodium chlorate, 
for example, resulted in the destruction of a warehouse at Teris LLC in El Dorado, Arkansas in 
January 2005.7  A subsequent fire at an EQ hazardous waste treatment facility in Apex, North 
Carolina,8 originated where tablet-form swimming pool treatment chemicals and sodium chlorate 
oxygen generators were stored.   

Solid and liquid oxidizers are available as formulated products and can exist in different product 
forms.  Solid product forms include powder, granular, and compacted solid. Compacted solid 
oxidizers include pellets, briquettes, pill or disk-shaped tablets of varying diameter, and solid 
candles (i.e., oxygen generators, emergency road flares). Some oxidizers are neat or pure; 
some are hydrated or anhydrous; others are formulated.  In formulated products, the 
concentration of the oxidizer constituent can vary. Examples of oxidizers that vary in 
concentration in commercial formulated products are sodium dichloroisocyanurate dihydrate, 
trichloroisocyanuric acid, sodium percarbonate, and calcium hypochlorite. Other constituents or 
additives in oxidizer-containing commercial products may include hydrated salts, inert or non-
oxidizers, and/or oxidizing components.  The number and concentration of additives in a 
formulated product also vary. 

Some oxidizers are explosive chemicals or explosive precursors. The National Research 
Councilôs Committee on Marking, Rendering Inert and Licensing of Explosive Materials 
identified ammonium nitrate as an explosive chemical, nine oxidizers that could be physically 
mixed with a fuel to produce an explosive composition, and two liquid oxidizers as precursors 
requiring chemical reactions.9  Solid and liquid oxidizers that made the Committeeôs short list of 
explosive precursors most likely to be used in bomb-making were ammonium nitrate, sodium 
nitrate, potassium nitrate, sodium chlorate, potassium chlorate, potassium perchlorate, 
hydrogen peroxide, and nitric acid. Recently, the Natural Resources Canada (NRCan) 
Explosives Act listed nine chemicals as explosive precursors, eight (six solids and two liquids) of 
which were oxidizers.À The new regulation requires buyers and sellers of restricted components 
to enroll with NRCan and to comply with security measures where these materials are stored 

                                                

À
 Ammonium nitrate (solid, 28-34% nitrogen), hydrogen peroxide (liquid, Ó30%), nitromethane, potassium 
chlorate, potassium perchlorate, sodium chlorate (solid), nitric acid (liquid, Ó 68%), potassium nitrate, and 
sodium nitrate (solid). The non-oxidizer restricted component is liquid nitromethane. 
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and when transported, including record keeping and identification of customers with materials 
above threshold quantities.10 

The fire codes utilize a system for classifying oxidizers based on their potential fire hazard.  In 
the four-class system, oxidizers assigned to Class 1 are least hazardous, while those assigned 
to Class 4 exhibit the most severe physical hazards (i.e., explosive reaction). NFPA 430 Code 
for the Storage of Solid and Liquid Oxidizers applied to the storage and handling of oxidizers 
and provided requirements for the safe storage of commercially available strengths of oxidizers 
based on their Class.  NFPA 430 Code was consolidated with other hazardous materials codes 
into the new NFPA 400 Hazardous Materials Code.  The definitions of Class 1, Class 2, Class 3 
and Class 4 oxidizers and those listed as typical of each Class in the Annex did not change.  
Class 4 oxidizers are considered high hazard level 1 contents; Class 3 oxidizers are high hazard 
level 2 or level 1 contents; Class 2 solid and liquid oxidizers are high hazard level 1 contents.   
The hazard level of Class 3 solid and liquid oxidizers is based on whether they are used or 
stored in normally closed containers or systems at gauge pressures more or less than 15 psi 
(103.4 kPa).  The maximum allowable quantities (MAQ) of oxidizer per control area are 
contained in Chapter 5 and are based on the Class and form of oxidizer, whether the material is 
in storage or use in open and closed systems and the building occupancy.  Chapter 6 contains 
the fundamental requirements for the safe storage, use and handling of hazardous materials in 
general; for storage when exceeding the MAQ per control area for high hazard level contents; 
and for use, dispensing and handling in amounts exceeding the MAQ.  Specific fire protection 
requirements for solid and liquid oxidizers in various storage configurations are contained in 
Chapter 15 and are based on the oxidizer Class.  Class specific requirements include limitations 
on the quantity of material, allowable distances, and sprinkler criteria.     

There are well over 90 different solid and liquid oxidizers.  The Codeôs Annex lists twenty-eight 
ñtypicalò Class 1 oxidizers, forty-three Class 2 oxidizers, and fifteen Class 3 oxidizers.  Only five 
oxidizers are listed as Class 4. In the past, oxidizers were assigned to a Class based on 
evaluation of available scientific and technical data, experience, historical fires and results of 
tests by conducted by the Bureau of Mines and GE Research in the 1970s.  Ammonium nitrate 
and organic peroxides are contained in Chapter 11 and Chapter 14 of the Hazardous Materials 
Code, respectively. 

Since their establishment in 1973, the NFPA definitions of Class 1, Class 2, Class 3, and Class 
4 oxidizers have been subjective and require interpretation. Revisions to the Code also have 
included changes to the definition of oxidizer as well as the subjective descriptions used to 
define each Class. Since 2004, oxidizers are assigned to Class 1, Class 2, Class 3 or Class 4 
based on the degree to which the oxidizer increases the óburning rateô of combustible materials 
with which it comes into contact; however, burning rate is not defined by the Code.  The NFPA 
Code has never had tests or criteria to assess burning rate or for assigning an oxidizer to a 
Class.  On occasion, the Hazardous Chemicals Technical Committee has classified or re-
classified specific oxidizers based on fire losses and/or results from reaction-to-fire tests with 
oxidizers in their intended form and packaging, with and without calorimetry.  These tests have 
included intermediate-scale and pallet-scale forced-ignition/fire exposure tests.  

The goals of this project were to 1) define burning rate in terms of fire-test-response 
characteristics, 2) develop reaction-to-fire tests to quantify the degree to which an oxidizer 
increases or enhances the burning rate of combustible materials, and 3) develop burning rate 
criteria to classify oxidizers based on the NFPA definitions of Class 1, Class 2, Class 3 and 
Class 4 oxidizers.     
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Significance and Use 

The tests and criteria proposed herein provide a technical basis for the classification of oxidizers 
based on the quantity and duration of energy released as a result of its involvement in a fire.  
The use of an intermediate-scale fire exposure test method is consistent with the Hazardous 
Chemicals Technical Committeeôs preference for real-scale scenarios.  The bench-scale 
screening test designed reduces the need, number, and expense associated with intermediate-
scale testing.  The data contained in this report also can be used to assess the classification of 
oxidizers, or formulations containing oxidizers, that differ from their current Class and/or that are 
not listed in the Codeôs Annex. 

A fire hazard assessment of oxidizers based on burning rate only has limitations. Information on 
other oxidizer physical hazards (e.g., reactivity, thermal instability) is not provided, nor is 
information on the toxicity of gaseous products of decomposition and/or combustion. The 
assessment does not include the potential for explosive reactions or provide information on the 
behavior of oxidizers in non-combustible packaging or vessels when exposed to fire. It is 
assumed that the maximum allowable quantities per control area and occupancy and the fire 
protection strategies for Class 1, Class 2, and Class 3 oxidizers are appropriate for the safe 
storage of these materials. 

Safety 

Oxidizers are hazardous materials that pose both physical and health hazards. The safe 
handling, storage, testing, and disposal of oxidizers and post-test residue require knowledge of 
and training regarding these hazards, including (but not limited to) the information provided in 
Materials Safety Data Sheets (MSDS) and product technical information.  

Bench-scale screening tests should be performed by experienced laboratory personnel with 
training in chemical safety and performed in a clean laboratory hood capable of removing 
gaseous products of combustion and/or decomposition. Intermediate-scale fire exposure testing 
requires personnel with advanced training and experience in fire safety and fire test 
methodologies and should not be performed by untrained personnel. Intermediate-scale testing 
should not be performed without some bench-scale screening tests. 

MSDS and product information should be consulted before handling and storing oxidizers prior 
to testing. Some oxidizers are hygroscopic, toxic, and/or require temperature control. The 
MSDS provides useful information on the composition and fundamental properties of the 
material, including decomposition temperature, toxicity, hazardous products of decomposition, 
and special fire extinguishing, safe handling, and disposal considerations. 

DEFINITIONS 

The following terms are used in this report.   

Active Burning Time. Duration (s, min) of burning with flaming combustion, or decomposition 
with minor flaming combustion, calculated from test data.  From bench-scale screening test 
data, the active burning time is calculated as the time from first measurable mass loss to the 
time at which 80% of the mixture is consumed and/or decomposed.  From intermediate-scale 
radiant heat flux test data, the active burning time is the width of the curve at one-half the peak 
radiant heat flux. 
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Burning Behavior. The complete characterization of a material or mixtureôs reaction to fire. 
Burning behavior includes both visual descriptors and test data. 

Burning Rate. (1) The mass of solid or liquid fuel consumed per unit time (g/s).11 (2) The 
intensity, characterized by the quantity of energy released in the form of heat and light or fire, 
and time duration over which the energy is released.  

Chemical Heat Release Rate. Heat release rate (kW) calculated from the composition of the 

combustion gases either by oxygen consumption calorimetry (HRRO2 or 2Oq# ) or carbon dioxide 

and carbon monoxide generation (HRRCO2 or 2COq# ). (see also Heat Release Rate) 

Convective Heat Release Rate (HRRconv or convq# ). Heat release rate (kW) estimated from the 

temperature increase of the combustion gases in the exhaust duct. (see also Heat Release 
Rate) 

Fire-test-response Characteristic12. A response characteristic of a material, product, or 
assembly to a prescribed source of heat or flame, under controlled fire conditions; such 
response characteristics may include, but are not limited to, ease of ignition, flame spread, heat 
release, mass loss, smoke generation, fire resistance, and toxic potency of smoke. 

Formulated Product. A product that contains an oxidizer as one of its constituents, including 
admixtures.  Some oxidizers are not sold in pure form (i.e., lithium hypochlorite, calcium 
hypochlorite).  Formulations include unavoidable by-products and un-reacted raw materials 
inevitably present in the product and intentionally added diluents and exotherm control agents, 
such as hydrated salt crystals coarsely blended with the manufactured oxidizer.  The MSDS and 
stereoscopic examination of the material are used to distinguish between a homogeneous 
material and an admixture of two or more granular solids. 

Heat Flux.12 Heat transfer to a surface per unit area per unit time (kW/m2-s). 

Heat Release.13 Amount of heat evolved, produced, or released from burning material or 
combustion of a given weight (J/g) or volume (J/cm3) of material.    

Heat Release Rate (HRR).12  Measure of fire intensity based on quantity of heat evolved, 
produced, or released during combustion, usually expressed per unit time (J/s) or per unit 
quantity of material (J/g). Thermal energy released per unit time by an item during combustion 
under specified conditions.  

Mass Loss. The change in mass of a solid material to gaseous products during combustion or 
decomposition expressed per unit quantity of material (g/g, %).  

Mass Burning Rate.12 Mass loss per unit time (g/s, kg/min) by materials burning under 
specified conditions.  

Oxidizer. (1) A chemical other than a blasting agent or explosive that initiates or promotes 
combustion in other materials, thereby causing fire either of itself or through the release of 
oxygen or other gases;14 (2) Substances (Division 5.1) which, while in themselves not 
necessarily combustible, may, generally by yielding oxygen, cause, or contribute to, the 
combustion of other material;3,15 (3) Any material that readily yields oxygen or other oxidizing 
gas, or that readily reacts to promote or initiate combustion of combustible materials and, under 
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some circumstances, can undergo a vigorous self-sustained decomposition due to 
contamination or heat exposure.1   

Class 1 Oxidizer. An oxidizer that does not moderately increase the burning rate of 
combustible materials with which it comes into contact. 

Class 2 Oxidizer. An oxidizer that causes a moderate increase in the burning rate of 
combustible materials with which it comes into contact. 

Class 3 Oxidizer. An oxidizer that causes a severe increase in the burning rate of 
combustible materials with which it comes into contact. 

Class 4 Oxidizer. An oxidizer that can undergo an explosive reaction due to 
contamination or exposure to thermal or physical shock and that causes a severe 
increase in the burning rate of combustible materials with which it comes into contact.  

Packaging. The intended outer wrapping of the test material, including plastic bottles, bags, 
corrugated board carton, pails, and fiberboard drums.  

Radiant Heat Flux. Energy released from a burning object in the form of convective and radiant 
heat fluxes transferred to the surface of a gage that absorbs the heat at one surface and 
transfers the heat in a direction normal to the absorbing surface (kW/m2).  

Screening Test.12 A fire-response test performed to determine whether a material, product, or 
assembly (a) exhibits any unusual fire-related characteristics, (b) has certain expected fire-
related characteristics, or (c) is capable of being preliminary categorized according to the fire 
characteristic in question. 

Test Packaging.  Packaging for solid (granular, tablet or powder) oxidizers during the 
intermediate-scale fire exposure test consisting of six, high-density polyethylene (HDPE) 
containers in a double-wall corrugated board carton. 

Visual Burning Duration. Duration (s, min) of visible flaming combustion, as measured with a 
stopwatch. 

MATERIALS 

Cellulose Powder (Whatman CF11) 

Dry, fibrous cellulose powder (Whatman CF11) was used as combustible fuel for bench-scale 
screening test mixtures. Mean fiber size ranged from 50 to 350 microns.   

Cellulose is an organic polymer.  Its chemical formula is (C6H10O5)n.  From the Whatman CF11 
product specification sheet, the CF11 cellulose powder is a diethylaminoethyl-derivatised 
cellulose or cellulose-O-(CH2)2N(C2H5)2.  The chemical structure consists of pyranose rings with 
hydroxyl- and methoxy-functional groups. Figure 1 shows two stereomicroscope images of the 
cellulose powder and its FTIR spectrum. On a mass basis, the cellulose powder used contained 
49.6% oxygen, 43.9% carbon, 6.2% hydrogen, and 0.16% nitrogen. Table 1 summarizes the 
properties of cellulose powder from the manufacturerôs product specification sheet. The 
moisture content of cellulose powder was confirmed using an analytical moisture analyzer. 
Moisture content was reduced by drying in an oven at 108°C for 4 to 5 hours.  
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Reaction-to-fire test data of dried cellulose powder from combustion-type tests with a Fire 
Propagation Apparatus are summarized in Table 2. The calculated effective heat of combustion 
of dried cellulose powder was 19.2±0.4 kJ/g. A literature value for heat of combustion of 
cellulose is 16.1 kJ/g16. For comparison, polyethyleneôs heat of combustion is 43.3 kJ/g. 

TABLE 1. Properties of Whatman CF11 Cellulose Powder (Lot No. 7311083). 

Mean particle size (fiber length) 50ï350 microns 

Moisture content (as-received) 3.86% 

Dry density 56 ml per 20 g 

Iron (Fe) 2.0 ppm dry weight 

Copper (Cu) 0.05 ppm dry weight 

Ash 0.012% 

 

TABLE 2. FPA Reaction-to-Fire Test Data of Whatman CF11 Cellulose Powder (30-g) 

Moisture content  0.37±0.05 wt% 

Peak heat release rate based on carbon dioxide generation 2.10±0.11 kW 

Total heat release based on carbon dioxide generation 567±12 kJ 

Peak convective heat release rate 0.87±0.08 kW 

Total heat release based on gas temperature rise 295±25 kJ 

Peak mass loss rate 0.099±0.002 g/s 

Percent material consumed 98.2±0.3 wt% 

Effective heat of combustion 19.2±0.4 kJ/g 
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FIGURE 1. Stereomicroscope images (top) and FTIR spectrum of Whatman CF11 cellulose powder (bottom) 
(Lot No. 7311083). 

 

Combustible Test Packaging Used in Intermediate-Scale Fire Exposure Tests 

Oxidizers can be packaged and stored in combustible and non-combustible packaging.  
Combustible packaging includes plastic thin-film sealed bags in corrugated board cartons, high-
density-polyethylene (HDPE) bottles in corrugated board cartons, HDPE pails, and fiberboard 
drums. HDPE is the most common combustible packaging material used for commercial 
oxidizers in retail stores (Fig. 2). The size and shape of individual HDPE containers varies. The 
net weight of material in HDPE bottles ranges from 2 lbs (0.91 kg) to 6 lbs (2.72 kg) and in 
HDPE pails from 24 lbs (10.9 kg) to 50 lbs (22.7 kg). In storage environments, oxidizers in 
corrugated board cartons, pails, and fiberboard drums are typically arranged on combustible 
pallets. 
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HDPE containers and 1-lb bags in corrugated board cartons and HDPE pails were used as 
combustible test packaging for the intermediate-scale fire exposure tests. HDPE containers 
included a 60-ounce (1,774 cm3) container, an 85-ounce (2,514 cm3) container, and a 2.5 US 
gallon (320 ounce, 9,463 cm3) pail (Fig. 3). The 60-ounce HDPE containers could accommodate 
1.8 kg (4 lbs) of material and were used in most tests with crystalline, granular and tablet form 
oxidizers. The 85-ounce HDPE containers were used in tests with low-density, powder-form 
calcium peroxide and phenolic resin.  The 60-ounce and 85-ounce HDPE containers and HDPE 
pails were procured from Consolidated Plastics Inc. (Twinsburg, Ohio).  

The corrugated board cartons had doubled-wall construction.  The cartons were made by JM 
Packaging-Detroit Tape and Label (Warren, Michigan). The dimensions of the corrugated board 
carton used to enclose six 60-ounce HDPE containers were 16 in x 10 in x 8 in (40.6 cm x 25.4 
cm x 20.3 cm). The dimensions of the corrugated board carton used to enclose six 85-ounce 
HDPE containers were 16 in x 10 in x 10 in (40.6 cm x 20.3 cm x 20.3 cm).  The average mass 
of the 16 in x 10 in x 8 in doubled-wall carton was 625 grams (1.4 lbs).  Figure 4 shows six 60-
ounce HDPE containers in a doubled-wall corrugated carton. 

The dimensions of the HDPE containers and pails and the dimensions and properties of the 
carton are summarized in Tables 3 and 4, respectively.  

TABLE 3. Dimensions of HDPE Containers and Pail with Lids 

Volume 
Ounce (cm

3
) 

Overall Height 
Inch (cm) 

Outer Diameter 
Inch (cm) 

Wall Thickness 
Inch (cm) 

Mass 
(g) 

60 (1,774) 6.38 (16.19) 4.81 (12.22) 0.04 (0.10) 99 

85 (2,514) 8.50 (21.60) 4.75(12.06) 0.04 (0.10) 114 

320 (9,463) 12.50 (31.75) 9.5 (24.13) 0.08 (0.20) 919 

 
TABLE 4. Properties of Double Wall Corrugated Board Carton 

 
Bursting Test 
Pressure (psi) 

Min. Combined 
Weight Facings 

(lb/ft
2
) 

Wall thickness  

in (cm) 

Gross weight 
limit  

lb (kg) 

DW Carton 275 110 0.265 (0.673) 100 (45.4) 
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FIGURE 2.  Commercial oxidizers in combustible packaging. 
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FIGURE 3. HDPE containers and pail used as combustible test packaging in 
intermediate-scale fire exposure tests.  The 60 ounce HDPE container was used in a 

majority of the tests. 

 
 

  

FIGURE 4.  Combustible test packaging consisting of a doubled-wall carton (left) and containing six 60-
ounce HDPE containers(right), each of which contained 4 pounds of granular, crystalline, or tablet form 

common salt or oxidizer. 
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Inert Material 

Sodium chloride (99.5%, NaCl, CAS No. 7647-14-5), or common salt, is a readily available 
inorganic solid that does not contribute to the burning rate of combustible materials.  Sodium 
chloride is sold in fine to coarse granular or crystalline form, as pellets, as compacted spools or 
tablets, and as large blocks (50 lbs) that can be machined to tablets of different size and shape.   

Organic Phenolic Resin Powder 

Phenolic resin powder is an organic material with a high surface area that does not readily ignite 
or burn or cause a significant increase in the burning rate of combustible packaging. Figure 5 
contains stereomicroscope images and the FTIR spectrum of phenolic resin powder.  
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FIGURE 5. Stereomicroscope images (top) and FTIR spectrum (bottom) of phenolic resin powder. 
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Chemical Oxidizers 

The oxidizers listed in NFPA 400 Annex G (formerly NFPA 430 Annex B) as typical Class 1, 
Class 2, Class 3, and Class 4 are reproduced in Appendix 1.  In Appendix 1, the solid oxidizers 
tested at some level in this research project are highlighted yellow, and the liquids are 
highlighted blue.  The solid and liquid oxidizers are further described in Table 5, which includes 
each oxidizerôs chemical formula, CAS number, purity or concentration, physical form, and, if 
applicable, current NFPA Class.  Appendix 2 contains a table of the same oxidizers listed with 
their current NFPA Class and UN hazard class, number, and packing group.   

Table 5 lists eleven current Class 1 solid oxidizers, three current Class 2 solid oxidizers, four 
current Class 3 solid oxidizers, and two current Class 2 liquid oxidizers. Only two liquid oxidizers 
were included in the research project: hydrogen peroxide (50%) and sodium permanganate 
(20ï40%).   

Two solid oxidizers in Table 5 are not listed in the Codeôs annex: sodium nitrate and potassium 
peroxymonosulfate or potassium monopersulfate (KHSO5).  Potassium monopersulfate is a 
component of a triple salt (2KHSO5·KHSO4·K2SO4) that contains 4.5ï5.2% active oxygen. In 
pure form, triple salt is 49.5% potassium monopersulfate. Commercial products contain about 
45% potassium monopersulfate, being a slightly diluted or partially decomposed triple salt. 
Commercial products include denture cleaners, swimming pool/spa oxidizers, and laundry 
bleach.  Triple salt and diluted products are labeled corrosive solids.   

According to the Codeôs annex, ñall inorganic nitrates and nitrites are Class 1 unless otherwise 
classified.ò  This includes sodium nitrate (NaNO3), which is one of eight oxidizers identified by 
the NRCan Explosives Act as a restricted component.  It is also one of three oxidizers evaluated 
as part of the IGUS Oxidizing Substances Ad Hoc Working Groupôs UN O.1 Round Robin Test.À  
The results of the round robin testing are immediately applicable to the current research. 

  

                                                

À
Sodium nitrate was evaluated because it is ósupposed to be a medium oxidizer of Packing Group II  in 

consideration of its oxidizing properties, although listed officially as a weak oxidizer of Packing Group III 
(PG III UN1498)ô.   
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TABLE 5. Description of Oxidizers Included in the Test Plan 

MATERIAL Chemical Formula CAS No. 

Purity/ 

Concentration 
Physical 

Form 

Current 
NFPA 
Class 

SOLID OXIDIZERS 

Sodium nitrate NaNO3 7631-99-4 100% Crystalline NC 

Potassium monopersulfate  
2KHSO5 ÅKHSO4 

ÅK2SO4 
10058-23-8 

45% KHSO5 

 or ~90% 
2KHSO5·KHSO4·K2SO4 

Crystalline NC 

Barium nitrate Ba(NO3)2 10022-31-8 99% Crystalline 1 

Magnesium peroxide complex MgO2ÅMgO 1335-26-8 
24-28% MgO2 

13.7% Avail oxygen 
Powder 1 

Sodium persulfate Na2S2O8 7775-27-1 99% Crystalline 1 

Sodium dichloroisocyanurate 
dihydrate 

NaCl2(NCO)3Å2H2O 51580-86-0 
99%  

w/ 55% Avail. Cl2 
Granular 1 

Trichloroisocyanuric acid Cl3(NCO)3 87-90-1 
99%  

w/ 90%Avail. Cl2 

Granular/ 

Tablets 
1 

Lithium hypochlorite LiOCl 13840-33-0 

29wt%  

w/ 35%Avail Cl2, 8.8% 
Avail Oxygen 

Granular 1 

Calcium peroxide CaO2 w/ Ca(OH)2 1305-79-9 75% Powder 1 

Calcium peroxide CaO2 w/ CaCO3 1305-79-9 75% Powder 1 

Sodium percarbonate 2Na2CO3 Å3H2O2 15630-89-4 65%, 99% Granular 1 

Sodium perborate monohydrate NaBO3 ÅH2O 10332-33-9  >96% Granular 1 

70:30 Calcium hypochlorite: 
magnesium sulfate heptahydrateÀ 

Ca(OCl)2 :MgSO4 Å 
7H2O 

 7778-54-3, 

10034-99-8 

50.87%Avail Cl2, 
22%H2O 

Granular 1 

Calcium hypochlorite: sodium 
chloride 

Ca(OCl)2 : NaCl 7778-54-3 33% and 48% Avail Cl2 Granular 2 

Potassium permanganate KMnO4 7722-64-7 >97.5% Crystalline 2 

Potassium perchlorate KClO4 7778-74-7 99+% Crystalline 2 

Potassium bromate KBrO3 7758-01-2 99.8% Crystalline 3 

Calcium hypochlorite Ca(OCl)2 7778-54-3 
72.68%Avail Cl2, 5.7% 

H2O 

Granular/ 

Briquettes 
3 

Calcium hypochlorite Ca(OCl)2 7778-54-3 
78.6%Avail Cl2, 11.2% 

H2O 
Granular 3 

Sodium chlorate NaClO3 7775-09-9 99+% Crystalline 3 

LIQUID OXIDIZERS 

Hydrogen peroxide H2O2 7722-84-1 50% Clear liquid 2 

Sodium permanganate NaMnO4 10101-50-5 20-40% Dark liquid 2 

NC= Not currently Classed in NFPA 400 Annex G. 

ÀFormulated 70:30 calcium hypochlorite:magnesium sulfate heptahydrate is an intentional blend of 73% calcium hypochlorite (5.6% 
water) and an additional diluent, magnesium sulfate heptahydrate (51wt% water) that acts as an exotherm control agent.  The 
calculated percent available chlorine and moisture content of the admixture are reported in the Table. 
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 TEST METHODS FOR OXIDIZERS 

The bench-scale screening test, the FPA combustion-type test, single container wood crib fire 
exposure test, intermediate-scale fire exposure test, and ad hoc tests with liquid oxidizers, using 
representative photographs are summarized below with references to appendices containing 
more detailed descriptions. The results and analysis of test data from the intermediate-scale, 
bench-scale, FPA, single-container, and ad hoc tests with liquid oxidizers are discussed in the 
subsequent sections. 

Materials Characterization 

Before each test with a new material, the MSDS was reviewed and basic information regarding 
the material was recorded. Additional material characterizations were performed, including 
particle morphology, particle size distribution, bulk density and solid-state Fourier Transform 
Infrared (FTIR) spectroscopy.   

Bench-Scale Screening Test for Granular Solid Oxidizers 

The bench-scale screening tests were done inside a clean laboratory hood. Thirty-gram (30 
gram) mixtures of the oxidizer, with the as-received particle size and size distribution, and dried 
cellulose powder in three ratios (1:1, 4:1, 9:1 by mass) were prepared and exposed to a glowing 
150±7 Watt Nichrome wire ignition source.  The forced ignition of the oxidizer-cellulose powder 
mixtures was done on a calibrated, laboratory balance with time-stamped data output to a data 
acquisition system.  The balanceôs weighing surface was protected with high-temperature, low-
thermal conductivity ceramic fiberboard. The cellulose powder was dried in a laboratory oven, 
and its moisture content monitored with a moisture analyzer. 

For a typical test, the prescribed amounts of oxidizer and cellulose powder were weighed and 
combined in a clean polyethylene container, thoroughly mixed, and then transferred into a 
funnel with the stem opening sealed. Using card stock paper, the funnel with mixture was 
inverted over the Nichrome wire on the lab balance. Three K-type thermocouples were 
positioned at 7.6 cm (3 inches), 15.2 cm (6 inches), and 22.8 cm (9 inches) above and centered 
over the test platform and pile (Fig. 6). A fourth K-type thermocouple monitored the ambient 
temperature. After transferring the material to the balance, the balance display was tared to 
zero, and data acquisition was initiated.  Mass loss and temperature data were collected at 0.2 
second to 1 second intervals depending on how fast or slow the mixture ignited and burned.  

At the start of a trial, the Nichrome wire under the pile was energized, and a stopwatch 
activated. Data were collected until spreading discoloration or flaming combustion ceased.  
When the last small or intermittent flame at the pile went out, the data acquisition was stopped.  
If the mixture did not ignite, the wire was left energized and the mixture observed for 5 minutes.  
A test series included five trials each with 1:1 and 4:1 oxidizer:cellulose powder mixtures. 
Oxidizer-rich (9:1) mixtures also were prepared and tested under the same conditions for some 
oxidizers. Figure 7 is a representative photograph before and during a screening test. 

The time at which the Nichrome wire opened, if at all, was recorded. Other observations noted 
during each trial were (1) ignition propensity, (2) rate of flame spread over pile, (3) flame color, 
(4) approximate peak flame height, (5) clarity of endpoint, (6) phase change, and (7) evolution 
and color of gaseous products.  After each test, the Nichrome wire was released from the 
terminal block, and the test residue and test platform were removed. When cool, the post-test 
residue was weighed and recorded.  Data collected and calculated from these tests are 
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summarized in Table 6. At a minimum, one representative trial of each oxidizer-fuel mixture was 
documented with still photographs and a video recording.  

Detailed descriptions and photographs of the instrumentation, test set-up, calibration 
procedures, methodology, test sequence, data reduction, analysis and flow diagram with criteria 
are contained in Appendix 3. 

 

 

FIGURE 6. Overview of the bench-scale screening test set-up showing the laboratory balance with ceramic 
board protection materials, thermocouples above the test platform and Nichrome wire. 
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FIGURE 7.  Pile of oxidizer-cellulose powder mixture on the protected lab balance before ignition (left) and 
during combustion (right). 

 

TABLE 6. Bench-Scale Screening Test Data Recorded and Calculated for Each Mixture 

Concentration of oxidizer (source of information) % 

Test mixture mass ratio with dry CF11 (Lot No.) 1:1, 4:1 or 9:1 

Trial number  

Lab temperature degree C 

Lab relative humidity % 

Initial mass of oxidizer or formulated product g 

Initial mass of cellulose powder g 

Data collection interval s 

Power to Nichrome wire Watts 

Time igniter wire opens s 

Time at end of visible flaming combustion or spreading discoloration s 

Mass of post test residue g 

Video record  

Visual observations  

CALCULATED TEST DATA  

Mass loss rate from 20% to 80% consumed g/s 

Active burning time from first measurable mass loss to 80% consumed s 

Peak temperature at 6-inches above the test platform degree C 

Percent material consumed % 
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Single Container Fire Exposure Test 

An ad-hoc fire exposure test was developed to compare and evaluate the burning behavior of 
granular and tablet form sodium chloride (NaCl) and oxidizers. A single container (60-ounce 
HDPE) with ~2-lbs of material was exposed to a small wood crib fire. The wood crib was 
constructed with three 8-in x ¾-in x ¾-in and four 4-in x ¾-in x ¾-in wood pieces in a steel pan 
lined with half-inch thick drywall. The HDPE container with the test material was positioned on 
top of the small wood crib. Two isopropyl alcohol soaked cotton igniters were positioned under 
the wood crib in front of the HDPE container. Figure 8 shows an overview of the test set up. 
Single-container fire exposure tests were documented with video recordings.  

 

FIGURE 8. Single container wood crib fire exposure 
test set-up.  

 

Fire Propagation Apparatus (FPA) Combustion-type Tests 

Thirty-gram (30 gram) and fifteen-gram (15 gram) mixtures of cellulose powder, sodium 
chloride-cellulose powder, and 1:1, 4:1 and 9:1 oxidizer-cellulose powder were ignited and 
burned using the Fire Propagation Apparatus (FPA) at FM Global using the same general 
procedures as the bench-scale screening test.  All FPA tests were documented with 
photographs and video recordings. An overview of the FPA with a vertical exhaust collection 
duct is shown in Figure 9. 

The moisture content of cellulose powder (CF11) was measured using a moisture analyzer. The 
sodium chloride (NaCl)-cellulose powder and oxidizer-cellulose powder mixtures were prepared 
immediately before each test. After thorough mixing in a clean HDPE container, mixtures (30 
grams, 15 grams) were transferred to a funnel and then inverted over a Nichrome wire on a test 
platform centered on an electronic load cell under an exhaust collection hood. A Kaowool ring 
placed on the test platform around the pile prevented spillover and loss of material during 
combustion. The ring was open in the area of and did not contact the Nichrome wire. After 
transferring the material to the test platform, a quartz tube was positioned around the aluminum 
support cylinder. A close-up of the test platform and Nichrome wire before and after the addition 
of cellulose powder (30 grams) are shown in Figure 10.  
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The test platform, wire, and ceramic terminal block were enclosed inside the quartz tube that 
extended from the test platform to the opening of the hood. The height of the brass ring of the 
quartz tube assembly was 43.2 cm (17 inches) from the test platform, which served as a fixed 
distance for estimating the flame height during combustion. The distance from the test platform 
to the orifice at the opening of the exhaust collection duct was 96.5 cm (38 inches). Make-up air 
(200 liters per minute) was introduced at the base of the test platform, resulting in forced 
convection conditions. The gas analyzers were calibrated with carbon monoxide and carbon 
dioxide calibration gases and nitrogen at the start of each day of testing. The desiccant used to 
remove moisture from the combustion gases before entering the gas analyzers was exchanged, 
as required. 

At the start of each test, a 30-second baseline was established. The Nichrome wire was then 
energized at the variable power supply to dissipate 150±7 Watts. Data were collected at 1 
second intervals. A stopwatch was activated when the wire was energized. Observations were 
recorded during each test, the duration of visible flaming combustion, and the time when the 
Nichrome wire opened, if at all. Data collection continued for 30 seconds after the end of visible 
flaming combustion. At the conclusion of each test, the test platform and post-test residue were 
moved to a laboratory hood. When cool, the mass of the post-test residue was recorded. New 
Nichrome wire and test platforms were used for each test. Heat release rates were calculated 
using the measured combustion gas temperature and composition with equations in ASTM E 
2058.4   
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FIGURE 9. Overview of the FPA at FM 
Global.  

 FIGURE 10. Photographs showing modified 
combustion-type test set up before and after addition 

of 30g pile of oxidizer-cellulose powder. 

Intermediate-Scale Fire Exposure Test 

Thirty-two intermediate-scale fire exposure tests were performed at Southwest Research 
Institute (SwRI, San Antonio, Texas). The heat release rate, radiant heat flux, mass loss rate, 
and temperature profiles of empty test packaging, packaged sodium chloride, similarly 
packaged phenolic resin powder and granular and tablet-form solid oxidizers exposed to an 
external fire were collected. For most tests, the mass of test material (24 pounds, 10.9 kg) and 
packaging (six 60 ounce HDPE containers in a doubled-walled carton) were identical.  The 
sodium chloride and oxidizers in combustible test packaging were centered on a drywall-lined 
table and inside the opening of a U-shaped propane-fueled burner and ignited under a 
calibrated 2 MW hood instrumented in accordance with ASTM E 2067. The average chemical 
heat release rate of the burner was 38±3 kW.ÿ The hood and duct were located inside a 

                                                

ÿ
 For a 38-kW fire and using propaneôs effective heat of combustion (46.4 kJ/g), the mass flow rate of 

propane to the burner was 0.82g/s. 
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temperature-controlled burn facility. The temperature and relative humidity during the tests were 
71°±4°F and 50±10%, respectively. The hood was calibrated with a propane burner before and 
after the series of intermediate-scale burn tests.   The calibration burn results showed that the 
instrumentation in the hood was within 6% for 100 and 300 kW fires. 

Prior to testing, the oxidizer was transferred, in a laboratory hood, from its as-received 
packaging§ into the test packaging. During this transfer, a representative sample was collected 
in labeled 4 ounce glass jars with Teflon-lined lids. Most tests were performed with the oxidizer 
in the test packaging consisting of six HDPE containers each containing 4 pounds of the 
oxidizer, enclosed in a doubled-wall carton.  Three tests were performed using combustible 
packaging consisted of twenty-four bags each containing 1 pound of material in a doubled-wall 
carton; 6 tests involved fire exposure of one or two 2.5 US gallon HDPE pails each containing 
24 pounds of test material. The initial mass of the test packaging and oxidizer was recorded.  

Data were collected in the exhaust collection duct as well as on the floor at/near the packaged 
test material. The design and instrumentation of the exhaust system, measurements, and mass 
flow rate and heat release rate calculations are described in ASTM E 2067. The exhaust 
collection duct included thermocouples for the measurement of gas temperatures, gas sampling 
probes, and a light source and target for smoke obscuration. An additional gas sampling probe 
was inserted in the duct for time-resolved analysis using a heated gas cell and FTIR. The 
maximum volume flow rate of the exhaust collection hood was 4 m3/s. At the location of the test 
material under the hood, mass loss was measured with an electronic load cell.  The incident 
radiant heat flux was measured at two water-cooled Schmidt-Boelter heat flux transducers 
located at a fixed distance from the test packaging. Temperature was measured using a high-
temperature pyrometer and four K-type thermocouples; the thermocouples were located on the 
exterior and inside the packaging.     

A 2 minute baseline was collected at the start of a test. The burner was ignited at 2 minutes and 
remained on for the duration of the test, after the observed active burning of the test material 
and for a sufficient duration to establish baseline burner values. The duration of a test ranged 
from 12ï20 minutes. Each test was documented with two digital video cameras and a FLIR 
thermal imaging video camera. One video camera provided an overview. The second camera 
provided a close-up view of the oxidizer in its test packaging. Photographs were taken of the 
test packaging with oxidizer before, during, and after each test. 

Figure 11 is a schematic overview of the test set-up under the exhaust collection hood. Figures 
12 and 13 are photographs of the test set-up and during a test with an oxidizer, respectively.  
Figure 14 shows a thermal image captured during a test with an oxidizer. Appendix 4 contains 
detailed descriptions of the intermediate-scale fire exposure test set up with drawings, 
photographs, locations of the instrumentation, methodology, heat release and smoke generation 
rate equations and representative data profiles.   

 

                                                

§
 With the exception of potassium perchlorate, which was received in a 5 gallon DOT-approved metal pail, 

the oxidizer test materials were received in combustible packaging.  The combustible packaging included 
1 pound bags in corrugated board cartons, HDPE pails, and plastic bags in fiberboard drums. 
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FIGURE 11. Plan view schematic drawing showing the intermediate-scale fire 
exposure test set-up, identification and location of instrumentation (see Appendix 4). 
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FIGURE 12. Photograph of the intermediate-scale fire 
exposure test set up under a 2MW hood. 

 

  

FIGURE 13. Photograph during fire exposure test with 
a packaged oxidizer. 

FIGURE 14. Thermal image during a fire exposure test 
with a packaged oxidizer. 

Liquid Oxidizers 

Two liquid oxidizers were subjected to a series of ad hoc bench-scale tests. The liquid, as 
received, was exposed on a glass rod to a Bunsen burner flame for a visual indication of 
enhanced burning in comparison to a glass rod wetted with water.  Next, a sample of liquid was 
drawn into a plastic pipette (7 mL). The pipette was inverted to pool the liquid inside the plastic 
bulb.  The stem of the plastic pipette was cut just above the bulb with the liquid and then ignited 
with a small flame.  The burning plastic was observed for evidence of increased burning.  Next, 
a sample of the liquid was added dropwise to dried cellulose powder in a dish at room 
temperature. The mixture was then exposed to a small flame.  Finally, a thin film of the liquid 
was applied to cellulose filter paper at room temperature and observed for 30 minutes for 
evidence of spontaneous ignition.   
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Liquid oxidizers were not tested at the intermediate-scale. 

 

MATERIALS - TEST MATRIX 

Twenty oxidizers or oxidizer-containing commercial products were evaluated at some level in 
this project. Over 225 bench-scale screening tests were performed with as-received cellulose 
powder, dried cellulose powder, sodium chloride (NaCl)-cellulose powder mixtures, and pure 
and formulated oxidizers mixed with dried cellulose powder.  Fifty-nine combustion-type tests 
using the FPA (cellulose powder, sodium chloride (NaCl)-cellulose powder, and 12 different 
oxidizers) were performed. Thirty-two intermediate-scale tests were conducted with empty 
packaging, packaged sodium chloride (NaCl), and fourteen oxidizers in combustible test 
packaging.  

Table 7 provides a matrix of the materials evaluated at the bench-scale, using the FPA, in single 
containers exposed to a small wood crib fire, and at the intermediate-scale.  
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TABLE 7. Material-Test Matrix (X indicates testing that was done).  

Material 
Physical 

Form 

Bench- 
Scale 

Screening 
Test 

FPA 
Combustion 
Type Test 

Single 
Container 
Wood Crib 

Fire 
Exposure 

Intermediate-
Scale Fire 
Exposure 

Cellulose Powder Powder X X   

Sodium Chloride Crystalline X X X X 

Sodium Chloride Tablets   X X 

Phenolic Resin Powder    X 

Barium nitrate Crystalline X X   

Magnesium peroxide complex Powder X    

Sodium persulfate Crystalline X X  X 

Sodium dichloroisocyanurate, dihydrate Granular X X  X 

Trichloroisocyanuric acid  Granular X X  X 

Trichloroisocyanuric acid Tablets    X 

Lithium hypochlorite (29%) Granular X X   

Calcium peroxide (75%) with calcium 
hydroxide 

Powder    X 

Calcium peroxide (75%) with calcium 
carbonate 

Powder X X   

Sodium nitrate Crystalline X    

Sodium perborate monohydrate Granular X    

Sodium percarbonate (99%) Granular X   X 

Sodium percarbonate (65%) Granular    X 

Potassium monopersulfate (45% KHSO5  or 
~90%  KHSO5·KHSO4·K2SO4) 

Crystalline X   X 

Formulated potassium monopersulfate (<45% 
KHSO5 

 or <90% 2KHSO5·KHSO4·K2SO4) 

Crystalline    X 

Calcium hypochlorite: magnesium sulfate 
heptahydrate (70:30) 

Granular X X  X 

1:1 Calcium hypochlorite: sodium chloride 
admixture (33% Available chlorine) 

Granular X X  X 

2:1 Calcium hypochlorite: sodium chloride 
admixture (48% Available chlorine) 

Granular X X  X 

Potassium bromate Crystalline X    

Potassium permanganate Crystalline X X  X 

Potassium perchlorate Crystalline X X  X 

Calcium hypochlorite (72.68% Available 
chlorine, 5.7% water;78.6% Available 
chlorine, 11.2% water) 

Granular X X X X 

Calcium hypochlorite (72.68% Available 
chlorine, 5.7% water) 

Briquettes   X X 

Sodium chlorate Crystalline X    
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TEST RESULTS 

The key physical indicators of burning rate from the intermediate-scale test were peak 
convective heat release rate and the burning time calculated from the radiant heat flux profile of 
the packaged test material (i.e., less the burner).    

The key physical indicators of burning rate from the screening test were mass loss rate and 
burning time calculated from the mass data.  Temperature and flame height data from the 
bench-scale tests were secondary indicators used to distinguish between weak oxidizers, strong 
oxidizers, and oxidizers that principally decompose.  These values showed a range consistent 
with the range in observed burning behavior.  The same behavior for the various oxidizer-
cellulose powder mixtures subject to ignition by a glowing wire during the screening tests was 
observed during tests with the FPA.  The FPA provided additional combustion gas and 
calorimetric data of the various mixtures that substantiated and defined the attributes of the 
bench-scale screening test. 

Intermediate-Scale Fire Exposure Test Results 

Table 8 summarizes the intermediate-scale fire exposure test data with empty test packaging, 
five tests with packaged sodium chloride, one test with phenolic resin powder, and 14 different 
oxidizers. The data are sub-categorized by the quantity of material tested. The test materialôs 
peak heat release rate and peak radiant heat flux are reported; the contributions from the burner 
were subtracted. The full SwRI report of results from the intermediate-scale fire exposure testing 
is available on request from the Foundation. 
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TABLE 8. Intermediate-Scale Fire Exposure Test Data 

  


