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Correction Log

5 December 2001

1. Reference for ERP E515-80 on page 66 should be TR-226-001.

2. Expression for liquid density obtained from Yaws on page 132 should reflect proper conversion for
reduced temperature and proper exponent. The expression is replaced by the following equation:

p.(Mg/m ®) = 0.3171x0.2 538 ~(-(T(K~27315K)/3 80.0) 217

3. Table B.1 (that was actually for Monomethylhydrazine) is replaced with the correct table for hydrazine.
Please see page 2 of the correction log for the table.
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Table B.1 —Fhermodynamic properties of hydrazine

H.(T,P) Hy(T,P) S.(T,P) S(T,P)
T P A Vy Sat. liquid | Sat. vapor | Sat. liquid | Sat. Vapor
K KPa m3/g m3/g J/g Jig JigK JigK

288 0.99 9.98E-07 |7.52E-02| -29.91 1379.03 0.0258 4.79
298 1.86 1.00E-06 [4.15E-02| 0.00 1394.28 0.0000 4.68
308 3.34 1.01E-06 [2.39E-02| 28.90 1409.16 | -0.0202 4.58
318 5.73 1.02E-06 |1.44E-02| 57.80 142459 | -0.0311 4.49
328 9.48 1.03E-06 |8.96E-03| 86.47 1440.25 | -0.0351 4.40
338 15.16 1.03E-06 |5.77E-03| 115.01 1456.14 | -0.0332 4.33
348 23.51 1.04E-06 |3.83E-03| 143.51 1472.22 | -0.0258 4.26
358 35.47 1.05E-06 |2.61E-03| 172.09 1488.47 | -0.0135 4.20
368 52.16 1.06E-06 [1.82E-03| 200.84 1504.88 0.0030 4.15
378 74.97 1.07E-06 |1.30E-03| 229.87 1521.40 0.0235 4.10
388 105.51 1.08E-06 [9.42E-04| 259.30 1538.01 0.0475 4.06
398 145.65 1.13E-06 |6.97E-04| 289.75 1554.62 0.1422 4.02
408 197.54 1.10E-06 |5.25E-04| 319.79 1571.30 0.1048 3.98
418 263.59 1.11E-06 |4.01E-04| 351.05 1587.90 0.1376 3.95
428 346.47 1.13E-06 |3.10E-04| 383.14 1604.40 0.1729 3.92
438 449.14 1.14E-06 |2.43E-04| 416.15 1620.75 0.2104 3.89
448 574.77 1.16E-06 |1.93E-04| 450.18 1636.88 0.2500 3.86
458 726.81 1.17E-06 |1.54E-04| 485.30 1652.73 0.2915 3.84
468 908.90 1.19E-06 |1.25E-04| 521.62 1668.24 0.3350 3.82
478 1124.88 1.21E-06 [1.02E-04| 559.20 1683.33 0.3801 3.80
488 1378.76 1.23E-06 |8.34E-05| 598.11 1697.92 0.4270 3.78
498 1674.68 1.25E-06 |6.90E-05| 638.43 1711.92 0.4754 3.77
508 2016.89 1.27E-06 |5.74E-05| 680.22 1725.24 0.5254 3.75
518 2409.71 1.30E-06 |4.80E-05| 723.54 1737.79 0.5770 3.73
528 2857.46 1.33E-06 |4.03E-05| 768.43 1749.43 0.6301 3.72
538 3364.48 1.36E-06 |3.40E-05| 814.96 1760.04 0.6847 3.70
548 3935.03 1.40E-06 |2.88E-05| 863.17 1769.46 0.7409 3.69
558 4573.25 1.44E-06 |2.44E-05| 913.13 1777.52 0.7987 3.67
568 5283.16 1.49E-06 |2.08E-05| 964.90 1783.98 0.8583 3.66
578 6068.57 1.54E-06 |1.77E-05| 1018.57 | 1788.59 0.9198 3.64
588 6933.03 1.60E-06 |1.51E-05| 1074.28 | 1790.97 0.9835 3.62
598 7879.81 1.68E-06 [1.28E-05| 1132.21 | 1790.65 1.0496 3.59
608 8911.84 1.77E-06 |1.09E-05| 1192.69 | 1786.91 1.1188 3.57
618 10031.63 | 1.88E-06 |9.14E-06| 1256.32 | 1778.67 1.1919 3.54
628 11241.30 | 2.03E-06 |7.61E-06| 1324.26 | 1764.03 1.2705 3.50
638 12542.46 | 2.25E-06 |6.21E-06| 1399.38 | 1739.03 1.3584 3.44
648 13936.22 | 2.68E-06 |4.81E-06| 1493.07 | 1692.16 1.4695 3.36

Reference temperature = 298 K

T = temperature H, = enthalpy, liquid

P = pressure Hy = enthalpy, vapor

V| = specific volume, liquid S, = entropy, liquid

Vy = specific volume, vapor Sy = entropy, vapor
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Abstract

This Special Project report presents information that designers, builders, and users of hydrazine systems
can use to avoid or resolve hydrazine hazards. Pertinent research is summarized, and the data are
presented in a quick-reference form. Further information can be found in the extensive bibliography.
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Foreword

Hydrazine is a colorless, corrosive, strongly reducing liquid compound. Current aerospace applications
include its use in the Space Transportation System as a fuel for the auxiliary power units, in satellites as a
monopropellant for thrusters, and in jet aircraft as fuel for auxiliary power sources. Although hydrazine is
immensely useful in these applications, there are also drawbacks. For example, hydrazine vapor is
flammable and detonable; both liquid and vapor hydrazine are corrosive, react with many materials, and
are susceptible to catalytic decomposition; and hydrazine is highly toxic. The users and designers of
hydrazine systems must be aware of these hazards and safeguard against them.

This AIAA Special Report preserves the text of NASA document RD-WSTF-0002 Rev A, December 17,
1998, “Fire, Explosion, Compatibility, and Safety Hazards of Hydrazine,” developed by the NASA White
Sands Test Facility for the Propulsion and Power Division of the Lyndon B. Johnson Space Center and
the Air Force Space Division. In the interests of technology transfer, custody of the material was
assigned to AIAA through of Memorandum of Understanding dated February 1999. One of the purposes
of this Memorandum is to provide broader distribution of the valuable information developed and
published in the original manual.

The authors of the NASA Revision A manual, dated December 16, 1998 are: Stephen S. Woods, Donald
B. Wilson, Dennis D. Davis, Michelle Barragan, Walter Stewart, Radel L. Bunker, and David L. Baker.
Authors to the earlier 1990 edition are: Michael D. Pedley, David L. Baker, Harold D. Beeson, Richard C.
Wedlich, Frank J. Benz, Radel L. Bunker, and Nathalie B. Martin.

AIAA Special Reports are a part of the AIAA Standards Program and frequently serve as precursors to
formal consensus documents. This publication is under the purview of the Liquid Propulsion Committee
on Standards, the group responsible for determining the future of the publication and for maintaining it in
a technically current state.

The AIAA Standards Procedures provide that all approved standards, recommended practices, and
guides are advisory only. Their use by anyone engaged in industry or trade is entirely voluntary. There is
no agreement to adhere to any AIAA standards publication and no commitment to conform to or be
guided by any standards report. In formulating, revising, and approving standards publications, the Liquid
Propulsion Committee on Standards will not consider patents that may apply to the subject matter.
Prospective users of the publications are responsible for protecting themselves against liability for
infringement of patents, or copyrights, or both.

At the time of publication, the members of the AIAA Liquid Propulsion Committee on Standards were:

Robert Ash
Kyaw Aung

C. T. Avedisian
Curt Botts
Patrick Carrick

Fred Cutlick
Tom Draus
Irvin Glassman
Howard Julien
Chad Keller

Charles Leveritt
Dennis Meinhardt
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Georgia Institute of Technology

Cornell University
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Mark Mueller
Gregory Nunz
Bryan Palaszewski

Steven Schneider
Joseph Shepherd
Timothy Smith
Bill St. Cyr

Ray Traggianese
Mark Underdown
Stephen Woods

Aerospace Corporation
Los Alamos National Laboratory
NASA Lewis Research Center

NASA Lewis Research Center

California Institute of Technology

NASA Glenn Research Center at Lewis Field
NASA Stennis Space Center

Olin

NASA Goddard

AlliedSignal Technical Services
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The Standards Executive Council accepted the document for publication on April 30, 1999.
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Acronyms

A, E, Arrhenius parameters

ACGIH American Conference of Governmental and Industrial Hygienists

AHJ Authority Having Jurisdiction

APU Auxiliary power unit

ARC Accelerating rate calorimeter

ASME American Society of Mechanical Engineers

CERCLA Comprehensive Environmental response, Compensation, and
Liability Act

C-J Chapman-Jouguet

CPIA Chemical Propulsion Information Agency

DDT Deflagration to detonation transition

DOT Department of Transportation

DOT Department of Transportation

EIS Electrochemical Impedance Spectroscopy

EPA Environmental Protection Agency

FDCA Food, Drug, and Cosmetics Act

Gl Gastrointestinal

HAZMAT Hazardous Materials

HZ Hydrazine

IDLH Immediately Dangerous To Life or Health

IRENA Inhibited Red Fuming Nitric Acid

JANAF Joint-Army-Navy-Air Force

JANNAF Joint-Army-Navy-NASA-Air Force

LEPC Local Emergency Planning Committee

LFL and UFL Lower and Upper Flammability Limit

MIE Minimum Ignition Energy

MMH Monomethylhydrazine

MSDS Material Safety Data Sheet

NIOSH National Institute of Occupational Safety and Health

NPDES National Pollutant Discharge Elimination System

OSHA Occupational Safety and Health Administration

PEL Permissible Exposure Limits

RCRA Resource Conservation and Recovery Act

REL Recommended Exposure Limit

RQ Reportable Quantity

SARA Superfund Amendments and Reauthorization Act

SERC State Emergency Response Commission

Sl International System units

SMAC Spacecraft Maximum Acceptable Concentration

STEL Short Term Exposure Limit

STS Space Transportation System

TLD-1 Toxic Level Detector 1

TLV Threshold Limit Value

TLV-TWA Threshold Limit Value - Time Weighted Average

TOMES Toxicology, Occupational Medicine, and Environmental Series

TPQ Threshold Planning Quantity

TRI Toxic Release Inventory

TSCA Toxic Substances Control Act
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Glossary

Activation Energy (or Apparent Activation Energy): In absolute-rate theory, the energy associated
with the formation of an activated complex intermediate between the reactant(s) and product(s) of an
elementary reaction. An “apparent” activation energy is used as the parameter E, in an Arrhenius
function when the exact kinetic mechanism is unknown.

Adiabatic: A process in which the system changes state without thermal energy exchange between the
system and the surroundings.

Adiabatic Compression: Mechanical work transferred to a system under conditions where there is an
increase in the internal energy of the material for a static system or an increase in the enthalpy for a
dynamic system. If the process is also reversible (in the thermodynamic definition), this change is also
isentropic.

Adiabatic Factor: The temperature change that occurs when all the limiting reactant is completely
consumed (normalized extent of reaction equals 1 when the reaction system is operated adiabatically).
This factor is useful for comparing exothermicity or endothermicity of several reactions.

Adiabatic Flame Temperature: The temperature of thermodynamic equilibrium in a reaction or in a set
of reactions that occurs in a process operating adiabatically.

Arrhenius Function: A mathematical model for defining the temperature dependency of an observed
macroscopic kinetic reaction rate. The rate is equal to Aexp(-E./RT), where A is the preexponential
factor, E, is the apparent activation energy, R is the ideal gas law constant, and T is the absolute
temperature.

Authority Having Jurisdiction (AHJ): Organization, office, or individual responsible for “approving”
equipment, an installation, or a procedure. The designation is used in a broad manner because
jurisdiction and “approval” agencies vary, as do their responsibilities. Where public safety is primary, the
AHJ may be a federal, state, local, or other regional department or individual such as a fire chief, fire
marshal, chief of a fire prevention bureau, labor department, health department, building official, electrical
inspector, or others having statutory authority. In many circumstances, the AHJ is the property owner or
his designated departmental official. At government installations, the AHJ may be the commanding
officer or a designated department official. Approved is herein defined as being authorized by, or
acceptable, to the AHJ.

Autoignition Temperature: The lowest temperature at which a material will spontaneously ignite. No
additional ignition energy (ignition source) is required.

Burning Rate: The rate of liquid mass consumption per unit area (kg/(m2>s)).

Burning Velocity: The velocity at which the liquid level decreases. It is the burning rate/density of the
liquid (m/s).

Catalyst: A chemical compound or chemical species that alters the rate of a chemical reaction. The
catalyst is not altered by the reaction.

Cell Size: Refers to the width of the characteristic fish scale-shaped cell pattern etched on a smoked foil
during a gas-phase detonation. The cell pattern is produced by the path of the triple-point, i.e.
intersection of a primary shock wave, a transverse shock wave, and a Mach stem wave. The cell width is
used as a parameter for characterizing detonations.
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Chapman-Jouguet Detonation: Describes a stable detonation state that is consistent with most
experimental measurement. The steady-state solution of the conservation equations at which the Rankin
line is tangent to the Hugoniot curve.

Critical Diameter: The tube diameter necessary for a gaseous detonation to propagate from the tube to
an unconfined environment (Equation 3.6, d. = 13l ).

Critical Energy: The minimum energy required to initiate an unconfined detonation in a specified
mixture.

Deflagration: A flame moving through a flammable mixture in the form of a subsonic wave (with respect
to the unburned mixture).

Dermal Exposure: The penetration of a toxic chemical through skin and into the blood stream. Such
exposure can be rapid and difficult for the body to eliminate.

Detonable Mixture: The state of a specified mixture that, upon application of the critical energy for the
mixture, will initiate and sustain a detonation. This mixture is also flammable.

Detonation: Exothermic chemical reaction coupled to a shock wave that propagates through a
detonable mixture. The velocity of the shock wave is supersonic with respect to the unburned gases.
After initiation, the thermal energy of the reaction sustains the shock wave, and the shock wave
compresses the unreacted material to sustain the reaction. Initiation of a detonation can occur with a
deflagration to detonation transition (DDT).

Diluent: In a mixture, an inert material that reduces the concentration of the remaining materials.

Dynamic Parameters: Four parameters (detonability limits, initiation energy, cell size, and critical tube
diameter) used to describe the dynamic characteristics of a detonation. They are in contrast to the static
C-J detonation parameters; velocity, detonation temperature, detonation pressure, and detonation
density.

Equivalence Ratio: The ratio of the actual fuel-oxidizer ratio to the stoichiometric fuel-oxidizer ratio.
Exothermic: The production of thermal energy by a chemical reaction.

Explosion: The rapid equilibration of pressure between the system and the surroundings, such that a
shockwave is produced. Explosions may occur through mechanical failure of vessels containing high-
pressure fluids or through rapid chemical reactions producing large volumes of hot gases.

Explosion Potential: A parameter that is useful for comparing an unknown system (reaction) to well-
known reactions. It is the product of system volume (constant), adiabatic flame temperature, total moles

per unit of mass in the system at equilibrium, and the ideal gas law constant.

Fire: Sustained burning, as manifested by any or all of the following: light, flame, heat, and smoke
(ASTM E 176-97b).

Fire Point: The lowest temperature at which a flame continuously exists over a liquid surface upon
ignition by an open flame.

"ASTM Fire Test Standards, 3rd Ed. 1990, ASTM, 1916 Race St., Philadelphia, PA 19103.
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Flame: A hot, usually luminous zone of gas, or particulate matter in gaseous suspension, or both, that is
undergoing exothermic chemical reaction. A flame may be stationary with the flammable mixture fed into
the reaction zone, or a flame may propagate through the flammable mixture, as in a deflagration.

Flame Speed: Refers to the velocity of propagation of the reaction zone through the flammable mixture,
as measured by a stationary observer. Usually measured at the front of the flame.

Flame Velocity: When coordinates are centered in the flame front it is the velocity at which unburned
gases move through the combustion zone in the direction normal to the flame front.

Flammability Limits: The lower (LFL) and upper (UFL) vapor concentrations (usually reported as
volume percent) of fuel in a flammable mixture that will ignite and propagate a flame. These limits are
functions of temperature, pressure, diluents, and ignition energy.

Flash Point: The lowest temperature, corrected to 101.3 kPa (14.7 psia) of pressure, of a material at
which application of an ignition source causes the vapor of the material to ignite momentarily under
specified conditions.

Froth: The froth is a medium in which gas bubbles are surrounded by a thin film of liquid hydrazine,
maximizing the surface area between the ullage gas and the liquid hydrazine.

Halocarbons: Organic compounds containing one or more of the elements fluorine, chlorine, bromine,
and iodine.

Hazard: A situation (or potential event) that may result in death or injury to personnel, or damage to
equipment. Includes the effect of fire, flash, explosion, shock, concussion, fragmentation, corrosion, or
toxicity.

Heat Generation Potential: The product of the temperature sensitivity and the adiabatic factor. A useful
dimensionless group for characterizing and comparing reactions.

Heat of Reaction: For a given temperature and pressure, the enthalpy of the products of a reaction
minus the enthalpy of the reactants.

Hypergolic: Spontaneous ignition of two materials upon contact (no additional ignition energy is
required).

Ignition: Introduction of sufficient energy into a flammable mixture or material to produce a flame.
Ingestion: The introduction of a toxic material into the body through the mouth or by breathing.

Material Compatibility: Materials are considered compatible with each other if their rate of degradation
when in contact is insignificant for the application.

Minimum Ignition Energy: The minimum energy required to ignite a flammable mixture under given
conditions (temperature, pressure, diluents).

Monopropellant: A liquid propellant that decomposes exothermically to produce hot gases; e.g.,
hydrogen peroxide, hydrazine.

Order of Reaction: A parameter used to define the concentration (or pressure) dependency of the
kinetic rate of reaction. For elementary reactions, the order coincides with the molecularity (for
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H, + I, ® 2HI the forward reaction rate is second order, the Riwaq L {Conc. H,}™ x {Conc. Iz}k where
m=1 and k=1. The overall order of reaction n = m + k = 2 for this example.

Oxidizer: Primarily air, oxygen, halogens, the hypergolics (N.O,4 or fuming nitric acid) or any material that
undergoes a reduction in chemical terms (will readily accept electrons from the fuel).

Permissible Exposure Limit (PEL): The degree of exposure of workers to hazardous gases and vapors
is regulated by the Occupational Safety and Health Administration (OSHA). The regulation specifies
permissible exposure limits (PELS) that for hydrazine includes a ceiling limit (employee exposure not to be
exceeded during any part of the work day) of 1.0 ppm (1.3 mg/ms) and a skin designation that requires
the use of protective clothing and equipment. For more information, see Section 5.1.2.

Pool Fire: Used to describe the sustained burning of a pool of liquid fuel. The rate of burning, called
burn rate, is measured in terms of depth change/time or mass consumed/time.

Shock: A violent collision or impact and the subsequent transmission of energy through the system. The
energy moves as a wave at velocities greater than the speed of sound relative to the undisturbed
material.

Spacecraft Maximum Acceptable Concentration (SMAC): The maximum allowable concentration for
spacecraft applications, typically based on standards and requirements for ground applications. For
specific SMACs see Section 5.3.5.

Temperature Sensitivity: A measure of the response of reaction rate to temperature, EJ/RT?
(Ea = activation energy; R = gas constant; T = temperature).

Thermal Runaway: Operation of a system that contains material which reacts exothermically, in a
manner that the rate of thermal energy generation exceeds the rate at which thermal energy is transferred
to the surroundings. The system temperature increase can lead to an increase in this imbalance and
then lead to autoignition of the reaction.

Threshold Limiting Value: The average concentration of toxic gas to which most workers can be
exposed during working hours (8 hours per day, 5 days per week) for prolonged periods without
adversely affecting their health.

Total Mass Burning Rate: The rate of total mass of reactant consumed (kg/s) in a burning system.
Toxic: Poisonous. A material that causes physiological damage to the body.

Ullage: The vapor space above the liquid surface within the system.

Vapor: A component in the gas phase that is in equilibrium with its corresponding liquid phase. The

temperature of the system must be below the critical temperature of the component so it can exist as a
liquid phase.
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This information is given for the convenience of users of this Special Report and does not constitute an
endorsement. Equivalent products may be used if they can be shown to lead to the same results.

Apiezon
Autospot
Cabot Alloy
Chemglaze
Chemturion
Ecolyzer
Freon
GASBADGE
Grafoil
Graphitar
Hastelloy
Haynes
Inconel X-750
Inconel
Interscan
Kalrez

Kel-F
Koropon
Krytox
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Kynar
MACOR
Microseal
Mobil Jet Oil 1l
Monitox
Mykroy/Mycalex
Mylar
Permendur
Pyromet
Ryton
SCAPE
SCAN Kit
Splash uit
Stoody 6
Stycast
Teflon
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Waspaloy

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/aiaa-sp-084-1999
http://www.avadocuments.com/doc/aiaa-sp-084-1999

Downloaded by Siavash Sohrab on April 21, 2015 | http://arc.aiaa.org | DOI: 10.2514/4.473463

AIAA SP-084-1999

1 Introduction to hazard assessment

Hydrazine (HZ), N,H,4, is used as an aerospace fuel, an antioxidant in industrial processes, and in the
production of pesticides and pharmaceuticals, to name just a few applications. The hazards associated
with the use of vapor and liquid hydrazine in aerospace systems are the focus of this special report.

1.1 About this special report

This special report presents information that designers, builders, and users of hydrazine systems can
use to avoid or resolve hydrazine hazards. Pertinent research is summarized, and the data is presented
herein as for concise quick-reference resource. Additional information can be found in the sources cited
throughout the special report. An example of a hazard analysis is provided in Annex A. The chemical,
physical, and thermodynamic properties of hydrazine are provided in Annex B.

Readers are cautioned that, although every reasonable effort has been made to
present accurate information, the authors and publisher make no warranty nor do they
assume legal responsibility for its validity. Readers are urged to assess each situation
carefully and to choose data that appear most appropriate.

Throughout this special report, the following conventions are used:

ambient pressure and temperature refer to a pressure of 101.3 kPa (14.7 psia) and temperature
of 298 K (77 °F),

neat hydrazine is hydrazine that is free from adulteration,

high-purity hydrazine contains a minimum of 99.0 percent by weight hydrazine and less than or
equal to 0.005 percent by weight aniline,

monopropellant-grade hydrazine contains a minimum of 98.5 percent by weight hydrazine, and
data are given in Sl (International System) units with US customary units in parentheses.
1.2  Approach to performing a hazard assessment

Section 1.2 presents guidelines for determining if a particular hazard exists, using the information
presented in this special report. A diagram depicting the overall hazards associated with hydrazine is
presented in Figure 1.

As shown in Figure 1, four categories of potential hazards are discussed in this special report, and
considered in assessing the overall hazards of hydrazine: fire, explosion, material compatibility, and
safety/exposure. For clarity, two of the potential hazards, explosion and material compatibility, have
been subdivided. Explosion has been divided into the three major processes that generate the pressure
that can lead to explosions in hydrazine systems. These processes are deflagration, detonation, and
thermal-chemical processes. Material Compatibility has been divided into two sections entitled "Effect of
Hydrazine" and "Effect of Material." The "Effect of Hydrazine" section describes how hydrazine degrades
materials by altering their physical properties. The "Effect of Material" section describes how materials
can accelerate the rate of hydrazine decomposition. Listed under each category of potential hazard in
Figure 1 are criteria that define when the potential hazard exists, and the effects produced by that
potential hazard.
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The criteria for, and the effects produced, by each potential hazard are presented in more detail in
Sections 1.2.1 through 1.2.4. These sections should be read carefully to gain familiarity with the four
categories of potential hazards and the terminology that is used in assessing these hazards.

Sections 1.2.1 through 1.2.4 also specify information about the system or environment that is needed to
assess each potential hazard. With this information, the following approach can be utilized to establish
the overall hazard that exists when hydrazine is used.

Consider each of the four categories of potential hazards independently, using the
"Criteria" and the "Effects Produced" information contained in Sections 1.2.1 through
1.2.4.

Determine if the system state, environmental conditions, or both meet criteria resulting in a
hazardous situation.

The conditions that lead to a potential hazard are given under each Criteria. Further information on the
criteria of a potential hazard is listed under a corresponding section of this special report.
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Figure 1 — Overall hazards diagram
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For example, a flammable mixture is one criterion of a fire. When assessing a potential fire
hazard, it is necessary to refer to the detailed information on flammability in Section 2.1.1 so that
the existence of a flammable mixture can be determined. Because a flammable mixture exists
does not necessarily signify that a hazardous condition, i.e. a fire will be produced.

Evaluate the potential effects in each appropriate hazard category. The effects of each
hazard are listed under the corresponding "Effects Produced" heading.

For example, once it has been shown that a potential fire hazard exists, the effect (heat,
in this case) produced by the fire must be evaluated. Section 2 presents information on
flame velocities and heats of reactions, which can be used to determine the rate and
duration of heat release.

Perform the overall assessment of all potential hazards by considering individual system
hazards and the hazards that occur through interaction between systems.

An example of a detailed hazard assessment is given in Annex A.
1.2.1 Fire hazards

To assess a possible fire hazard, the following information about the system and environment must be
known:

phase(s), pressure, and temperature of hydrazine,
environment (e.g., hydrazine, diluents, and oxidizers) and corresponding concentrations, and
ignition sources and amount of energy that can be released by each.

1.2.1.1 Criteria for a potential fire hazard

The criteria used to determine if there is a potential fire hazard from hydrazine vapor are: flammability
limits, minimum ignition energy, and autoignition temperature. The lower and upper flammaubility limits
(LFL and UFL) specify the minimum and maximum hydrazine vapor concentrations that will ignite and
propagate a flame. The flammability limits are a function of temperature, pressure, and other factors
(Section 2.1.1). The minimum ignition energy (MIE), the energy required to initiate a fire (Section 2.1.1),
is a function of temperature, pressure, and oxidizer content. The autoignition temperature (AIT) is the
temperature in a system at which the entire volume of gases or vapors spontaneously ignites

(Section 2.1.2). The AIT data for hydrazine is highly variable, system specific, and should be used with
caution. When the concentration of hydrazine vapor is within the flammability limits and the MIE is
present or when the temperature of the hydrazine vapor is at the AIT, a potential fire hazard exists.

When oxidizer vapors or diluent gases are present, the potential fire hazard from hydrazine liquid is
generally evaluated by using flash and fire points and MIE. The flash point of liquid hydrazine is the
temperature at which the vapor above the liquid forms an ignitable mixture with air. The fire point is the
temperature at which the vapor above the liquid can continuously support a flame. The fire point
normally occurs at a higher temperature than the flash point. Flash and fire points can change,
depending on the nature of the vapor above the liquid (e.g., the presence of diluents and oxidizers). If
the temperature of the liquid hydrazine is at or above the flash or fire point, and the MIE is present, a
potential fire hazard exists.
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1.2.1.2 Effects produced by fire

The hazards from a fire are determined by assessing the effects produced by the fire on the system or
environment.

For the purposes of this special report, the primary effect of a fire is heat. A fire is characterized by the
rate and duration of the heat release. In the vapor phase, the rate and duration of the heat release can
be calculated using the flame velocity, the amount of hydrazine present, and the heat of reaction
(Section 2.1.3.4). In the liquid phase, the rate and duration can be calculated using the surface area of
the liquid pool, the heat of reaction, and the burning rate.

A fire hazard exists when an evaluation of the specific system or its environment shows the heat release
is sufficient to cause dangerous or undesirable conditions.

1.2.2 Explosion hazards

In this special report, it is assumed that an explosive event (see glossary) is produced either directly or
indirectly by the release of chemical energy. Explosions can arise from three processes that hydrazine
can undergo, and in some cases, generate high pressures. These are: deflagration, detonation, and
thermal-chemical processes.

1.2.2.1 Deflagration

A deflagration is a flame moving through a flammable mixture in the form of a subsonic wave (with
respect to the unburned mixture).

To assess an explosion hazard due to deflagration, the following information about the system and
environment must be known:

phase(s), pressure, and temperature of hydrazine,
environment (e.g., hydrazine, diluents, and oxidizers) and corresponding concentrations,
ignition sources and amount of energy released by the source,
mechanical properties of a confining system, and
presence of obstacles that can accelerate the deflagration.
1.2.2.1.1 Criteria for a potential explosion hazard from a deflagration
The flammability criteria for fire also apply to deflagrations. An explosion hazard exists when hydrazine
vapor is within the flammability limits, the MIE is present, and obstacles, turbulence, or confinement
necessary to accelerate the deflagration are present or when the deflagration is confined in a system

and the pressure due to the deflagration can exceed the burst pressure of the system.

When hydrazine liquid is present, a potential explosion hazard from a deflagration exists when the
temperature of the liquid hydrazine is at or above the fire point and the MIE is present.
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1.2.2.1.2 Effects produced by a deflagration

The primary effects of a deflagration are fire and if the deflagration is confined, pressure. Calculation of
deflagration pressures in partially confined systems is very difficult. In a confined system the pressure
generated by the hydrazine (calculated from Equation 5) is compared to the burst pressure of the
system. If the maximum pressure which can be generated exceeds the burst pressure, an explosion
hazard exists. The venting rate of relief valves or burst disks must be great enough to prevent the burst
pressure of a system from being reached. The pressure increase rate can be calculated with
Equations 9 and 10.

The hazard associated with the heat generated by a deflagration is covered in Section 1.2.1. The hazard
resulting from a deflagration transition to a detonation is covered in Section 1.2.2.2.

1.2.2.2 Detonation

To assess hazards due to detonation (see Glossary), the following information about the system and
environment must be known:

pressure and temperature of hydrazine vapor,*
environment (e.g., hydrazine, diluents, and oxidizers) and the corresponding concentrations,
ignition sources and amount of energy released by the source, and
type of confinement.
1.2.2.2.1 Criteria for a potential explosion hazard from a detonation

The general criteria for detonation is that the combination of the system and the dynamics of the
deflagration (flame movement) lead to a deflagration to detonation transition (DDT) (Section 3.2). The
criteria that must be met for a detonation to occur are related to the composition and state of the
flammable material in the system, the size and shape of the vessel or enclosure, and the energy source
that initiates the detonation. The dynamic parameters, critical tube diameter, critical transition diameter,
and initiation energy are based on cell size which is determined from experiment or empirical correlation.
For a detonation to occur, there must be a sufficient volume for a detonation cell to form and sufficient
initiation energy or a flow path that will support a DDT (Equations 11 through 16). To use these
equations, the cell size, which varies with the composition, initial temperature, and initial pressure of the
hydrazine mixture, must be known.

1.2.2.2.2 Effects produced by a detonation

To determine if a detonation hazard exists, the resulting effects produced by the detonation must be
assessed.

The pressure produced by a detonation is described by the Chapman-Jouguet (C-J) condition
(Section 3.2) and is a characteristic of the reactant mixture. Computer programs have been developed
to calculate the C-J condition.

*Hydrazine vapor is readily detonated. Hydrazine liquid has not been detonated in cylindrical vessels of
diameters up to 10.2 cm (4 in.). The ignition energy was provided by approximately 887 g (1.96 Ib) of
Cc4

initiated by a #8 blaster’s cap.
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When a DDT occurs, the final detonation pressure (C-J pressure) is dependent on the extent of the
deflagration before transition. For example, consider neat hydrazine vapor contained in a system at

50 kPa (7.3 psia) and 300 K (80 °F). If the vapor undergoes a DDT immediately after ignition, then the
detonation pressure (C-J pressure) will be approximately 28 times the initial pressure. If the DDT is
delayed, and the pressure in the system increases due to the deflagration, then the C-J pressure will be
28 times the pressure at the time of the DDT. A worst-case detonation hazard occurs when the
deflagration has proceeded almost to completion before the transition takes place. This case can be
estimated by using the adiabatic pressure (see Section 3.1.1) produced by the deflagration as the initial
system pressure in C-J calculations. Pressures produced when a detonation wave is reflected at
locations such as elbows and tees can be two to three times the incident pressure (i.e., the C-J
pressure).

1.2.2.3 Thermal-chemical processes

Any thermal-chemical reaction system is a potential explosion hazard if the reaction produces a net
increase in moles of gas or vapor (Section 3.1) when the system volume is confined, if the system
operates adiabatically (or nearly adiabatically), or when the rate of heat generated exceeds the rate of
heat exchange with the environment leading to a thermal runaway. Hydrazine is thermodynamically
unstable and while its degradation is slow under ambient conditions increasing temperature accelerates
this decomposition. In addition many materials act as catalysts for hydrazine decomposition and careful
selection of system materials must occur (Section 4).

Three cases that may cause explosion hazards when operating hydrazine systems are considered:
near-isothermal decomposition in a closed system; thermal runaway in an isolated system; rapid
compression in an open system.

To assess hazards due to a thermal-chemical reaction, the following information about the system and
environment must be known:

phase(s), pressure, and temperature of the hydrazine,
environment (e.g., hydrazine, diluents, and oxidizers) and corresponding concentrations,
materials in contact with hydrazine and corresponding surface areas,
system thermal capacity and heat transfer properties, and
pressure limitations of the system.
1.2.2.3.1 Near-isothermal hydrazine decomposition

If the enthalpy of reaction of hydrazine decomposition (Annex B) is dissipated to the environment as it is
generated, the system operates to maintain the temperature constant.

1.2.2.3.1.1 Criteria for hazard from near-isothermal hydrazine decomposition

If the system is a rigid volume and closed to addition or removal of mass, the pressure will increase as
the reaction proceeds to completion.

1.2.2.3.1.2 Effects produced by near-isothermal hydrazine decomposition

Pressure increases as the moles of decomposition product gases increase. For isothermal processes,
the pressure increase can be approximately calculated using the following:
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Ideal Gas Law,

guantity of hydrazine and diluents,

kinetic parameters given in Table 17 or the figures of Section 4,

surface area of the material on which the hydrazine is decomposing if catalysis is occurring,
volume of system, and

initial conditions.

Assessment examples are given in Section 4.3.
1.2.2.3.2 Thermal runaway

If the system operates non-isothermally the temperature can reach a condition where heat is generated
faster than it can be dissipated to the environment and the system undergoes a thermal runaway.

1.2.2.3.2.1 Criteria for thermal runaway hazards

The system temperature increases continuously (unless limited by quantity of hydrazine) as long as the
rate of energy generation exceeds the rate of heat exchanged with the environment. If the system is
closed and a constant volume the pressure increases.

1.2.2.3.2.2 Effects produced by a thermal runaway

For a non-isothermal process, the pressure increase rate can be determined by solving a series of
nonlinear, differential equations. See Section 4.3 for examples. Under non-isothermal conditions, the
system will fail if sufficient hydrazine is present to decompose and produce pressures that exceed the
system burst pressure.

1.2.2.3.3 Rapid compression

Rapid compression occurs in a system when accelerating liquid compresses ullage gases or vapors in a
confined volume. The rapid temperature rise of the compressed material acts as a possible ignition
source for the hydrazine. If a froth is created at the liquid hydrazine ullage gas or vapor interface the
rate of thermal energy transfer into the hydrazine can increase producing a greater potential hazard.
Pressure increases as a result of compression, temperature rise and hydrazine decomposition product
gases. If system pressure exceeds design burst pressure, a failure resulting in potential hazard can
occur.

To assess an explosion hazard due to rapid compression, the following information about the system or
environment must be known:

initial temperatures of flowing hydrazine liquid and ullage gas,
pressure and volume of the ullage gas,

location of system dead-ends,

hydrodynamic surge pressure at the system dead-ends, and

burst pressure of the system.
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1.2.2.3.3.1 Criteria for a hazard from rapid compression

The criteria for a hazard from rapid compression are the presence of liquid hydrazine, a dynamic
system,* a non-condensable gas ullage, a froth (see Section 3.3.3.1), and liquid confinement. The
initiation mechanism of this process is the enthalpy change of the ullage material during adiabatic
compression. The condition (i.e. temperature and pressure) of the froth is a function of the dynamic
surge pressure created when the moving liquid hydrazine impacts a dead-end. When the ullage
temperature starts at ambient and the fluid dynamic surge pressure is greater than 17.2 MPa (2500
psia), sufficient enthalpy is created to initiate exothermic decomposition of the hydrazine contained in the
froth. The froth and fluid dynamic surge pressure are both dependent upon the initial pressure and
volume of the ullage. The fluid dynamic surge pressure is also strongly dependent on the velocity of the
hydrazine liquid. Rapid compression which meets the above criteria will generate pressure, and thus a
potential explosion hazard will exist.

1.2.2.3.3.2 Effects produced by rapid compression

A hazard from rapid compression exists when the generated pressure exceeds the strength of the
confining system.

If the fluid dynamic surge pressure is known, the final generated pressure can be estimated from
Figure 21 and Tables 20 and 21. The fluid dynamic surge pressure can be estimated by applying
Equations 18 through 22, or by substituting water for hydrazine and performing experiments with the
system.

It should be noted that a hazard can also exist when the fluid dynamic surge pressure alone exceeds the
strength of the system.

1.2.3 Material compatibility

Hydrazine affects materials by degrading them and altering their physical and chemical properties.
Materials affect hydrazine by accelerating its decomposition. Section 4 of this special report provides
additional information on compatibility.

1.2.3.1 Effect of hydrazine

To assess a material compatibility hazard due to hydrazine contacting a material, the following
information about the system and environment must be known:

phase(s) and temperature of hydrazine,

exposure time,

surface condition and area exposed to hydrazine, and
contamination present.

1.2.3.1.1 Criteria for a potential material compatibility hazard from materials exposed to
hydrazine

The criteria for hydrazine's ability to affect a material (Section 4.1) are the length of time the material will

*Explosive events caused by rapid compression have only been observed when the liquid hydrazine was
flowing.
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be exposed to hydrazine, the temperature of the hydrazine in contact with the material, the surface
condition and area exposed to hydrazine, and the contamination present. Tables 14 and 15 for metals
and nonmetals, respectively, indicate the amount of corrosion and changes observed for various
materials exposed to hydrazine at a specified temperature. These corrosion rates may increase when
operating temperatures higher than those listed in the tables are used.

1.2.3.1.2 Effects produced on materials exposed to hydrazine

The physical and chemical properties of materials can be changed by exposure to hydrazine leading to
corrosion (loss of material), stress corrosion cracking (fracture), and embrittlement. A material
compatibility hazard exists when degradation of the material can lead to loss of system integrity or
component function.

1.2.3.2 Effect of material

Materials can act as a catalyst and accelerate the decomposition rate of hydrazine and thus the pressure
increase rate. Therefore, to assess the presence of a material compatibility hazard, the following
information about the system and environment must be known:

phase(s), quantity, and temperature of hydrazine,

environment (e.g., hydrazine, diluents, contaminants, and oxidizers) and corresponding
concentrations,

surface condition and area of the material,
system thermal capacity and heat transfer properties, and
pressure limitations of the system.

1.2.3.2.1 Criteria for a potential material compatibility hazard from hydrazine exposed to catalytic
materials

A potential material compatibility hazard exists when the material catalytically decomposes hydrazine.
Material compatibility data are presented in Section 4.

1.2.3.2.2 Effects produced in hydrazine exposed to catalytic materials

A material compatibility hazard exists when the hydrazine decomposition reaction is accelerated to the
point that pressures generated affect the operation of or damage the system or environment. (The
methods used to determine these pressures are presented in Section 1.2.2.3.) An actual material
compatibility hazard can lead to an explosion hazard if the generated pressures exceed the strength of
the confining system.

1.2.4 Exposure hazards

Exposure hazards can be divided into two categories: hazards to personnel (toxicity), and hazards to the
environment. Unlike the previous section, the criteria listed here do not apply to a potential hazard. If
these criteria are met, an actual exposure hazard exists.

To assess an exposure hazard, the following information about the environment must be known:

phase(s) of hydrazine,
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temperature of the environment,
environment (e.g., hydrazine, diluents, and oxidizers) and corresponding concentrations, and
time of contact.

1.2.4.1 Criteria for an actual exposure hazard

The criteria for a toxicity hazard are exposure time and concentration. Personnel exposure to hydrazine
can be chronic (long-term exposure, Section 5.1.1) or acute (short-term exposure, Section 5.1.2.). A
toxicity hazard is present when personnel can be exposed to hydrazine concentrations which exceed the
Threshold Limit Value (TLV), Permissible Exposure Limits (PEL), or Recommended Exposure Limit
(REL) for chronic exposure (Section 5.1.1.2); or, Immediately Dangerous To Life or Health (IDLH) or
Spacecraft Maximum Acceptable Concentration (SMAC) for acute exposure (Section 5.1.2.2).

State and Federal regulations specify the levels of hydrazine that pose an exposure hazard to the
environment. For more information, refer to Section 5.

1.2.4.2 Resulting effects from exposure to hydrazine
The effects of a toxicity hazard and an environmental exposure hazard are listed in Section 5.
1.3 Overall hazard

The overall hazard to a system and environment may be intensified by a combination of several
individual events.

An example of the cumulative effect hazards can have was illustrated by an incident involving the ninth
Space Transportation System (STS-9). In this particular situation, a material compatibility hazard led to
stress corrosion of an injector tube constructed from Hasteloy B. The tube subsequently ruptured,
leaking hydrazine into the APU area, where it quickly froze. During re-entry, the hydrazine vaporized
and ignited. By itself, the heat from the burning hydrazine may have caused system damage; however,
the critical effect of the fire was to overheat the onboard APU's. When this happened, the hydrazine
underwent several explosive processes, damaging two of the three APU's.

Therefore, a proper hazard assessment considers not only each hazard and topic individually but the
potential effects to the system if several events occurred simultaneously.
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2 Fire

Introduction

Fire is a rapid chemical reaction that produces heat and light (Lapedes 1974). Fire normally requires a
fuel, an ignition source, and an oxidizer, however, hydrazine is a monopropellant which decomposes
exothermically and does not require the presence of an oxidizer. A hydrazine fire can also begin without
the usual ignition source; hydrazine is hypergolic with oxidizing reagents and propellant oxidizers such
as inhibited red fuming nitric acid (IRFNA) and dinitrogen tetroxide.

A fire can occur with either vapor or liquid hydrazine, as well as in the mist, droplet, and spray forms of
the fuel. The fire hazard from the burning hydrazine is affected by system and environmental conditions,
i.e. the temperature, concentration, and pressure of the hydrazine, and the type of ignition source
involved. Hazard assessment varies depending on the form of hydrazine present.

In hydrazine vapor, the fire hazard can be quantified by considering the flammability limits, ignition
source, flame speed or flame velocity. In liquid hydrazine, fire points and burning rate can be used to
assess the degree of fire hazard. The fire hazard in hydrazine mists, droplets, or sprays can also be
measured by considering flash and fire points and burning rates. These factors vary with the purity of
hydrazine vapor (neat or completely free of contaminants, mixed with air, mixed with an inert diluent, or
mixed with an oxidizer) or liquid (high purity, monopropellant, or mixtures).

This section presents data on hydrazine fires. Readers are cautioned that, although every reasonable
effort has been made to present accurate information in this section, the authors and publisher make no
warranty nor do they assume legal responsibility for its correctness. Readers are urged to assess each
situation carefully and to choose data that appear most appropriate.

2.1 Hydrazine vapor

The reactants in a hydrazine fire are usually in the gaseous phase and must be present within a specific
concentration range to burn. The fire hazard of hydrazine vapor can be assessed by considering
flammability, ignition, flame speed and flame velocity in neat vapor, hydrazine-air mixtures, hydrazine-
diluent mixtures, and hydrazine-oxidizer mixtures.

2.1.1 Flammability

Flammability is a measure of the extent to which a vapor concentration of a fuel in a mixture will ignite
and propagate a flame. The limits of flammability of a gas or vapor are the minimum and maximum fuel
concentrations that can support flame propagation. The upper flammability limit (UFL) is the
concentration of the most concentrated mixture that is flammable; the lower flammability limit (LFL) is the
concentration of the most dilute fuel-air or fuel-diluent mixture that is flammable (see Glossary).

Flammability varies for neat hydrazine, hydrazine mixed with air, hydrazine mixed with an inert diluent,
and hydrazine mixed with an oxidizer. The flammability limits for each mixture are affected by pressure,
temperature, and other factors. The range of flammability is the range of concentrations between the
lower and upper flammaubility limits. In general for many flammable mixtures the flammability range is
widened by increasing temperature (Burgess and Wheeler 1911). There is limited data for hydrazine. In
general, decreased pressure (below ambient) narrows the flammability range by increasing the lower
flammability limit and decreasing the upper flammability limit (Coward and Jones 1952). As the pressure
decreases, the two limits approach each other. When the upper and lower limits are identical, the low
pressure limit (the minimum pressure required for ignition) is reached. The low pressure limit is affected
by ignition energy: as the ignition energy is increased, the low pressure limit decreases (Benz, Bishop,
and Pedley 1988).
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Flammability limits also vary with the shape of the confining container and the direction of flame
propagation. Generally for many flammable mixtures, the flammability range widens with increasing tube
diameter (Coward and Jones 1952), and for closed tubes, the flammability range may narrow as the tube
is lengthened (Mullins and Penner 1959). The direction of flame propagation affects flammability limits
by widening the limits for upward propagation and narrowing the limits for downward propagation. The
limits for horizontal propagation are between those for upward and downward propagation (Benz,
Bishop, and Pedley 1988).

2.1.1.1 Neat hydrazine

2.1.1.1.1 Pressure effect

Neat hydrazine is flammable at pressures of 2.1 kPa (0.30 psia) and greater when ignited by a 1-J (9.5 x
10“-Btu) spark (Benz, Guerrasio, and Rollins 1983). Increased ignition energy can lead to a decreased
low pressure limit (Section 2.1.1).

2.1.1.1.2 Temperature effect

The lower pressure limit of 2.1 kPa (0.30 psia) requires a minimum temperature of 300 K (81 °F), based
on vapor pressure equations cited by Benz, Bishop, and Pedley (1988).

2.1.1.2 Hydrazine-air mixtures

The upper flammability limit of hydrazine-air mixtures is 100 percent hydrazine (Benz, Bishop, and
Pedley 1988). The most commonly quoted lower flammability limit for hydrazine/air mixtures is 4.7
percent (Scott, Burns, and Lewis 1949). A lower value, 2.9 percent, was reported by Olin Corporation
(National Fire Protection Association 1977). A summary of lower flammability limits obtained using
various methods is presented in Table 1.

Table 1 — Lower flammability limits for hydrazine-air mixtures

Direction Lower flammability
of propagation Temperature Limit
K °F percent v/v

Unknown® 2.9
Upward® 373 212 4.7
Omni-directional’ 366 200 5.0
* National Fire Protection Association (1977)
® Scott, Burns, and Lewis (1949)
° Benz, Guerrasio, and Rollins (1983)

2.1.1.2.1 Pressure effect

The effect of reduced pressure on the flammability of hydrazine-air mixtures in a 2-L (122 in.%) spherical
chamber (omnidirectional propagation) at 311 K (100 °F) and 366 K (200 °F) is illustrated in Figure 2.
The lowest pressure that propagated a flame is 1.4 kPa (0.2 psia) at a hydrazine concentration of 35
percent by volume (twice stoichiometry). The ignition source in these tests was a 1 J (9.5 x 10 Btu)
electrical spark. The low pressure limit is expected to decrease with increasing spark energy

(Section 2.1.1). Figure 2 shows a plot of hydrazine concentration (percent by volume) versus limiting
pressure and the corresponding altitude.
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Figure 2 — The effect of pressure on the flammability of hydrazine in air at 311 K (100 °F) and 366 K (200 °F) (Data
from Benz, Guerrasio, and Rollins 1983)

2.1.1.2.2 Temperature effect

The effect of temperature on the flammability of hydrazine-air mixtures at ambient pressure is small
(Figure 3). The lower flammability limit of hydrazine is expected to decrease as the temperature is
increased, but there are insufficient experimental data at present to confirm this.

The upper flammability limit is 100 percent for all temperatures above the flash point (Section 2.2.1).
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Figure 3 — Flammability limits for hydrazine vapor in air at ambient pressure as a function of temperature and
composition

The flammability limits for hydrazine vapor-air mixtures at various pressures and temperatures are
shown superimposed in heavy lines over curves of constant hydrazine concentration at changing total
pressure in Figure 4. The data in this figure indicate the flammable nature of the hydrazine vapor that
exists above liquid hydrazine at various conditions of temperature and pressure.

2.1.1.3 Hydrazine-diluent mixtures

The upper flammability limit of hydrazine-diluent mixtures is 100 percent (Benz, Bishop, and Pedley
1988). The lower flammability limits for various hydrazine-diluent mixtures are shown in Table 2. The
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lower flammability limits observed in these hydrazine-diluent mixtures are significantly greater than those
observed for hydrazine in air and other oxidizing atmospheres.
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Figure 4 — Flammability limits for hydrazine in air as a function of temperature and pressure (Data from Benz,

Bishop, and Pedley 1988)

Table 2 — Lower flammability limits for hydrazine-diluent mixtures at a pressure of 101.3 kPa (14.7 psia)

Lower
Diluent Temperature flammability
K oF limit
percent v/iv

Argon® 373-393 212-248 28.1
Benzene® 373-393 212-248 72.1
Benzene” 398 257 60.2
Butane® 373-393 212-248 82.7
Cumene” 398 257 76.2
Helium® 378-391 221-244 37.0
n-Heptane® 373-393 212-248 88.0
n-Heptane” 398 257 79.0
n-Heptane* 377-406 219-271 86.8
Hexane® 373-393 212-248 87.2
Hydrogen® 373-393 212-248 54.1
Nitrogen® 373-393 212-248 35.2
Nitrogen® 382-385 228-234 38.0
Toluene® 373-393 212-248 76.0
Toluene® 398 257 65.0
Water Vapor® 403-408 265-275 30.9
Xylene® 373-393 212-248 80.0
m-Xylene® 398 257 72.7
* Pannetier (1958)
® Furno, Martindill, and Zabetakis (1962)
¢ Scott, Burns, and Lewis (1949)

Diluents such as nitrogen, helium, and carbon dioxide generally reduce the flammability of a vapor. The
effectiveness of a diluent at quenching flames depends on the heat capacity and thermal conductivity of
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the diluent. Diluents with large heat capacities generally have greater quenching ability than those with
low heat capacities (Lewis and von Elbe 1961). Hydrocarbon vapors of benzene, xylene, butane, and
hexane mixed in hydrazine vapors were found to be effective at quenching the initiation of flames in the
mixture by electric sparks (Furno, Martindill, and Zabetakis 1962). Note that these hydrocarbons have
upper flammability limits below 10 percent by volume, much lower than the UFL for hydrazine, and large
heat capacities.

The flammability limits for mixtures of hydrazine, heptane, and air at ambient pressure and 398 K (257
°F) are shown in Figure 5. Mixtures containing heptane in concentrations greater than 21 percent by
volume are nonflammable. In contrast, mixtures of hydrazine, oxygen, and nitrogen containing up to
86 percent nitrogen by volume are flammable (Figure 6).

2.1.1.3.1 Pressure effect

Although the low pressure limit is expected to increase with increasing concentration of diluent, no
supporting data are reported in the reviewed literature on the effect of pressure on the flammability of
hydrazine-diluent mixtures.

2.1.1.3.2 Temperature effect

The results in Table 2 (Pannetier 1958) indicate that the LFL for hydrazine does not change between

373 K (212 °F) and 393 K (248 °F) for certain diluents. No other data are reported in the reviewed
literature on the effect of temperature on the flammability of hydrazine-diluent mixtures.

PRI R

N
Hydrazinae Concentration (%X wv/v)

Figure 5 — Flammability limits as functions of composition for mixtures of hydrazine, heptane, and air at 398 K (257
°F) and ambient pressure (Furno, Martindill, and Zabetakis 1962)
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Figure 6 — Flammability limits for ternary mixtures of hydrazine, oxygen, and nitrogen at 366 K (200 °F) to 398 K
(257 °F) and ambient pressure (Benz, Bishop, and Pedley 1988)

2.1.1.4 Hydrazine-oxidizer mixtures

The upper flammability limit for hydrazine-oxygen mixtures is 100 percent hydrazine (Benz, Bishop, and
Pedley 1988). The only reported value of the lower flammability limit for hydrazine-oxygen mixtures at
311 K (100 °F) and 101.3 kPa (14.7 psia) is 4.9 (Benz, Bishop, and Pedley 1988). This value is similar
to the lower flammability limit, as determined by the same method, reported for hydrazine-air mixtures
(Section 2.1.1.2).

The effects of oxygen/nitrogen ratio are illustrated in Figure 6 which displays the flammability limits of
hydrazine-oxygen-nitrogen mixtures at ambient pressure and temperatures which varied from 366 K
(200 °F) to 398 K (257 °F). The experimental data used to generate Figure 6 are very limited, and this
figure should be considered only an approximation.

The effects of oxidizers other than oxygen were measured by Gray and Lee (1954). They found that the
lower flammability limit of hydrazine in both nitrous oxide and nitric oxide at ambient pressure and
temperature is 10 percent by volume. Hydrazine is hypergolic with dinitrogen tetroxide at ambient
pressure and temperature.

2.1.1.4.1 Pressure effect

No data are reported in the reviewed literature on the effect of pressure on the flammability of hydrazine-
oxidizer mixtures.
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2.1.1.4.2 Temperature effect

No data are reported in the reviewed literature on the effect of temperature on the flammability of
hydrazine-oxidizer mixtures.

2.1.2 Ignition

Hydrazine vapor can be ignited with or without an ignition source. Ignition by a source requires that the
minimum ignition energy (MIE) be present; autoignition (ignition with no source) requires that the
autoignition temperature (AIT) be reached. In general, the minimum ignition energy decreases with
increasing oxygen content (Lewis and Von Elbe 1961), increasing temperature (Drell and Belles 1958),
and increasing pressure (Benz, Bishop, and Pedley 1988). The standard method for determining the
minimum ignition energy is ASTM E 582-88.

2.1.2.1 Ignition sources

Various sources have been used to ignite hydrazine: electric sparks (Overly 1976); a 15 kV, 60 mA
transformer (Furno, Martindill, and Zabetakis 1962); and shock waves (Michel and Wagner 1965). Other
common ignition sources include flames, heated or fused wires, incendiaries, hot surfaces, and rapid
compression. Many of these ignition sources, such as hot surfaces, can be affected by surface area,
surface temperature, and type or volume of container or extent of confinement.

For information on avoiding ignition hazards during storage, refer to Section 5.3.4.
2.1.2.2 Autoignition

Autoignition occurs when a mixture of gases or vapors ignites spontaneously with no external ignition
source after reaching a certain temperature, the autoignition temperature (AIT). The AIT is not an
intrinsic property of the gases or vapors (Kanury 1977) but is the lowest temperature in a system where
the rate of heat evolved from the gases or vapors increases beyond the rate of heat loss to the
surroundings resulting in ignition. The AIT of a mixture of gases or vapors is affected by pressure,
vessel shape and volume, surface activity, contaminants, flow rate, reaction rate, droplet and mist
formation, gravity, and reactant concentration (Benz, Bishop, and Pedley 1988).

In general, decreased pressure leads to an increased autoignition temperature (Benz and Pippen 1980;
Bodurtha 1980; Furno, Imhof, and Kuchta 1968); increased vessel size leads to a decreased autoignition
temperature (Setchkin 1954). For fuels in general the AIT is not very sensitive to fuel concentration
except at near-limiting concentrations (Furno, Imhof, and Kuchta 1968), but some studies with hydrazine
show off-stoichiometric mixtures lead to increased AITs (Miller and Schluter 1978). The effect of
catalytic surfaces on autoignition temperatures varies with the system. Some studies show that catalytic
surfaces in some systems increase the autoignition temperature (Lewis and Von Elbe 1961; Miller and
Schluter 1978); others indicate that the reaction between the fuel and the surface material leads to a
decreased autoignition temperature (Scott, Burns, and Lewis 1949; Stevens and Benz 1978).

One study found that as hydrazine is heated, decomposition increases, hydrazine concentration
changes, and the final result is an increased autoignition temperature. In a flowing system where
concentration is constant, the effect of materials appears to be determined by the catalytic properties of
the materials (Miller and Schluter 1978).

Hydrazine concentration and the presence of diluents affect the autoignition temperature. Mixtures near
the flammability limits have higher autoignition temperatures than those of intermediate composition
(Bodurtha 1980). Fuel-oxygen mixtures have slightly lower autoignition temperatures than similar
concentration fuel-air mixtures (Bodurtha 1980). Mixing inert gases with fuel generally increases the
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autoignition temperature by diluting or altering the thermal conductivity, specific heat, or diffusivity of the
mixture (Mullins and Penner 1959).

The standard methods for determining the autoignition temperature are detailed by ASTM method E
659-78(1984), Mullins (1955), and Setchkin (1954). The AIT is recorded as the lowest temperature at
which autoignition occurs for a fuel. The ASTM method E 659-78(1984) (ASTM 1986a), notes that the
method is not designed for evaluating materials capable of exothermic decomposition. For this reason,
autoignition temperature data should be applied cautiously (Benz, Bishop, and Pedley 1988).

2.1.2.1 Neat hydrazine
2.1.2.1.1 Minimum ignition energy

Data on the minimum ignition energy that is required from an electrical spark in neat hydrazine are
limited, in part because of the ease of ignition. Overly (1976) found a minimum energy electrode
distance (d,) of about 2 mm (0.079 in.) which corresponds to a minimum ignition energy of 0.8 mJ (7.6 x
107 Btu) (Figure 7) at 338 K (149 °F) and 14.7 kPa (2.2 psia).

2.1.2.1.2 Pressure and temperature effect

Overly (1976) found that when the temperature of neat hydrazine vapor increases from 338 K (149 °F) to
345 K (162 °F) and the pressure increases from 14.7 kPa (2.2 psia) to 20.7 kPa (3.0 psia), the ignition
energy at an electrode distance of 4 mm (0.16 in.) decreases from 1.3 mJ (1.2 x10° Btu) to a value that
is too low to measure. This value corresponds to a minimum ignition energy of less than 0.05 mJ

(4.7 x 10° Btu).
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Figure 7 — The effect of electrode distance on the minimum ignition energy of pure hydrazine vapor at 338 K (149
°F). (Data from Overly 1976)

2.1.2.1.3 Autoignition temperature

As noted previously (Section 2.1.2), autoignition temperature data should be applied cautiously.
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2.1.2.1.3.1 Pressure effect

Gray, Lee, and Spencer (1963) found that autoignition temperatures of neat hydrazine vapor in a
borosilicate container decrease with increasing pressure, although they are significantly greater than
autoignition temperatures of hydrazine-air mixtures. The lowest measured autoignition temperature was
853 K (1080 °F) at the highest test pressure of 8.4 kPa (1.2 psia). No data are reported in the reviewed
literature on the effects of pressures ranging from 8.4 kPa (1.2 psia) to ambient on the autoignition
temperature of neat hydrazine.

2.1.2.1.3.2 Material effects

No data are reported in the reviewed literature on the effects of materials on the autoignition temperature
of neat hydrazine vapor. Refer to Section 2.1.2 for a discussion of the effect of catalytic surfaces on
autoignition temperature.

2.1.2.2 Hydrazine-air mixtures

2.1.2.2.1 Minimum ignition energy

2.1.2.2.1.1 Pressure effect

No data are reported in the reviewed literature on the effect of pressure on the minimum ignition energy
of hydrazine-air mixtures.

2.1.2.2.1.2 Temperature effect

No data are reported in the reviewed literature on the effect of temperature on the minimum ignition
energy of hydrazine-air mixtures.

2.1.2.2.2 Autoignition temperature

Autoignition temperatures reported in Table 3 for hydrazine-air mixtures range from 438 K (328 °F) to
673 K (752 °F). Tests have been performed in an attempt to narrow this range; however, they did not
improved the data in Table 3 (Benz, Guerassio, and Rollins 1983). As noted previously (Section 2.1.2),
autoignition temperature data should be applied cautiously.

2.1.2.2.2.1 Concentration effect
A study of the effect of hydrazine concentration at reduced pressures using ASTM D2155-66 “Standard
Method of Test for Autoignition Temperature of Liquid Petroleum Products” procedures was conducted

with a 2.845 L (173.6 in3) 304 stainless steel chamber (Stevens and Benz 1978).

Table 3 — Autoignition temperatures of hydrazine-air mixtures at 101.3 kPa (14.7 psia)

Autoignition Temperature Reference
K °F

513-543 464-518 Van Dolah, Zabetakis, and Scott (1962)

543 518 Scott, Burns, and Lewis (1949)

673 752 Clark (1953)

438 328 Roth (1964)

543 518 Int. Tech. Inf. Inst., Tokyo Japan (1981)
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The lowest AIT for a pressure of 101.3 kPa (14.7 psia) occurred at a hydrazine:oxygen ratio of 3.4:1;

similarly, at

. 41.3 kPa (6 psia) a ratio of 5.2:1,

. 20.7 kPa (3 psia) a ratio of 3.1:1, and
. 6.9 kPa (1 psia) a ratio of 4.9:1.

Hydrazine to oxygen ratios differing from stoichiometric combustion (1:1 or 2:1) were explained as
hydrazine being consumed by decomposition. A similar study using ASTM D2155-66 procedures but
with a 0.25 L (15.3 in®) borosilicate chamber containing metal specimens found that 304 stainless steel,
316 stainless steel, borosilicate glass, and copper displayed distinct minimum AITs while aluminum
(6061-T6), titanium (Ti-6Al-4V), and nickel did not (Miller and Schulter 1978).

2.1.2.2.2.2 Pressure effect

Autoignition temperatures for hydrazine-air mixtures were found to decrease with increasing pressure
(Figure 8). Some of these tests were performed in chambers made of stainless steel, and reaction
between the stainless steel and hydrazine may have lowered autoignition temperatures, as discussed in
the following section.

2.1.2.2.2.3 Material effects

The results in Figure 8 indicate that stainless steel, acting as a heterogenous catalyst for hydrazine
decomposition in air, lowers the autoignition temperature. This is supported by reports by Scott, Burns,
and Lewis (1949) and Stevens and Benz (1980). Tests conducted by Miller and Schluter (1978) indicate
that heterogenous catalysts increase the autoignition temperature of hydrazine-air mixtures. The effects
of various surface materials are highly dependent on system configuration. The reported data are given
in Table 4. For additional information on material effects, refer to Section 4.
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Figure 8 — The effect of pressure on the autoignition temperature of hydrazine in air (* Data from Furno, Imhof, and
Kuchta 1968, ® Data from Stevens and Benz 1978a)
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Table 4 — Autoignition temperatures of hydrazine-air mixtures in contact with various materials

Autoignition contact
Pressure Temperature

kPa psia K °F
Aluminum 6061-T6° 85.3 12.4 613 644
Black Iron” 101.3 14.7 405 269
Borosilicate Glass” 101.3 14.7 543 518
Borosilicate Glass® 85.3 12.4 548 526
Copper® 85.3 12.4 538 509
Ferric Oxide” (powder) 101.3 14.7 <296 <73
Nickel® 85.3 12.4 629 673
Platinum”® 101.3 14.7 499 439
18-8 Stainless Steel” 101.3 14.7 429 313
304 Stainless Steel 101.3 14.7 433 320
304 Stainless Steel® 85.3 12.4 549 529
316 Stainless Steel® 85.3 12.4 559 547
Titanium (Ti-6Al-4V)* 85.3 12.4 624 664
& Miller and Schluter (1978)
® Scott, Burns, and Lewis (1949)
° Stevens and Benz (1978a)

2.1.2.3 Hydrazine-diluent mixtures
2.1.2.3.1 Minimum ignition energy
2.1.2.3.1.1 Pressure effect

No data are reported in the reviewed literature on the effect of pressure on the minimum ignition energy
of hydrazine-diluent mixtures.

2.1.2.3.1.2 Temperature effect

No data are reported in the reviewed literature on the effect of temperature on the minimum ignition
energy of hydrazine-diluent mixtures.

2.1.2.3.2 Autoignition temperature

The autoignition temperature reported for hydrazine in nitrogen at 101.3 kPa (14.7 psia) is shown in
Table 5. These values are higher than the autoignition temperature for hydrazine-air mixtures and are
dependent on the container material. As noted previously (Section 2.1.2), autoignition temperature data
should be applied cautiously.

Table 5 — AIT's reported for hydrazine in nitrogen at 101.3 kPa (14.7 psia)

Container or surface AIT Reference
K °F

Borosilicate Glass 802 984 Ladacki (1968)

304 Stainless Steel >644 700 Stevens & Benz (1978)

18-8 Stainless Steel >688 778 Scott, Burns, & Lewis (1949)
Black Iron 404 268 Scott, Burns, & Lewis (1949)
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2.1.2.3.2.1 Concentration effect

No data are reported in the reviewed literature on the effect of concentration on the autoignition
temperature of hydrazine-diluent mixtures.

2.1.2.3.2.2 Pressure effect

No data are reported in the reviewed literature on the effect of pressure on the autoignition temperature
of hydrazine-diluent mixtures.

2.1.2.3.2.3 Material effects

The autoignition temperature for hydrazine-diluent mixtures is dependent on the container material.
Tests done in both stainless steel with water vapor as a diluent (Stevens and Benz 1980) and black iron
containers under nitrogen atmospheres (Scott, Burns, and Lewis 1949) resulted in decreased
autoignition temperatures.

2.1.2.4 Hydrazine-oxidizer mixtures

Ignition products and reaction mechanisms for hydrazine/nitrogen tetroxide systems at atmospheric and
2 MPa (300 psia) pressures have been studied and compared to thermodynamic equilibrium calculations
(Summers and McMullen 1966). A Time-of Flight Mass Spectrometer was used to identify the species
produced in a combustor during testing. The authors made the following observations:

the concentration of molecular nitrogen and oxygen increases with mixture ratio,

the concentration of nitric oxide decreases or remains relatively constant with increasing mixture
ratio,

the concentration of atomic nitrogen and oxygen is relatively constant at high mixture ratios, and
no NO, was observed.
The authors emphasized that these observations must be considered when developing reaction
mechanisms. In addition, they determined that the chemical species found in the combustion chamber
were not in equilibrium (thermodynamic equilibrium can not be assumed) and that “high-temperature
kinetics may vary significantly from those at lower temperatures”.
2.1.2.4.1 Minimum ignition energy

2.1.2.4.1.1 Pressure effect

No data are reported in the reviewed literature on the effect of pressure on the minimum ignition energy
of vapor hydrazine-oxidizer mixtures.

2.1.2.4.1.2 Temperature effect

No data are reported in the reviewed literature on the effect of temperature on the minimum ignition
energy of vapor hydrazine-oxidizer mixtures.
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2.1.2.4.2 Autoignition Temperature

Measured autoignition temperatures for hydrazine-oxygen mixtures range from 423 K (302 °F) (Furno,
Imhof, and Kuchta 1968) to 475 K (396 °F) (Scott, Burns, and Lewis 1949). These values were
measured in borosilicate glass containers and are generally lower than autoignition temperatures for
hydrazine-air mixtures. As noted previously (Section 2.1.2), autoignition temperature data should be
applied cautiously.

Hydrazine combined with an equilibrium mixture of dinitrogen tetroxide and nitrogen dioxide is hypergolic
in the absence of diluents and at ambient temperature and pressure.

Hypergolic reaction between liquid hydrazine and gaseous dinitrogen tetroxide/nitrogen mixtures are
reported in Figure 9 as a function of the liquid temperature. Liquid hydrazine was flowed (at Reynolds
numbers of 29) into gaseous NO,*/N, mixtures (NO,* represents the equilibrium mixture of NO, and
N,O,). The temperature of the nitrogen tetroxide in the flow was maintained at 310 K (98 °F). The curve
shown marks the boundary between ignition and nonignition regions.
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Figure 9 — Minimum spontaneous ignition temperatures for liquid hydrazine in contact with NO,* nitrogen mixtures
at 310 K (98 °F) and ambient pressure (Data from Zung, Breen, and Kushida 1968)

2.1.2.4.2.1 Pressure effect

Autoignition temperatures for stoichiometric hydrazine-oxygen mixtures increase with decreasing
pressure (Figure 10).

The effect of reduced pressure on the ignition of hydrazine vapor-dinitrogen tetroxide mixtures was
measured by Martinkovic (1964). Vials of hydrazine and nitrogen tetroxide were simultaneously burst in
open and closed but not sealed compartments [12.9 L (787 in°)] located in a chamber (approximately
17000 L (600 ft°)) evacuated to simulate high altitudes. Ignition was observed in a closed compartment
at simulated high altitude pressures greater than 19.8 Pa (2.9 x 10° psia). In a partially closed
compartment, ignition was only observed at simulated high altitude pressures greater than 1.1 kPa
(0.162 psia). In another study of the ignition of hypergols in simulated space environments (Chaun and
Wilber 1967) hydrazine and nitrogen tetroxide vapors were mixed in vessels of different sizes. For
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mixtures at 300 K spontaneous ignitions occurred in a 10 L (610 in3) pyrex bell jar over a stainless steel
base for total pressures ranging from 267 Pa (3.8 x 107 psia) to 533 Pa (7.7 x 107 psia) and in a 1600 L
(98,000 in3) stainless steel sphere the spontaneous ignitions occurred at total pressures ranging from
20.0 Pa (2.9 x 10° psia) to 32.0 Pa (4.7 x 10° psia). The decrease in total pressure at which ignition
occurs is attributed by the authors to an inverse effect of the vessel volume to surface area. The values
measured by Martinkovic reflect a lower vessel volume to surface area ratio than the vessels tested by
Chaun and Wilber. Ignition was observed to be relatively insensitive to the mixture ratio.
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Figure 10 — The effect of reduced pressure on the autoignition temperature of hydrazine in oxygen

Zung, Breem, and Kushida (1968) performed hypergolic reaction experiments for liquid hydrazine and
NO,*/N, mixtures at reduced pressures. Their results are shown in Figure 11.

2.1.2.4.2.2 Concentration effect

Gray and Lee (1954) admitted known concentrations and pressures of hydrazine vapor and oxygen into
uniformly heated cylindrical borosilicate vessels. In a 4.6 cm (1.8 in.) inside diameter vessel (Figure 12)
ignitions at a vessel temperature of 809 K (997 °F) occur at lower pressures than when the vessel
temperature is 731 K (865 °F). The data show oxygen-rich mixtures igniting at lower pressures than
hydrazine rich mixtures. Other data show that when the vessel size is decreased from 4.6 cm (1.8 in.) to
a 2.3 cm (0.9 in.) inside diameter the minimum AIT for stoichiometric mixtures is observed to occur at
higher temperatures for a given pressure. AIT data for oxygen rich mixtures (1 N,H, + 2 O,) ina 4.6 cm
(1.8 in.) inside diameter glass vessel show that for pressures less than 2.43 kPa (1.34 psia) a local
minimum AIT of 693 (788 °F) is observed at a pressure of 0.27 kPa (0.039 psia). For these mixtures a
delayed ignition phenomenon of 5 to 10 s is observed rather than an explosion.
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Figure 11 — The effect of reduced pressure on the autoignition temperature of liquid hydrazine in dinitrogen
tetroxide (Data from Zung, Breen, and Kushida 1968)
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Figure 12 — The effect of concentration on the autoignition temperature of hydrazine in oxygen (Data from Gray and
Lee 1955)

Perlee, Imhof, and Zabetakis (1962) injected liquid hydrazine at different initial temperatures into heated
NO,*-air mixtures contained in a 250 cm’ (15.3 in°) borosilicate glass flask.
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Figure 13 shows the minimum temperature of the NO,*-air mixture required to spontaneously ignite liquid
hydrazine at varying temperatures as a function of NO,* concentration at pressures of approximately
100 kPa (14.5 psia). It was found that at any fixed concentration of NO,* in air, spontaneous ignition
temperature increased with decreasing initial liquid temperature. The AIT was found to be independent
of the injected fuel volume over the range of 0.01 cm® (6.1 x 10* in°) to 0.07 cm’® (4.3 x 107 in’).
Additionally, when both the initial liquid hydrazine and the NO,*-air mixture were at or above ambient
temperature, the hydrazine ignited spontaneously in NO,*-air mixtures containing more than
approximately 15 percent NO,*. In all cases, the hydrazine and NO,* reacted on contact, but the
reaction did not always culminate in burning, as indicated by the nonignition region.
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Figure 13 — Minimum spontaneous ignition temperatures for liquid hydrazine in contact with NO,*-air mixtures at
ambient pressure (Data from Perlee, Imhof, and Zabetakis 1962)

The data in Figure 9 shows the effects of varying the mass fraction of nitrogen tetroxide in nitrogen gas
when it is mixed with hydrazine liquid.

2.1.2.4.2.3 Material effects

Figure 2.9 shows the difference in system response to glass and stainless steel containers. Potassium
chloride coatings on glass increase the autoignition temperature (Gray and Lee 1954).

2.1.2.4.2.3 Diluent effects
The effect of added inert gases on the autoignition temperature of stoichiometric mixtures of hydrazine

and oxygen was studied by Gray and Lee (1955). In Figure 14 argon and nitrogen reduce the AIT by as
much as 20 percent while the AIT increases with the addition of helium.
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Figure 14 — The effect of diluents on the autoignition temperature of hydrazine in oxygen (Data from Gray and Lee
1955)

2.1.3 Flame velocity

The movement of a flame is defined relative to a specific coordinate system. For coordinates centered
in the flame, the velocity at which unburned gases move through the combustion zone in the direction
normal to the flame front is defined as the flame velocity. For laboratory coordinates, the flame speed is
the velocity of the flame through the unburned gases.

The flame velocity (see Glossary) of hydrazine vapor can be calculated from the flame speed (see
Glossary), and the equation used depends on the nature of the confinement. When a flame propagates
throughout a tube, the flame velocity can be calculated by using Equation 1 (Kanury 1976):

Uv = Us - Ur 1)
where:
U, = flame velocity, m/s (ft/s)
U, = flame speed, m/s (ft/s)
U = fresh reactant mixture velocity, m/s (ft/s)

For a spherical flame, the flame velocity can be calculated by Equation 2 (Strehlow 1984):

, (2)
Ov 4 [k, U
Uu==—=U-=3=="U
CEETEE
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where:

initial volume of flame ball, m® (in®)
final volume of flame ball, m® (in®
initial radius of flame ball, m (in.)
final radius of flame ball, m (in.)

A
Vs
Iy
Iz

Combustion in a system may affect the boundary conditions of the combustion process causing the
flame velocities and flame speeds to vary. An average value may be used for the purpose of estimation.

In a flow system, the flame speed is dependent on whether the flow is laminar or turbulent. Itis
important to consider flame speed for determining the rate that a fire can move through the flammable
mixture and subsequently distribute the fire throughout the system.

In evaluating the rate that heat is being generated throughout the system, the flame speed is used to
calculate the mass rate of consumption of the fuel.

2.1.3.1 Flame speed in laminar flow
The elementary combustion theory of Mallard and Le Chatelier (Glassman 1987) predicts that the

laminar-flow flame speed is proportional to the square root of the product of the thermal diffusivity and
the reaction rate (Equation 3).

U, p+/(axRR) (3)
where
U. = laminar-flow flame speed, m/s (ft/s)
a = thermal diffusivity, m%s (ft’/s)
RR = reaction rate, (1/s)

2.1.3.2 Effect of temperature

The laminar flame speed varies with temperature through a change in unburned gas mixture properties
(heat capacity, thermal conductivity, density), a change in reaction rate with temperature, and the initial
temperature of the unburned gases, although the latter effect is small (Glassman 1987).

2.1.3.3 Effect of pressure

The reaction rate is a function of pressure, which translates to the following pressure dependency for
flame speed (Equation 4) (Glassman 1987)

n-2\}/2
U u(pm?) @
where
n = overall order of the reaction (Kanury 1976)
p = pressure of the unburned gases

Gray and Lee (1955) have found that for neat hydrazine decomposition the order of reaction is n=2,
which would indicate that the flame speed would be approximately independent of pressure.
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2.1.3.4 Effect of concentration

In general, flame speeds of mixtures are greatest for compositions close to stoichiometry and approach
zero at the limits of flammability (Kanury 1976).

2.1.3.5 Neat hydrazine
Flame velocities for hydrazine decomposition are shown in Table 6 for different experimental conditions.

The flame velocity for decomposition is a slowly changing function of pressure (Hall and Wolfhard 1956;
Gray and Lee 1959).

2.1.3.6 Hydrazine-air mixtures

No data are reported in the reviewed literature on the flame velocity of hydrazine-air mixtures.

Table 6 — Flame velocity for neat hydrazine

Measurement

Flame Velocity Pressure Temperature Composition Method
m/s ft/s kPa psia K °F % viv
1.12° 3.7 5.3 0.77 335 143 99.9-100.2 Pyrex cylinder
1.17° 3.8 6.7 0.97 335 143 99.9-100.2 Pyrex cylinder
1.79° 5.9 20.0 2.90 393 248 97 Burner
1.85° 6.1 9.3 1.35 393 248 97 Burner
1.96" 6.4 4.0 0.58 393 248 97 Burner
1.85° 6.1 101.3 14.7 423 302 97 Burner

4 Gray and Lee (1959)

® Hall and Wolfhard (1956) Values represent average.

° Murray and Hall (1951)

2.1.3.7 Hydrazine-diluent mixtures

The flame speed was found to decrease with increased concentration of diluents such as argon, helium,
nitrogen, hydrogen, and ammonia (Figure 15). Heat capacity and thermal conductivity are two factors
that contribute to the effect of a diluent on flame speed. Increasing the heat capacity of the mixture by
adding a diluent lowers the flame temperature and therefore the flame speed. Nitrogen and hydrogen,
with greater heat capacities than argon or helium cause a greater reduction in the flame speed. The
effect of thermal conductivity is seen with helium and argon which possess nearly the same heat
capacity. The system with a higher thermal conductivity will have a greater flame speed (Gray and Lee
1959).

2.1.3.8 Hydrazine-oxidizer mixtures

The flame velocities of various hydrazine-oxidizer systems in stoichiometic mixtures are given in Table 7.
The flame velocities of various concentrations of 97.2 percent aqueous hydrazine-oxygen mixtures at
423 K (302 °F) and ambient pressure are displayed in Figure 16. These data suggest that the highest
burning velocities occur at concentrations near stoichiometry; velocities decrease dramatically as the
mixture becomes leaner or richer in hydrazine. The flame velocities of various hydrazine-water vapor
mixtures at 423 K (302 °F) and ambient pressure are displayed in Figure 17.
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Figure 15 — Effects of diluents on the flame speed for hydrazine decomposition flames at an initial temperature of
335 K (144 °F) and initial hydrazine pressure of 6.7 kPa (0.39 psia) (Data from Gray and Lee 1959)

Table 7 — Heat of reaction, adiabatic flame temperature, and flame velocity for various hydrazine oxidizer systems®

Heat of Adiabatic Flame
Reaction Flame Temp. Velocity
Reaction H® 0, T U,
kJ/mol  Btu/mol K °F m/s ft/s
Decomposition (partial)
N,H, — NH, + 0.5N, + 0.5H, | 141 | 134 | 1904 | 2968 | 1.10 | 3.61
Oxidation
N,H,+O, - N,+2H,.0 579 549 2700 | 4390 2.80 9.19
N,H, +2N,O - 3N, +2H.,0 743 704 2655 | 4319 1.64 5.38
N,H, + 2NO - 2N, +2H.,0 760 720 2745 | 4481 2.45 8.04
N,H, + 2NO + N, - 3N, + 2H,0 761 721 2665 | 4319 1.50 4.92
N,H, + NO - 1.5N,+ H,O + H, 511 484 2645 | 4301 2.38 7.81
NOTE: Flame velocities measured at an initial pressure of 5.3 kPa (0.77 psia) and an initial
temperature of 335 K (144 °F).
*Gray and Lee (1959)
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Figure 16 — Flame velocities for 97.2% aqueous hydrazine-oxygen mixtures at 423 K (302 °F) and ambient
pressure (Data from Murray and Hall 1951)
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Figure 17 — Flame velocities for hydrazine-water vapor mixtures at 423 K (302 °F) and ambient pressure (Data
from Murray and Hall 1951)
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2.2 Liquid hydrazine

Liquid hydrazine supports fire only if its temperature is above the fire point and an ignition source is
present.

In general, liquid pool fires are effected by temperature and wind. As the temperature exceeds the fire
point, the vaporization rate increases and the rate of flame spread across a liquid layer increases. At
temperatures well above the fire point, the flame spread rate does not increase with increasing
vaporization (Botteri et al. 1966; Kuchta 1973). A burning pool may be extinguished by a strong wind; as
the diameter of the pool increases, the velocity of the wind required to extinguish the fire also increases
(Atkinson and Eklund 1971).

2.2.1 Flash and fire points

Flash and fire points of liquid hydrazine vary depending on whether the hydrazine vapor above the liquid
surface is mixed with air, an inert gas, or another oxidizer.

The flash point of hydrazine is the lowest temperature at which liquid hydrazine gives off enough vapor
to form an ignitable mixture with air at ambient pressure near the surface of the liquid (Sax 1975). The
fire point, the lowest temperature at which liquid hydrazine continuously supports a flame (Jensen 1976),
is slightly higher than the flash point (as determined by the open-cup method).

Flash points of compounds and their mixtures are normally determined by the Tag closed-cup or
Cleveland open-cup test methods, with open-cup flash points generally measuring higher than closed-
cup flash points. The Cleveland open-cup method is described in the ASTM method D 92-85 (ASTM
1986b); the Tag method used to determine closed-cup flash points is detailed in ASTM method D 56-87
(ASTM 1986¢). The methods used to determine fire points are detailed in Scott, Burns, and Lewis
(1949).

The hydrazine vapor concentration at the fire point is the same as the lower flammaubility limit of
hydrazine. Refer to Section 2.1.1 for information on hydrazine vapor flammability limits.

Mists can form when saturated vapor cools or when a liquid is mechanically sprayed and may ignite at
temperatures below the flash point (Botteri et al. 1966). Refer to Section 2.3 for additional information.

2.2.1.1 Neat hydrazine

Flash points are usually measured in air or a diluent gas at ambient pressure. Because no air or diluent
gas is present with neat hydrazine, flash points are not an appropriate measure of the fire hazard of neat
hydrazine. Neat hydrazine vapor is flammable above the low pressure limit of 2.1 kPa (0.30 psia)
(Section 2.1.1.1), and neat hydrazine vapor is flammable at 300 K (81 °F), which is below the flash point
in air (Benz, Guerrasio, and Rollins 1983).

2.2.1.2 Hydrazine-air mixtures
Flash and fire point data of neat liquid hydrazine at ambient pressure are shown in Table 8.
At reduced pressures , hydrazine vapor may become flammable if its concentration relative to the

ambient atmosphere increases. This may be true even when the hydrazine temperature is lower than
ambient (Benz, Bishop, and Pedley 1988).
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Table 8 — Flash and fire points for neat liquid hydrazine at 101.3 kPa (14.7 psia)

Test Method Flash point Fire point
K °F K °F
Tag Closed Cup?® 311 100 ND®
Tag Open Cup?® 325 126 ND®
Tag Open Cup® 324 124 324 | | 124

4 U.S. Air Force (1973)
® Olin Chemical Company (1967)
° No data

The flash and fire points of hydrazine-water mixtures for different concentrations of hydrazine,
determined by Cleveland Open-Cup tester, are shown in Table 9 (Olin Chemical Company 1967). For
neat hydrazine the flash and fire points are identical (324 K, 123.5 °F), but for hydrazine-water mixtures
the fire point may be up to 10 K higher than the flash point. The flash point of hydrazine is also
increased by addition of water. When the water concentration is 58 weight percent or higher, the mixture
can no longer be ignited under any open-air condition, not even with a very hot ignition source (Hshieh
1992).

Table 9 — Flash and fire points of hydrazine-water mixtures

Hydrazine
Concentration Flash point® Fire point®
(Weight Percent) K °F K °F
100 324 124 324 124
920 329 133 329 133
80 335 143 335 143
70 342 156 343 158
60 353 176 357 183
50 371 208 381 226
42 NI° NI°
% The reported values were determined by a Cleveland Open-Cup tester. The
reported values have been corrected to a pressure of 101.3 kPa (14.7 psia).
® NI indicates no ignition.

2.2.2 Burning rate and burning velocity

The burning rate for liquid hydrazine is the mass of fuel consumed per unit surface area per unit time for
the burning pool. A burning velocity can be defined as the rate that the level of the liquid pool
decreases. The burning velocity is the burning rate/density of the liquid.

After ignition (temperature exceeds the fire point, Section 2.2.1), the hydrazine liquid will continue to
burn only if the rate of vaporization is at least as great as the rate of consumption of the vapor (see
Glossary). The burning rate of a pool fire generally increases as the pool diameter increases and then
levels off at diameters greater than approximately 18 cm (7 in.) (Benz, Bishop, and Pedley 1988). Pool
depth is not reported to be a factor in the burning rate.

2.2.2.1 Neat or high purity

No data are reported in the reviewed literature on the burning rate or burning velocity of liquid pools of
neat or high purity hydrazine.
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2.2.2.2 Monopropellant (MIL-P-26536D)

The mean burning rate of a 4.8-cm (1.9-in.) diameter pool of hydrazine in air at ambient pressure and
298 K (77 °F) is 0.11 kg/(m2>s) (2.3 Ib/(ft2>min)), and the mean burning velocity calculated from the
burning rate is 0.11 cm/s (0.04 in s). For a 15.2-cm (6-in.) diameter pool of hydrazine, the mean burning
rate is 0.22 kg/(m2>s) (2.6 Ib/(ft2>min) (Burgess et al. 1969; Benz, Bishop, and Pedley 1988), and the
calculated mean burning velocity is 0.22 cm/s (0.09 in/s).

Data for hydrazine water mixtures at a concentration of 98.9 percent hydrazine (Table 10) approximate
the results expected for monopropellant hydrazine. The burning velocities reported in Table 10 were
measured in very narrow tubes.

2.2.2.3 Mixtures

The burning rate of hydrazine-water mixtures is reduced with increased amounts of water. Burgess et
al. (1969) found that a 15.2-cm (6-in.) diameter pool containing water in a concentration of 20 percent by
weight has a burning rate of 0.034 kg/(m2>s) (0.4 Ib/(ft2>min)); this corresponds to a calculated burning
velocity of 0.034 cm/s (0.013 in./s). A pool containing 50 percent water does not ignite. This contrasts
with the data of Table 9 obtained with a Cleveland Open Cup Tester. There data indicate that ignition
can occur for a 50 weight percent concentration and the mixture can no longer be ignited until the water
concentration is 58 weight percent or higher. The data are significant and are of practical use in
designing procedures for fighting hydrazine fires as discussed in Section 5.

The burning velocities of several concentrations of liquid hydrazine-water mixtures in nitrogen at varying
pressures and tube diameters are in Table 10 Adams and Stocks (1953) show in this table that a
maximum nitrogen pressure (Pgy) exists above which liquid hydrazine does not burn.

2.3 Hydrazine mists, droplets, and sprays

Mists can form when saturated vapor cools or when liquid fuel is mechanically sprayed. If an ignition
source persists, vaporization from the mist may result in ignition at lower temperatures than vapor
ignition. In addition, the rapid vapor formation that occurs in hydrazine mists, droplets, or sprays can
support fire if the amount of vapor that forms is equal to or greater than the amount of vapor that is
consumed (Benz, Bishop, and Pedley 1988).

2.3.1 Flash and fire points

Mists or foams have flash points and/or fire points that range from less than to greater than that of
corresponding vapor systems.

2.3.2 Burning rates

The mass burning rate of a single liquid hydrazine droplet increases with increasing droplet diameter,
oxygen concentration, and surrounding temperature (Allison and Faeth 1972). The burning rate of
monopropellant-grade hydrazine droplets in the absence of oxygen is slower than the burning rate of
monopropellant-grade hydrazine droplets in oxygen (Figure 18).
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