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PREFACE

For nearly 40 years the American Institute of Chemical Engineers (AIChE)
has been involved with process safety and loss control issues in the chemi-
cal, petrochemical, hydrocarbon process and related industries and facili-
ties. AIChE publications are information resources for the chemical
engineering and other professions on the causes of process incidents and
the means of preventing their occurrence and mitigating their conse-
quences.

The Center for Chemical Process Safety, a Directorate of the AIChE, was
established in 1985 to develop and disseminate information for use in pro-
moting the safe operation of chemical facilities and the prevention of chemi-
cal process incidents. With the support and direction of its Advisory and
Management Boards, CCPS established a multifaceted program to address
the need for process safety technology and management systems to reduce
potential exposures to the public, the environment, personnel and facilities.
This program entails the development, publication and dissemination of
Guidelines relating to specific areas of process safety; organizing, convening
and conducting seminars, symposia, training programs and meetings on
process safety-related matters; and cooperating with other organizations
and institutions, internationally and domestically, to promote process safety.
Within the past several years, CCPS extended its publication program to
include a “Concept Series” of books. These books are focused on more spe-
cific topics than books in the “Guideline Series” and are intended to comple-
ment them. With the issuance of this book, CCPS will have published over 40
books.

CCPS activities are supported by the funding and technical expertise of
over 90 corporations. Several government agencies and nonprofit and aca-
demic institutions participate in CCPS endeavors.
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Xiv PREFACE

In 1989, CCPS published the landmark Guidelines for the Technical Man-
agement of Chemical Process Safety. This book presented a model for Pro-
cess Safety Management built on twelve distinct, essential and interrelated
elements. The foreword to that book stated:

For the first time, all the essential elements and components of a model of a
technical management program in chemical process safety have been
assembled in one document. We believe the Guidelines provide the
umbrella under which all other CCPS Technical Guidelines will be promul-
gated.

This “Concept Series” book supports several of the twelve elements of
process safety enunciated in Guidelines for the Technical Management of
Chemical Process Safety, including process knowledge and documentation,
process risk management and enhancement of process safety knowledge.
The purpose of the book is to assist designers and operators of chemical
facilities to understand and reduce potential hazards associated with static
electricity.
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INTRODUCTION

1-1. Purpose

The purpose of this book is to assist the user in controlling the hazards asso-
ciated with the generation, accumulation, and discharge of static electricity
by presenting

* a basic understanding of the nature of static electricity,

* methods for identifying and assessing the hazards of static electricity,

* relevant practical aspects of ignition and combustion,

* techniques for controlling the hazards of static electricity,

* previously unpublished information and illustrative case histories,

¢ an extensive literature review, and

* appendix material including data tabulations and glossary of terms
used in the text.

A number of introductory “static hazard” texts have been published [25,
33,67, 72, 73]. Useful practical guidelines have also been published by ESCIS
[4] and Walmsley [23], respectively based on the contemporary internal
practices of Ciba-Geigy [196] and the Royal Dutch/Shell Group [189]. Gen-
eral reading, including electrostatic applications, can be found in the text-
books by Moore [109] and Cross [110].

In 1964, B. F. Skinner observed that “Education is what survives when
what has been learnt has been forgotten” [219]. Another survivor is informa-
tion appearing in such documents as company practices and published
codes. Recommendations of uncertain origin are in some cases copied from
previous editions or from other documents without thorough re-evaluation.



2 I. INTRODUCTION

Since derivations and literature references are typically not given in detail
(often not at all) it is difficult for users to recognize errors or assess the valid-
ity of some statements when applied to a particular situation. It would be
helpful for the user to appreciate limitations of applicability and to consider
risk tolerance when adopting a specific practice based on “minimum safe
practices” given in codes.

The book is aimed at chemical engineers and other technically trained
persons either curious about the origin of published recommended prac-
tices on static electricity or faced with one of the many situations not specifi-
cally covered. It is intended not as an introductory text but rather to help
bridge the gap between recommended practices and the general literature
on this subject. Owing to the wide variety of opinions expressed both in pub-
lished recommended practices and in the general literature the author has
carried out a critical review. In addition to material taken directly from the
literature, the book contains a large amount of original information either
derived from the critical review or taken from over 20 years of personal expe-
rience. The coverage should find particular application in safety analyses
and accident investigations.

While only elementary electrostatic theory is typically used in this book,
more advanced concepts are introduced where necessary. Examples
include background discussions of tank filling and tank cleaning models.
Electrostatic equations should look familiar to engineers with a background
in heat transfer. This is because there is a close analogy between potential
difference, governing the flow of charge, and temperature difference, gov-
erning the flow of heat. The reverse analogy has been widely used to help
solve complex heat transfer problems with reference to analog resistive cir-
cuits in which temperature differences and heat flows are replaced by
potential differences and currents. Table 1.1 lists some analogous quantities
and equations.

In the simplest case of one-dimensional steady flow in the x direction,
there is a parallel between Fourier’s law for heat flow rate and Ohm’s law for
charge flow rate (i.e., electrical current). For three-dimensional steady-state,
potential and temperature distributions are both governed by Laplace’s
equation. The right-hand terms in Poisson’s equation are (Qy/¢) = (volu-
metric charge density/permittivity) and (Qg/k) = (volumetric heat genera-
tion rate/thermal conductivity). The respective units of these terms are (V
m~2) and (K m™). Representations of isopotential and isothermal surfaces
are known respectively as potential or temperature fields. Lines of constant
potential gradient (“electric field lines”) normal to isopotential surfaces are
similar to lines of constant temperature gradient (“lines of flow”) normal to
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TABLE 1.1 Heat Transfer Analogy

Electricity

Heat

¢ = potential (V)

V = potential difference (V)

Q = charge (C)

I = current (Cs™)

C = capacitance (C V)

J = current density (C s m™)

& = electrical conductivity (C m™' s7! V1)

Ohm’s law (k constant)
I = kAV/x

Laplace’s equation
O%p/Ox? + 0%p/dy? + 0%p/0z2 = 0

Poisson’s equation
8%p/0x% + 6%p/dy? + 0%p/0z% = —Qy /e

T = temperature (K)

AT = temperature difference (K)

W = heat energy (J)

Q = heat flow rate (J s7)

C = thermal capacity (J K

g = heat flux (J s' m2)

k = thermal conductivity (J m™' s7! K1)

Fourier’s law (k constant)
O = RAAT)x

Laplace’s equation
O*T/ox% + 8°T/oy* + 8°T/oz% = 0

Poisson’s equation
O*T/ox? + 02T/dy? + 0°T/oz% = -Qg /R

isothermal surfaces. In electrostatic books, isopotentials are often described
as “equipotentials.”

To facilitate solution of the differential equations, analogous simplifying
assumptions can be made. For example, owing to the high thermal conduc-
tivity of steel, the internal temperature of a hot steel billet upon being
plunged into a large reservoir of cold water might be assumed spatially con-
stant. The water reservoir might be considered as a “heat sink” at constant
temperature into which heat is transferred across the boundary. Similarly,
the potential of charged, electrically conductive liquid poured into a poorly
conducting plastic jug might be assumed spatially constant. The large sur-
rounding “charge sink” is the earth into which charge is transferred across
the jug wall. The solution to the steel billet problem [209] can be written in
terms of temperature difference between the steel and the water as

AT = AT, exp(-B;F,) (1-1)

where AT, is the initial temperature difference and B,, F, are respectively the
Biot and Fourier dimensionless groups. If time is extracted from the Fourier
number, Eq. (1-1) can be rewritten

AT = AT, exp(-t /1) (1-2)
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where 7 is a time constant comprising the remaining terms of the dimensionless
groups. Since heat or heat density is proportional to temperature difference,
this result is analogous to Eq. (2-3.7) governing the rate of charge decay.

The commonest assumption when solving Poisson’s equation for poten-
tial distribution in charged liquids and powders is that the volumetric charge
density is spatially constant. The assumption allows analytical solution in
simple geometries such as spheres (Appendix C) and simplifies computer
solution in more complex geometry via finite difference or element tech-
niques. It is analogous to the heat transfer assumption that the volumetric heat
generation rate is not only independent of time but also of position (for exam-
ple, a dispersed radioisotope). Models based on the assumption of spatially
constant charge density form the basis for setting flow rate limits during tank
loading. The assumption implies that the filling pipe in a tank releases charge
at a uniform rate throughout the liquid space and the tank is always com-
pletely full of liquid. As illustrated in the text by several case histories, such
models can fail in practice owing to their simplifying assumptions. For exam-
ple, poorly conducting froth layers might buoy up conductive solids such as
chunks of ice or hydrates derived from the tank or inlet line, allowing static dis-
charges to occur during transfer of relatively conductive liquids such as esters.
Static discharges from nonconductive liquids are encouraged by inlet pipe ori-
entations that allow convection of excessive charge to the free surface.

While it is important to appreciate mechanisms for production of static
discharges it is often more important to recognize the factors influencing
flammability and ease of ignition. As illustrated in the text by several case his-
tories, static ignition can sometimes occur under conditions involving an
unrecognized flammability hazard, such as a liquid at less than its flash point
or a tank equipped with nitrogen padding. As discussed in Chapter 5, a
side-effect of splash filling a tank is the associated dilution of vapor near the
liquid surface via air entrainment. Since ignition via brush discharges typi-
cally occurs within 10 cm of the surface, air dilution might create an ignition
hazard above liquids that would otherwise generate local vapor concentra-
tions above their UFLs. The “ignition” component of “static ignition hazards”
represents most of the problem suggested by the title of this book and conse-
quently a large part of the text is concerned with flammability. In this respect
the book differs significantly from other texts on static hazards.

1-2. Exclusions

This book is focused on static ignition hazards in chemical operations. The
following are not specifically covered
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e Intrinsic Safety. Static electrical concepts such as minimum ignition
energy do not directly apply when assessing the safety of electrical cir-
cuits such as radios, flashlights and instrumentation. Intrinsically safe
electrical equipment is usually available which has been subjected to
fault analysis and testing. The equipment must be certified for the
flammable atmosphere in which it will be used (NFPA 497). Refer to
texts on Intrinsic Safety such as [63].

e Stray FElectrical Currents and Induced Radio Frequency Currents. For
information on stray currents see API 2003 [3]. For information on both
hazards see the author’s review “Sources of Ignition” in [157].

e FElectrostatic Discharge (ESD) Damage to Electronic Equipment.

e Marine Tankers and Barges (see [5] “ISGOTT”).

* Web and Printing Processes (see NFPA 77).

e Lightning Protection (see NFPA 780).

1-3. Units

The SI system of units is normally used. For descriptions in the text, units
were selected either to be most familiar to the user or most appropriate for
the application. For example, because the scale is nonlinear, breakdown
strength is expressed in length units of the order 1 cm or less, reflecting that
measured values do not apply over one meter. Additionally, since the thick-
ness of insulating layers is often measured in mils, the mil equivalent is given
to avoid confusion between um (micron), mil, and millimeter. For ease of
reading, mixed SI and cgs units are sometimes used to avoid introducing
exponents or small decimals; an example is the expression of dust concen-
tration in g/m? rather than kg/m?®. Volumes and flow rates are expressed in
terms of US gallons where this is helpful to the user. Where conversions are
made between SI and other unit systems, values are often rounded off
where lack of precision does not justify exact numbers.

1-4. Organization of the Book

The practical content of this book is mostly contained in Chapter 5 (gases
and liquids) and Chapter 6 (powders and hybrid mixtures) with other chap-
ters providing supporting material. Chapter 2 contains a brief explanation of
the nature of static electricity followed by a detailed discussion of the char-
acteristics and effective energies of different static discharges. Since this
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chapter is relatively technical the reader might wish to refer back to it as
needed. Chapter 3 discusses techniques for evaluating static hazards includ-
ing the instrumentation that is frequently used. Chapter 4 describes general
bonding, grounding and other techniques used either to control static or pre-
vent ignition. Following Chapter 6 are a series of appendices containing
additional explanatory material, data tables, mathematical relationships, ref-
erences, and glossary. The book is extensively cross-referenced by chapter
and section. Complete text references are given in the “References” section,
except for documents issued by ASTM or by the National Fire Protection
Association (1, Batterymarch Park, Quincy, MA 02269-9101, USA) which are
referred to in the text by their document numbers (e.g., ASTM E 502, NFPA
77).



2

FUNDAMENTALS OF STATIC
ELECTRICITY

2-1. What Is Static Electricity?

As the name implies, the term originally referred to physical phenomena
associated with charges at rest, such as on charged, isolated conductors.
However, as used in this book, “static” charges may either be at rest or
moving. The elementary unit of negative charge is the electron, which car-
ries —1.6 x 107 Coulombs of charge. A positive charge is equivalent to the
absence of electrons. In semiconductor theory a group of covalent bonds
deficient of one electron is treated as a mobile positively charged entity, or
“hole.” This concept is used to describe the properties of semiconductive
crystals used in transistors. However in the context of this book it is best to
think of the flow of positive charge as a flow of positively charged particles or
ions.

Static electricity hazards or nuisances arise when charge separation
occurs leading to an accumulation of one sign of charge within some
defined boundary, such as inside a container. The work performed in sepa-
rating the charges results in differences of potential within or across the
defined boundary and the accompanying generation of electric fields. If an
electric field locally exceeds some threshold value, electrical breakdown of
the intervening medium occurs in the form of a static discharge. This might
come as a shock.

The “tingling” effects of static are caused by mutual repulsion between
strands of hair carrying the same sign of charge, which tends to make them

7
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stand up. The phenomena occur either as the result of polarization (2-2.1) or
a net charge on the body. When the body is polarized by a strong electric
field, the charged strands of hair are both repelled from one another and
attracted in the direction of the electric field. This can be especially
hair-raising.

2-1.1. Charge Separation

This occurs in a variety of ways. When solid surfaces are placed in contact,
an electronic rearrangement occurs to minimize the energy at the interface.
Since this process is generally not reversible, charge separation occurs
when contact between the surfaces is lost. If the interface is disrupted at a
rate faster than equilibrium conditions can be established, additional charge
separation occurs. However, the maximum surface charge density is limited
by electrical breakdown in the gap between the separating surfaces. During
separation of nonconductive plastic sheets, one sheet gains a net positive
charge and the other gains an equal quantity of negative charge. If this pro-
cess occurs in air, corona discharges in the gap formed between the sheets
limit the maximum surface charge density to <2.65 x 10° C/m? (6-2.1.1). As
a stream of water breaks up, ions associated with aligned water dipoles at
the water—air interface separate into the fine mist created as the surface
layer shears away, while ions of predominantly opposite sign separate into
the coarser droplets formed from the body of the water stream. This results
in a charged water mist after the coarser droplets settle out (5-6.1). Ionic
charge-carrying species in liquids are adsorbed nonuniformly at the wall of a
pipe such that one sign of charge predominates in a tightly held “fixed layer”
while the countercharge is situated farther from the wall in a less tightly held
“diffuse layer.” When the liquid is pumped through the pipe the diffuse layer
shears away and is convected downstream. The flow of charge is equivalent
to a charging current or “streaming” current (5-2.1 and 5-3.1.1).

2-1.2. Magnitude of Current and Potential

Static electricity hazards and nuisances are typified by the generation of
large potentials (0.1-100 kV) by small charging currents (0.01-100 nA) flow-
ing in high resistance circuits (10~10" Q). This in part differentiates static
electricity from other electrical phenomena. For example, stray currents in
low resistance circuits are typically of the order 1 A for potential differences
of the order 1 volt (A-4-1.3). The electric field at any point in relation to a con-
ductor is proportional to its potential, while magnetic field is proportional to
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the current flowing through the conductor. Since static electricity involves
high potentials and very low currents, it can be differentiated from “current
electricity” phenomena by its associated electric field but the absence of any
significant magnetic field.

2-1.3. Concentration of Charged Species

The occurrence of static electricity is highly dependent on the presence of
charged chemical species at extremely small concentrations. This is because
only a minuscule fraction of an electrostatically charged substance carries a
net charge. One Coulomb represents the same charge as 6.25 x 10" elec-
trons, or an equal number of ionic species each carrying one elementary unit
of charge. A mole of substance contains the Avogadro number, 6.023 x 10*
molecules. Hence a charge density of one Coulomb per mole is equivalent to
1 molecule in 96,400 (~10 ppm) carrying an elementary charge. One Cou-
lomb per mole is an extremely large charge density. The volumetric charge
densities found in charged liquids typically range from 1 to 5000 #C/m?. For a
typical maximum charge density of 1000 £C/m?, assuming a liquid with spe-
cific gravity 1.0 and molecular weight 100, the involvement of molecules in the
net charge carrying process is one part per trillion.

Similarly, 1 m? of this substance contains 6.023 x 10?” molecules. The
maximum surface charge density of <2.65 x 10~ C/m? (2.1.1) corresponds
to 1.6 x 10 electrons. If the surface charge is assumed to reside in a slice of
the substance 10 Angstroms thick, containing 6.023 x 10'® molecules,
approximately 27 ppm of these molecules carry an elementary charge. A
similar concentration (about 7 ppm) is found for the more realistic case of a
plastic with molecular weight 20,000 and specific gravity 0.8, where the
charge is trapped in a surface layer ~1 um thick.

2-1.4. Importance of Trace Contaminants

The electrostatic behavior of intrinsically nonconductive substances, such
as most pure thermoplastics and saturated hydrocarbons, is generally gov-
erned by chemical species regarded as “trace contaminants.” These are
components that are not deliberately added and which may be present at
less than detectable concentrations. Since charge separation occurs at inter-
faces, both the magnitude and polarity of charge transfer can be determined
by contaminants that are surface active. This is particularly important for
nonconductive liquids, where the electrostatic behavior can be governed by
contaminants present at much less than 1 ppm (2-1.3).
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An unpredictable charge density increase or polarity reversal caused by a
“pro-static agent” (5-3.1.2) may lead to static ignition after years of uneventful
operation under ostensibly identical conditions. For example, a change from
positive to negative charging of a liquid may lead to formation of an incendive
“positive brush” discharge (2-6.2). Such situations may be exacerbated by a
coincidental decrease of ignition energy. An example is a temperature change
that affects both charging of the condensed phase and flammability of the sur-
rounding space. Many surface active trace contaminants increase the magni-
tude of charging in liquids. However, at higher concentrations they can have a
beneficial effect by increasing the liquid conductivity to the extent that signifi-
cant charge no longer accumulates in grounded containers. Special formula-
tions are known as “antistatic additives” (5-2.6).

Trace contaminants are also significant at charged solid surfaces, affect-
ing both the charging process and the surface conductivity. In ambient air
atmospheres their effect is often determined by interaction with adsorbed
water vapor, whose dominant concentration may be sufficiently large to
form a monolayer. Topical antistatic agents for solids typically rely on inter-
action with adsorbed water and can lose effectiveness at low relative
humidity (4-2.1).

2-1.5. Hazard Evaluation

The ignition hazard analysis in 2-5 begins with evaluating whether static
electricity can accumulate, with the assumption that flammability has
already been addressed. However, as reflected in Chapters 3, 5, and 6, a
practical safety analysis should begin by evaluating whether a flammable
mixture may be present, since this determines whether or not any ignition
hazard exists in the first place. The usefulness of a hazard evaluation is deter-
mined largely by the evaluation of flammability, since this governs the igni-
tion hazard with respect to any ignition source. Order-of-magnitude
estimates may in some cases be sufficient to rule out ignition via static dis-
charges. Conversely, if a large risk exists, or in the aftermath of an explosion,
order-of-magnitude estimates may be inadequate. In such situations the
coverage given in this book should be especially helpful.

2-1.6. Statistics

Static ignition statistics must be used with prudence not only because of pos-
sible misdiagnosis of the cause of ignition but also because of the way the
losses are often grouped together. As discussed in Chapters 5 and 6 the likeli-



2. FUNDAMENTALS OF STATIC ELECTRICITY 11

hood of ignition is related most strongly to the ignition energy of the flamma-
ble atmosphere involved. In road tanker operations, although switch loading
is sometimes considered separately, accident statistics usually fail to identify
fires involving pure liquids which can represent the most hazardous case
(5-1.4.1). The sheer bulk of some operations having a small likelihood of
ignition, such as gasoline trucking, can lead to misinterpretation of incident
rate by incorporating and hiding those products with a much greater likeli-
hood of ignition, such as toluene. Other grouping errors may involve the use
of antistatic additives in certain products (5-2.6). Powder ignition is similarly
much more likely for certain products, especially where a substantial mass
fraction comprises fine powder or the process by its nature tends to accumu-
late easily ignitable dust. The methods outlined in this book should help
identify those products and operations most at risk.

2-2. Charge Generation

The principal mechanisms are

a. contact and separation of solids (including frictional charging or
tribocharging),

b. fragmentation of solids having nonuniform surface charge densities,

c. shear at liquid-solid, liquid-gas and two-phase liquid interfaces,

d. gravitational separation of suspended material having nonuniform
size and charge,

e. induction charging, and

f. ionic charging.

Mechanisms (a) through (d) are process-specific as discussed in
Chapters 5 and 6. The latter mechanisms require the presence of large
electric fields and represent processes whereby charge can be transferred
between systems that are electrically isolated from each other. Charge
generation may be a discrete process, in which case it is associated with a
transferred charge (Coulombs) resulting in a net charge density (Cou-
lombs per unit area, volume or mass), or can continue indefinitely, in
which case the rate of production of charge (Coulombs/second) is equiva-
lent to a charging current (Amperes). An example of a discrete charging
process is the electrophorus induction charging apparatus (see “Glossary”)
while examples of continuous charging processes include flow of liquid or
powder through pipelines.
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2-2.1. Induction Charging

This is the process of momentarily grounding a conductor which has been
polarized by an electric field, then removing the conductor from the elec-
tric field so that it gains a net charge. Polarization is the movement of
charges to new locations by the action of an electric field acting on an
ungrounded conductor, or the movement of an ungrounded conductor
into an existing electric field. The electric field causes electron redistribu-
tion in the conductor and the performance of work, which raises its poten-
tial. An important feature of induction charging is that an ungrounded
conductive object in an electric field can achieve a high potential and
become a spark hazard without any contact or charge exchange with
other objects. Once a spark occurs, the conductor gains a net charge and
has become “inductively charged.”

2-2.1.1. Production of Two Sparks via Induction

Consider an ungrounded conductive object whose potential has been raised
by an external electric field to the extent that it sparks to a neighboring
grounded object. When this process occurs the potential of the ungrounded
conductor is reduced approximately to ground potential by the spark, which
can be considered as a conductive channel. When the spark occurs, a net
charge flows to ground so as to minimize the potential energy of the
ungrounded conductor in the electric field. Should the electric field be
removed, the net charge now existing on the ungrounded conductor results
in an elevated potential relative to ground and a second spark may occur to a
grounded object.

2-2.1.2. Practical Examples

1. Anuncharged person wearing nonconductive shoes is influenced by
the electric field from a plastic tote bin containing charged resin.
Since human bodies are conductive, charges move in the electric
field leading to polarization and an increase in body potential even
though no charge is transferred. If the person touches the grounded
metal frame of the tote bin, a spark (static shock) occurs owing to the
potential difference between the person and ground. The spark
causes a net transfer of charge to the person, who may carry this net
“induced charge” out of the influence of the electric field and suffer a
second shock when again touching grounded metal, since once out
of the influence of the electric field the charged body gains a potential
difference with respect to ground.
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2. Conductive liquid is transferred into a nonconductive plastic con-
tainer whose external walls have been externally charged by rubbing.
The electric field due to the charged plastic walls polarizes the liquid
and raises its potential. The charged liquid surface may now spark to
a grounded metal object inserted into the container, such as a metal
dip tube. After the charge is lost from the external plastic walls the net
“induced charge” now existing on the liquid may produce a second
spark as the liquid is poured out. If the conductive liquid is flamma-
ble, such as a lower alcohol or ketone, ignition might occur due to
either of the two sparks.

2-2.2. lonic Charging

This includes any of a number of processes whereby charge is transferred
via corona discharge. Contact ion transfer between solids is discussed sepa-
rately in 6-2. Examples of deliberate ionic charging include the electrostatic
precipitator, charge neutralizers such as ionizing blowers, and electrostatic
crop and paint sprayers. Hazards may be produced where ungrounded con-
ductors are charged by ionization in strong electric fields. This often involves
corona discharge to conductive edges and other surfaces having a small
radius of curvature.

2-3. Charge Dissipation

This is the process by which excess charge is neutralized. It occurs princi-
pally via conduction through bulk materials, determined by volume resistiv-
ity, and over their surfaces, determined by surface resistivity. However,
where charging currents and resistivities are very high, such as during silo
filling with nonconductive powder, an additional important charge dissipa-
tion mechanism is the electrostatic discharge. Charge loss via conduction
can be evaluated using the concept of relaxation time () which is a time
constant depending on the volume resistivity (p) and dielectric constant (¢,)
according to

T=¢¢p (2-3.1)

where ¢, = permittivity of vacuum (8.854 x 1072 F/m)
Since conductivity («) is the reciprocal of resistivity (p), this equation can
alternatively be written

T=¢¢, /K (2-3.2)
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Knowing ¢, and p (or «), the relaxation time (z) can be estimated. The
determination of relaxation time allows the rate of charge dissipation to be
calculated for any process obeying Ohm’s law.

Consider the leaky parallel plate capacitor shown in Figure A-4-1.3. If the
capacitor is momentarily charged and allowed to discharge through resistor
R, , so that the charging current /- = 0, the leakage current /|

I, =-dQ/dt = VIR, (23.3)

By definition, the resistivity and conductivity of a conductor of length d
and cross-sectional area A

R, = pd/A = d/xA (2-3.4)

From C-1.1 the equation for capacitance of a parallel plate capacitor
(plate area A, separation d) is

C=QV= Asreo /d

or

Ald = Qfe gV (2-3.5)
From (2-3.3) through (2-3.5)

dQ/dt = - Q/r (2-3.6)
where

T=¢€¢/k
Integrating (2-3.6)
Q, = Q, exp(-t/7) (2-3.7)

Ohmic charge decay processes obey a first order rate law from which
the charge Q, remaining at any time ¢ can be expressed in terms of the initial
charge Q, and relaxation time constant 7. Using Egs. (2-3.4) through (2-3.5)
the time constant 7 can alternatively be expressed as

T=RC (2-3.8)

From Eq. (2-3.6) the rate of charge loss to ground is proportional only to the
quantity of charge remaining and is independent of the shape of the
grounded boundary. The form of the rate law is the same as that governing
radioactive decay. Just as plutonium’s decay rate is independent of the sur-
rounding geometry, charge cannot be made to decay faster by packing a
relaxation tank with conductive steel mesh (5-3.5). By measuring the time
taken for charge to decay to e™' (36.79%) of its initial value, 7 (hence p or k)
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can be found using Egs. (2-3.2) and (2-3.7). Alternatively, the “half-value”
time (¢,) taken for charge to fall to one-half its initial value is related to 7 by
the equation 7 = f, /In 2. Half-value time is distinguished from radioactive
half-life since, unlike the latter, it can readily be modified (4-2).

Equations (2-3.7) for Q,and Egs. (2-3.1), (2-3.2), and (2-3.8) for r are used
extensively in static hazard analysis. Examples include selection and use of
instrumentation (3-5.3) and residence time provisions for charged liquids
(5-2.4).

2-3.1. Variability of Conductivity

When a voltage is applied to a dielectric (insulator), a current passes that
decays with time owing to various polarization mechanisms [133]. Conduc-
tivity is always time-dependent. This general time dependency affects con-
ductivity measurement for nonconductive liquids, where the peak initial
current is used to calculate conductivity. Test methods are given in 3-5.5 and
3-5.6. Nonohmic behavior is pronounced for nonconductive liquids in plastic
tanks, whose dielectric walls further complicate the charge decay rate [206].
The conductivity of solid dielectrics is roughly independent of tempera-
ture below about 20°C but increases according to an Arrhenius function at
higher temperatures as processes with different activation energies domi-
nate [133]. In the case of liquids, the conductivity continues to fall at temper-
atures less than 20°C and at low ambient temperatures the conductivity is
only a fraction of the value measured in the laboratory (3-5.5). The conduc-
tivity of liquids can decrease by orders of magnitude if they solidify (5-2.5.5).
The surface conductivity of solids is dependent on surface conditioning,
varying with the state of oxidation, ambient humidity and contamination.
The volume conductivity may depend on small concentrations of impurities
or additives. This effect is especially pronounced for nonconductive liquids,
where orders of magnitude increases in conductivity can be observed for
part-per-million concentrations of some antistatic additives (5-2.6). Non-
conductive liquids such as aliphatic hydrocarbons are intrinsically nonionic
and the measured conductivity is due to minor components that act as
charge carriers. Fuels such as gasoline and kerosene consist of mixtures of
up to about 200 different “bulk components” comprising aliphatic, naph-
thenic, aromatic, and unsaturated hydrocarbons whose composition is
nonspecified except in terms of fuel performance, which may include up to
about 11 parametric tests for gasoline and 26 in the case of aviation fuels
[147]. A change in specification, such as a low sulfur requirement, is likely to
lower a variety of other components that act as charge carriers, resulting in a



16 2. FUNDAMENTALS OF STATIC ELECTRICITY

reduction in conductivity. However, the use of conductive bulk components,
such as ethanol in gasohol, might not increase the conductivity to the extent
expected owing to compensating factors in the new formulation. Depending
on use, fuels may contain a variety of additives (lubricity, antioxidant, anti-
knock, corrosion inhibitor, detergent, biocide, antifoam, demulsifier, dye,
etc.), any of which can impact conductivity. Following formulation, the con-
ductivity is impacted by handling which may introduce water and other
“heavies” from tank bottoms, or might involve preferential removal of cer-
tain components in clay filters, filter coalescers or water layers.

2-4. Charge Accumulation

This occurs whenever the rate of charge generation exceeds that of charge
dissipation. One of two results may occur for a leaky capacitor system with
constant charging current: either a steady state is attained in which the rate
of current dissipation balances the charging current, or a static discharge
occurs before such a condition can be reached (Figure A-4-1.3). In practice,
charging currents may be nonconstant and the system considered may be
significantly changed during the charging process. Examples include tank
filling with liquid and powder loading to a hopper, in which the effect of
rising level inside the container must be included in any analysis.

The hazard of charge accumulation usually increases with increased
container volume. This follows from the relations given in C-1.4. For exam-
ple, if a tall, cylindrical container is filled with uniformly charged, non-
conductive powder, the maximum electric field appears at the wall and is
proportional to the radius of the container while the maximum potential
appears on the axis and is proportional to the square of the radius. It follows
that for any assumed powder charge density, the electric field eventually
exceeds the breakdown field of air as container radius increases. In cases
where charge dissipation occurs at a significant rate, such as liquid tank fill-
ing operations, it becomes impractical to fill very large tanks fast enough to
offset the rate of charge dissipation (5-4.1). Therefore, hazardous charge
accumulation is typically not seen in very large storage tanks but instead the
hazard maximizes at an intermediate tank size, depending primarily on flow
rate, inlet pipe diameter and liquid conductivity.

Owing to the competitive processes of charge generation and dissipa-
tion, the rate at which a container is filled is an important factor whenever
significant current leakage can occur. Effects can be additive. For example,
during drum filling with a nonconductive liquid, higher charge densities
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result from higher velocities and rates of shear at the pipe wall (5-3.1.1)
while there is less time for charge inside the drum to dissipate to the walls. If
the drum is poorly grounded the high flow rate and charging current are
likely to result in hazardous charge accumulation on the drum. If charging
currents are very high the limiting charge dissipation rate becomes due to
conduction through the liquid itself, and static discharges may occur inside
a properly grounded drum (5-8.1).

2-5. Ignition

In order for static electricity to be a source of ignition, four conditions must
be fulfilled

* The rate of charge generation must exceed the rate of dissipation, so
charge can accumulate.

* A static discharge must coincide in time and space with a flammable
atmosphere.

* The effective energy of the static discharge must exceed the ignition
energy of the local mixture.

* A locally ignited flame must propagate into a surrounding flammable
atmosphere.

Although charge accumulation and static discharges are commonplace
in some systems, such as pneumatic silo filling with powders, ignition may be
prevented or delayed for many years by failure to meet all four conditions. For
example, a nonuniform dust cloud’s ignition energy varies by orders of magni-
tude with time and position, while a large range of effective energies may be
manifested by static discharges, also varying with time and position. For flame
propagation to result, these two random events must coincide in time and
place such that a local ignition occurs, then the small flame kernel so formed
must propagate into a surrounding flammable mixture without being
quenched. Ignition is discussed further in Sections 3-5.4, 5-1.4, 6-1.2, and 6-5.

2-5.1. Effective Energy

Also known as “equivalent energy,” this is the spark ignition energy of the
least easily ignitable mixture that can be ignited by a particular ignition
source, such as a brush discharge under defined geometrical conditions.
The maximum effective energy is the largest effective energy exhibited
by a particular category of ignition source,such as the entire category of
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brush discharges. Figure 2-5 illustrates the maximum effective energies of
various ignition sources including types of static discharge [10,157]. For
example, bulking brush discharges are believed responsible for ignition of
dusts having spark ignition energies less than that of Lycopodium (<20 mJ).
Optimum hydrogen—air mixtures can be ignited by all types of static dis-
charge, whereas coarse dusts (ignition energy >100 mJ) in air can be ignited
only by relatively energetic sparks and propagating brush discharges. The
important concept here is that static discharges such as the brush and bulk-
ing brush dissipate energy over a large volume, whereas minimal ignition
corresponding to the minimum spark ignition energy takes place in a very
small volume having a typical diameter of 2 mm for gases such as propane
and 2-3 times this for fine dusts in air. Even optimized sparks are not 100%
efficient since they lose heat to the electrodes and energy in the form of
shock waves, and measured MIE values are larger than theoretical values
[142].

1000 methylene chloride flames
coarse dusts, mists chemical sources
' ammonia large hot-spots
very insensitive gases propagating brushes
100
fypical sub-200 mesh dusts ——————— personnel spark limit
typical mists
A " lycopodium
5 insensitive gases —————— 4 bulking brush limit
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6 sensitive dusts
o fine mists e brush limit
c
] N
S some gasesin ar mechanical sparks
% ! o stray current sparks
ke fypical gases in air ungrounded conductor:
very sensitive dusts
ry ‘ ’ methane small hot spots
o very fine mists methanol
sensitive gases discharges from clothing
primary explosives sthylene corona discharge
oxygen enriched air hydrogen weak RF pick-up
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FIGURE 2-5. Ignition energies (mJ) of various materials and types of ignition source that may
ignite them.
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2-5.1.1. Effective Energy of Nonspark Discharges

A static discharge that is much larger in extent than the minimal ignition
diameter dissipates much of its energy wastefully, and only the energy
released within a local “hotspot” within the discharge contributes to ignition.
Such hotspots have been observed to occur close to the metal electrode for
both brush and bulking brush discharges [8,12]. The total energy dissipated
in these discharges is irrelevant, although there is an apparent correlation of
effective energy with the total charge transferred. This is to be expected from
the W = QV/2 proportionality between energy W and charge Q (C-1.2).

If ignition is assumed to occur in a hotspot formed at the electrode,
the local release of potential energy W = QV/2 is directly proportional
to charge while independent of electric field except in the immediate
vicinity of the electrode, since this determines the local change in potential.
The electric field near the electrode becomes increasingly uniform as elec-
trode radius increases and eventually, uniform field breakdown conditions
are approached (C-2.5.3). These concepts allow first approximations for
effective energy to be made. First it is assumed that air breakdown occurs at
30 kV/cm and that the electric field is approximately uniform between about
2-5 mm from the electrode (C-2.5.2). Second, it is assumed that minimal igni-
tion occurs in a 3 mm diameter hotspot formed sufficiently far from the elec-
trode to minimize heat losses. This distance is assumed to be about 2 mm.

A typical value of charge transferred in a positive brush discharge at a
large electrode is 0.2 uC (2-6.2). The loss in QV/2 potential energy as this
charge falls through the 3 mm distance is 0.9 mJ. The maximum energy
might achieve about 10 mJ assuming a charge transfer of <1 uC, a hotspot
diameter <10 mm and an average field of about 20 kV/cm. These rough esti-
mates correctly predict the spark ignition energies of gas mixtures that have
been ignited by positive brush discharges (2-6.2.1).

Similarly, a typical value of charge transferred in a bulking brush dis-
charge is 10 uC (2-6.3) and the loss in QV/2 potential energy is 45 mJ. The
maximum energy is 112-225 mJ for charge transfers in the range 25-50 uC.
These estimates are significantly greater than the accepted maximum effec-
tive energy of about 20 mJ relative to dust ignition (2-6.3). The disparity can
be explained if bulking brushes are less effective in igniting dust clouds than
gas mixtures of equal spark ignition energy. Many dusts have MIEs much less
than the 5-10 mJ maximum effective energy of positive brush discharges
established by gas ignition tests. However, attempts to ignite sensitive dust
clouds by positive brush discharges have failed (2-6.2.1). Relative to gas mix-
tures having the same spark ignition energies, it appears that the efficiency
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of dust cloud ignition by nonspark discharges is only about 10%. It is there-
fore possible that the maximum effective energy of the bulking brush would
be closer to the estimated values if it were based on gas ignition rather than
dust ignition. This implies that flammable gas in a large container should be
atrisk of ignition over most of its flammable range. This is consistent with the
high frequency of ignition when unpurged resins are conveyed into silos
containing air (6-5).

Since effective energy is an equivalent spark ignition energy, an impor-
tant consideration is the maximum power density that a nonspark discharge
can exert. Qualitatively, a high power density corresponds to the channeling
of energy into a short-duration (50-500 ns) spark-like hotspot while a low
power density corresponds to a long duration (10-250 us) spatially diffuse
discharge. These tendencies vary according to the type and polarity of the
discharge. Hotspot formation close to an electrode should be encouraged by
local field intensification (C-2.5.3). For nonspark discharges, local field
intensification is greatest in the case of brush discharge to a small diameter
electrode and smallest in the case of bulking brush discharge to a silo wall.

Even if all variables are maintained as constant as possible, nonspark
discharges exhibit a distribution of maximum power densities and this intro-
duces a probabilistic factor. The maximum effective energy attributed to any
nonspark discharge category is based on a large number of repetitive igni-
tion tests under conditions regarded as extreme. For example, in the case of
the positive brush, a large area of charged surface and large diameter elec-
trode are used. Since this might represent the top few percentiles of possible
effective energies it provides a large margin of safety when applied to less
severe conditions or where the discharge is a relatively isolated event.

2-6. Static Discharges

Spark, corona and brush discharge phenomena are described in detail in
[137,138]. Amore recent introduction is given in [139]. The inception voltage
and characteristics of static discharges generally depend on the gas compo-
sition and pressure/temperature conditions. If the discharge gap is asym-
metrical, the characteristics of the discharge also depend on electrode
polarity. Two gas composition variables affecting electrical breakdown are
ionization potential and electron affinity. For breakdown in ambient air,
approximate breakdown conditions are that the average electric field in the
discharge gap should exceed about 5 kV/cm and at some point the uniform
breakdown field of air, about 30 kV/cm (2-6.4.1), must also be exceeded.
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Discharges may be initiated by a sudden change in gas composition in an
electrically stressed region. Conversely they are usually suppressed by
increased gas density above atmospheric pressure (2-6.4). The effects of
environmental variables on static discharge initiation are not well under-
stood, particularly in the case of large-scale phenomena such as the bulking
brush discharge, where effects due to charged powder suspensions above
the bed are an added complication.

Several disparate categories of static discharge can be identified for the
purposes of describing ignition and shock hazards. The most familiar (spark
discharge) has an almost unlimited effective energy range. In roughly
ascending order the maximum effective energies of the others are

Corona (positive) = 0.1 mJ

Brush (negative) = 1.0 mJ

Brush (positive) = 10 mJ

Transitional Brush (author’s term for energetic non-PBD discharge
from nonconductive layer) = 10-100 mJ

5. Bulking Brush (also known as “cone discharge”) = 20 mJ

6. Propagating Brush Discharge (PBD) = 100-1000 mJ

BN =

The maximum effective energies given for discharge types (1-3) are
based on gas ignition tests. In the case of the bulking brush the 20 mJ value
reflects the ability to ignite dust clouds in air and is based on industrial loss
experience. Gas mixtures of greater spark MIE might be ignited by bulking
brushes as discussed in 2-5.1.1. The maximum effective energies of discharge
types (4) and (6) vary widely with conditions as discussed later in this chapter.
An additional type dubbed by the author a “surface streamer” (2-6.6) has fre-
quently been mentioned in US literature under various other names but has
not been subject to significant study. Another additional type is the “light-
ning-like” discharge which is a possibility where very large charged clouds are
involved. Since lightning-like discharges have not been reported for any indus-
trial situation they are discussed further only in the “Glossary”.

2-6.1. Corona Discharge

This term includes a number of glow discharge phenomena usually occur-
ring in highly nonuniform electric fields, either in gaps or at high voltage con-
ductors, below the spark breakdown value (Plate 1). Coronas are often
produced in the divergent field between a charged surface, such as
nonconductive oil, plastic sheet or powder, and a conductor having a radius
of curvature less than about 3 mm. Typical arrangements are “point-plane”
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and “rod-plane” geometries comprising needle or wire electrodes. The
inception voltage for corona is reduced with reduced pressure and reduced
radius of curvature of the electrode. Fine wires typically produce significant
corona currents at about 1 kV in atmospheric air. While increased gas den-
sity usually increases the inception voltage of corona, Paschen’s law
(2-6.4.1) is only obeyed if changes in gap length are accompanied by
changes in all other gap dimensions. Two distinct types are negative and
positive point-plane coronas, where the polarity is ascribed to the electrode
rather than the plane surface. With negative point the corona flows in regular
“Trichel” pulses whose frequency increases with current. With positive
point the current increases steadily with voltage up to about 0.1 A after
which avalanches of electrons give rise to ~1 kHz “burst corona.”
Pre-breakdown streamers accompanying the bursts at higher voltages may
become observable as filamentary discharges more typical of brush dis-
charges. The inception voltage for both types of corona varies with the gas
composition.

Corona is usually a safe means of dissipating charge. Only very sensitive
flammable mixtures such as hydrogen-air, carbon disulfide—air or fuels in
oxygen enriched atmospheres (see 5-9.6) are at risk of ignition. Common
fuel vapors in air can be ignited only if corona discharges have an average
current in excess of 200 uA (5-9.6). This exceeds the charging currents possi-
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PLATE 2. Positive brush discharge from negatively charged plastic to grounded sphere.

ble in most systems. Exceptions include atmospheric electricity and some
electrostatic process operations. Ignition currents for ignition sensitive gases
such as acetylene in air have not been determined but might be less than
100 uA.

2-6.1.1. Positive Coronas from Active DC Neutralizers

The approach of a conductor to an active neutralizer using positive DC
corona (i.e., positive needle electrode) can cause “pulsive” discharges
whose peak currents attain several amperes (4-2.2.1). These have been
shown to ignite stoichiometric (6.5%) ethylene in air. The discharges could
be controlled by increasing the resistive coupling of the needle above 10 MQ
at 5 kV and 50 MQ at 17 kV [39]. The phenomenon is only relevant to situa-
tions where a high voltage power supply is used.

2-6.2. Brush Discharge

Brush discharges are formed in the divergent field between a charged sur-
face and a conductor having a radius of curvature more than about 3 mm
and are a special case of point-plane coronas, requiring greater initiation
voltages owing to the larger electrode radius and breakdown field. Under
atmospheric conditions, brush discharges are observed at point-plane
potential differences above 20-25 kV [8].

“Negative brush” discharges from positively charged surfaces appear as
discrete bursts whose frequency increases with increased charging current
flowing to the system. An example is liquid in a tank charged by a positive
streaming current from a pipeline. Photographs show that the light-emitting
region is found close to the electrode and is relatively featureless, lacking the
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streamers typical of positive brushes [8,71,227]. The maximum effective
energy is less than 1 mJ [8,58]. The only available report of gas ignition
required an unusually large (89 mm diameter) spherical electrode [35]. If
the surface is instead charged negatively, “positive brush” discharges are
produced. For identical geometry and charging current these occur about an
order of magnitude less frequently than negative brushes while the charge
transfer is about an order of magnitude greater. Typical charge transfers are
0.05-0.2 uC and maximum charge transfers are less than 1 uC. The dis-
charges appear as a “brush” composed of streamers which converge into a
single radiant channel close to the electrode (Plate 2). This channel has the
highest power density within the discharge and it is here that ignition takes
place [8]. Brush discharge energy increases with increased electrode diam-
eter since the surface charge density must be greater before breakdown
occurs at the electrode. Smaller electrodes are more likely to produce brush
discharges but the charge transfer and effective energy are less (C-2.5.3). In
work reviewed by Cross [110] the maximum charge transfer Q was found to
increase with electrode diameter d according to Q « d'’. As discussed in
2-5.1.1 the effective energy of a positive brush should be roughly propor-
tional to Q. Figure 2-6.2.1 lends some support to a power law dependence of
effective energy on electrode diameter, but the curve intersections on the
fuel lean side of Figure 2-6.2.1 are highly sensitive to concentration errors.
Experimental errors were no doubt compounded by compiling the figure
from two disparate sets of data. The result for the 15-mm electrode is least
prone to error since the 0.6 mJ effective energy intercept corresponds to a
less steep part of the spark MIE curve. If effective energy increases with d'-/,
predicted results are 1.4 mJ for the 25-mm and 6.3 mJ for the 60-mm elec-
trodes, compared with 4 mJ and 8-9 mJ observed.

2-6.2.1. Effective Energy of Brush Discharge

This section addresses positive brushes from negatively charged, noncon-
ductive surfaces. It does not apply to discharges from plastic surfaces having
a grounded metal substrate, which are discussed in Section 2-6.2.2. Ignitions
of aliphatic hydrocarbons in air have been reported for charge transfers
above 0.08 uC. The tests used spherical discharge electrodes with diameters
above about 7 mm [8,26]. Owing to charge conduction through the conduc-
tive flame plasma, charge transfers were deduced from previous discharges
under identical conditions that did not lead to ignition. Mixtures of hexane in
air were ignited by brush discharges from spherical electrodes of different
diameters (15, 18, 20, 25, 35, and 60 mm) suspended above charged plastic
sheet with no metal substrate [36]. The relative frequency of ignition was
determined for each electrode with respect to hexane concentration. The
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FIGURE 2-6.2.1. Ignition of hexane in air by positive brush discharges and sparks.

range of concentrations susceptible to ignition was determined by extrapo-
lating the ignition frequency to zero. It was found that the range of concentra-
tions that could be ignited widened with increased electrode diameter. For
the 15-mm electrode, hexane was ignitable between 2.4 and 3.9% in air. The
ignitable range increased to 1.6-4.4% with the 25-mm electrode and 1.4-5.2%
with the 60-mm electrode.

The partial results are shown in Figure 2-6.2.1. The ranges of ignitable
concentrations are superimposed on a spark ignition energy curve for
hexane in air calculated from data in [56]. Both data sets are assumed to be
characteristic of n-hexane, unbiased by the presence of methylcyclopentane
or hexane isomers (dimethylbutanes and methylpentanes).

Figure 2-6.2.1 shows two interesting phenomena that have not previously
been recognized. First, for a given electrode the effective energy is much
greater at the lean end of the ignitable concentration range than at the rich
end. Second, the concentration most susceptible to ignition by brush dis-
charges is lean compared with the lowest minimum ignition energy (LMIE)
composition most easily ignited by spark. The spark LMIE concentration of
hexane is 3.8% in air (Appendix B). However, 3.8% hexane is close to where
the ignition frequency for the 15-mm electrode falls to zero. The composition
most frequently ignited by positive brushes was 3.2% hexane in air. No igni-
tions were observed above 5.2% which is considerably below the upper flam-
mable limit (UFL) of 7.5%. Conversely, ignitions using large electrodes were
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observed down to about 1.4% which is not far above the lower flammable
limit (LFL) of 1.1%.

Consider a tank being filled with a liquid such as gasoline whose
equilibrium vapor concentration exceeds the UFL. Close to the liquid sur-
face where small brush discharges occur, the UFL will be approached or
exceeded even during the early stages of filling. Ignition via small brush dis-
charges is only probable if the vapor concentration near the surface is much
less than the UFL. Hence, gasoline vapor ignition via brush discharge is
improbable even if most of the vapor space is inside the flammable range.
Consider now a single-component liquid such as toluene. The vapor con-
centration near the surface is typically close to optimum throughout tank fill-
ing and never approaches the UFL. Hence toluene vapor ignition via brush
discharge is a far more probable event (5-1.4.1).

Propane-air-nitrogen ignition tests were conducted using a 70-mm-
diameter spherical electrode suspended above a negatively charged plastic
sheet [57]. Since gas mixtures with ignition energies up to 3.6 mJ were
ignited at an ignition frequency of 40%, positive brush discharges were attrib-
uted a maximum effective energy of about 4 mJ. This work has been widely
cited without reference to ignition frequency.

Figure 2-6.2.1 shows that electrodes of diameter <15 mm produce brush
discharges with effective energies less than 1 mJ. This is partly offset by the
greater likelihood of producing brush discharges with smaller diameter
electrodes. As discussed in C-2.5.3 the surface charge density for breakdown
in fixed geometry decreases with decreased electrode diameter and gap, so
it is to be expected that smaller diameter electrodes produce discharges
with smaller effective energies. Effective energies above 1 mJ are only
observed for electrodes having a diameter above 15-20 mm. At small igni-
tion frequency, the effective energy observed in lean mixtures using large
electrodes exceeds 4 mJ and attains roughly 8-9 mJ at electrode diameters
of 60-70 mm.

Ignition of fine sulfur dust was demonstrated by collecting the charge
from brush discharges and discharging it to ground through the spark gap in
a Hartmann tube [34]. Ignitions were obtained for charge transfers above
about 0.25 uC, implying that brush discharges might ignite dusts in air. How-
ever, the test technique was unrealistic. By channeling the energy through a
small spark gap, the power density of the original brush discharge was radi-
cally increased in the same way a focusing lens increases the power density
of a light beam. No conclusion can be drawn from these tests regarding
whether a thermally stable dust can be ignited in air by a brush discharge. All
other dust ignition experiments have given negative results [10,12].
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Brush discharges from isolated nonconductors have not been shown to
ignite combustible dusts in air. Ignition of some fine dust suspensions may
be possible in the presence of flammable gas below the gas LFL (6-1.3).
Thus, hybrid mixtures containing flammable gas at a concentration below
the LFL may be at risk. This may include powders that contain sorbed sol-
vents above 0.2-0.5 wt% or which slowly decompose or react in storage
evolving flammable gas, such as propanol evolution from aluminum
propoxide in moist air (6-1.3.2). If the nonconductor has a grounded sub-
strate, such as plastic-coated metal, more energetic discharges can be pro-
duced that might ignite dusts in air. In this book, these are described as
having a continuum of effective energies beginning with the brush, then the
transitional brush, and finally the propagating brush (PBD).

2-6.2.2. Effect of Grounded Substrate

The effective energy of a brush discharge varies with the charge transferred
to the electrode (2-5.1.1) which in turn depends on the area and charge den-
sity of the nonconductive surface when the discharge occurs. For isolated
nonconductors the charge density is limited by air breakdown as discussed
in 6-2.1.1. However, if the charged nonconductor is in direct contact with a
conductive surface, much larger charge densities can be accumulated. This
is because the electric field is primarily exerted through the nonconductor to
the countercharge produced in the conductor. In other words a capacitor is
formed. A common example is a metal surface coated with plastic. Charge
can accumulate on the exposed plastic surface until electrical breakdown
occurs spontaneously through the plastic layer to ground. Where break-
down of the layer occurs a propagating brush discharge (PBD) might be pro-
duced (2-6.5).

If the surface charge density is insufficient for a spontaneous PBD to
occur, the event can be initiated by the approach of a grounded metal elec-
trode to the surface. Tests were conducted with plastic layers from 0.15 to
8.0 mm charged by corona at source voltages from 2.5 to 75 kV [37]. Using a
20-mm spherical electrode, PBDs were obtained at surface charge densities
>250 ©C/m?, becoming fully developed at 800 xC/m? (2-6.2.3). Brush dis-
charges were obtained at all smaller charge densities provided the charging
voltage was at least 5 kV.

Rubbing the plastic with felt cloth produced 1-30 x#C/m?, the largest
charge densities being obtained with the thinnest layers. This is only about
one tenth the surface charge density required for a PBD. Charge accumula-
tion was limited by corona discharge in the gap between the charged layer
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and the oppositely charged cloth. Brush discharges from negatively charged
layers less than 2 mm thick could not ignite hexane in air while layers less
than 0.2 mm thick could not ignite hydrogen in air [37]. The former observa-
tion has yielded the rule of thumb that layers less than 2 mm thick, charged
by simple rubbing, will not produce discharges capable of igniting common
solvent vapors in air. The criterion should be conservative if applied to posi-
tively charged layers. However the criterion does not apply to surfaces which
are intermittently charged by ions or by particle impact, since charge accu-
mulation via these processes is not limited by the close proximity of a
countercharged cloth. Instead, large surface charge densities can accumu-
late over an extended period, possibly resulting in PBDs.

2-6.2.3. Transitional Brush Discharges

The literature commonly states that PBDs have an effective energy of the
order 1000 mJ and brush discharges have effective energies less than 4 mJ.
No intermediate cases are described. Industrial experience does not sup-
port such a quantum change in effective energy. If all PBDs had effective
energies of the order 1000 mJ, ignition should be commonplace under all
conditions that PBDs occur. Although previously unrecognized, the concept
of a more gradual transition is supported by several published studies. As
layer thickness and breakdown voltage are increased, a transition region
should first be reached within which PBDs (2-6.5) are not fully developed
and cannot readily be distinguished from brush discharges. The author has
coined the term “transitional brush” to describe discharges in this proposed
transition region, which can be thought of as a discharge with effective
energy between that of the brush (<10 mJ) and the fully developed PBD
(>100 mJ).

Full PBD development has been described in terms of the appearance of
luminous, branched channels over the entire charged surface as the initial
surface charge density increases from 250-800 #C/m? [37]. This increase in
surface charge density produces a corresponding increase in potential dif-
ference across the charged layer prior to electrical breakdown. Increased
charge collection by the highly branched surface discharge results in a cor-
responding increase of charge transfer. Fully developed PBDs typically trans-
fer 100-500 uC of charge [29,160] although this depends both on the area of
the charged surface and the extent of lateral discharge (2-6.5.3).

Tests were conducted using an approximately 30-cm-diameter, 80-um-
thick polycarbonate film with brass backing plate. A 50-mm-diameter spher-
ical discharge electrode was used to initiate discharge of the charged film
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[29]. Adapted test results are shown schematically in Figure 2-6.2.3. No dis-
charges were observed where the potential difference across the film was
less than 4 kV, consistent with the earlier finding that brush discharges
started to be produced at a corona charging voltage of 5 kV (2-6.2.2).
Between 4 and 8 kV across the film, charge transfers were less than 1 uC
which is consistent with large brush discharges rather than PBDs. Between
8-12 kV the charge transfer increased rapidly to 100 #C while at greater volt-
ages the charge transfer increased at a smaller rate. This suggests that in the
8-12 kV “transition region” there was a sudden increase in charge collection
efficiency from the 80-um film as surface flashover conditions typical of
PBDs were developed. The threshold for a PBD might be tentatively defined
by a charge transfer of at least 10 uC. This threshold occurred at a voltage of
10 kV across the 80-um polycarbonate film. The significance of these results
is discussed further in 2-6.5.

When breakdown of the layer occurs a large voltage gradient is created
over the surface to the puncture point, which becomes an effective ground,
and this initiates lateral discharge to the puncture point. However, this does
not explain why PBDs can propagate over much larger distances than can be
achieved in air gaps at the same voltages. A proposed step-by-step mecha-
nism is discussed in A-2-6.5. The charged double layer is conceptually mod-
eled as a system of capacitors between and among (1) arbitrary charges on
the surface and (2) their countercharges in the underlying metal. On a
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microscopic scale the layer surface is neither flat nor uniformly charged, so
capacitance may exist between discrete charged areas of the surface. These
charged areas also have some capacitance with the general surroundings.
As layer thickness is increased the capacitance through the charged layer
decreases, causing the electric field component across the surface to
increase. Figure A-2-6.5 draws an analogy with a variable system of capaci-
tors through the layer and across the surface; such arrangements of capaci-
tors create a very steep gradient at the stepped discharge wavefront which
allows extensive propagation for relatively small source voltages [176]. Sur-
face flashover, which is accompanied by efficient collection of surface
charge, requires a minimum surface voltage gradient of the order 4 kV/cm
[176]. Transitional PBDs might be sensitive to effects that influence the pro-
posed step-by-step propagation process, especially for thicker layers. Exam-
ples include surface topography or curvature, uniformity of surface charge
density and external geometry.

2-6.2.4. Breakdown Strength of Layers

Also known as dielectric strength, this is the voltage per unit thickness at
which a solid layer breaks down electrically under uniform field conditions.
For a given material it depends on test parameters such as sample thickness
and temperature, plus the frequency and waveform of the testing voltage.
Measured values are found not to be linear with respect to thickness and
higher values are found for thinner layers. Comparisons between different
materials should preferably be made on samples of equal thickness under
identical test conditions. Some data developed for use in capacitor design
are given in Appendix B. These data indicate that a “typical” breakdown
strength for cast resins such as phenol-formaldehyde is 400 volts/mil (16
volts/um or 16 kV/mm). For polyolefins such as polyethylene a “typical”
value is 1000 volts/mil (39 volts/um or 39 kV/mm). The highest listed values
correspond to polyethylene terephthalate film, averaging 4500 volts/mil (177
volts/um or 177 kV/mm), and chloro-fluoro polymer films. The average value
for PTFE film was 1500 volts/mil (59 volts/um or 59 kV/mm) and for PCTFE
film 4000 volts/mil (157 volts/um or 157 kV/mm). A common interpretation of
Figure 2-6.5 and its description in [29] is that the breakdown strength of plas-
tic films is relatively constant at 400 volts/um and independent of layer mate-
rial, grade or thickness. This breakdown strength is 10 times the value given
for polyethylene in [183] and approximately equal to the breakdown
strength of many plastics when expressed in volts/mil (Appendix B). The
breakdown voltages shown in Figure 2-6.5 corresponded to very thin layers
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less than 50 um (2 mil). Since thinner layers of high integrity plastic typically
have greater measured breakdown strengths, this could result in an overesti-
mate of breakdown voltage where test results are applied to greater layer
thicknesses. An overestimate of breakdown voltage leads to an overesti-
mate of PBD hazards (2-6.5).

Breakdown strength is lowered by pores, pinholes, or other spaces such
as between the fibers in fabrics and composites. The corresponding reduc-
tion of breakdown voltage can in many cases prevent the occurrence of
PBDs (2-6.5). In any case, breakdown strength and breakdown voltage
should be determined by test rather than estimated. For electrostatic applications,
breakdown strength should be measured using direct current (DC) methods rather
than the high frequency AC typically used. DC breakdown strengths may exceed
the 'typical' values compiled in Appendix B.

2-6.2.5. Dust Ignition via Transitional Brushes

Transitional brush discharges have little significance in gas ignition since it
can be assumed that ignition requirements are exceeded at the brush dis-
charge stage. However, the situation is different for dusts since it is often
assumed that PBDs have an effective energy of the order 1000 mJ and can
therefore ignite almost any ignitable dust. PBD ignition tests of
anthraquinone dust having a MIE of 2-10 mJ were carried out using a cir-
cular, 17.8-cm (7 in.) diameter, 150-um-thick PVC layer. The surface
charge density of ~5000 xC/m? corresponded to about 125 uC of stored
charge [181]. It was found that some tests did not give ignitions and subse-
quent investigation showed that the PVC layer had failed to completely dis-
charge during these tests. This suggests that poor dispersion of the dust
was not entirely responsible for the lack of ignitions and that transitional
brush discharges having a large range of effective energies were probably
involved.

While all available evidence indicates that brush discharges from iso-
lated nonconductors are incapable of igniting combustible dusts in air,
Figure 2-6.2.3 shows that nonconductive layers represent a different case.
Any dust whose MIE is exceeded by a PBD will also be susceptible to ignition
by a transitional brush discharge occurring at some smaller layer voltage. If a
fully developed PBD is not generated, the effective energy may be anywhere
above the 5-10 mJ maximum for brush discharges from isolated noncon-
ductors. As a consequence, only easily ignitable dusts might be at risk of igni-
tion. Since this behavior is difficult to quantify it is appropriate in some cases
to consider transitional brushes and PBDs as a single phenomenon as
shown in Figure 2-6.5. In any case, it is necessary for large surface charge
densities to be accumulated such as via an extended period of powder
impact on the layer.
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2-6.3. Bulking Brush Discharge

See 6-3.1.1 and 6-4.2. This is a large discharge resulting when a dispersed,
charged powder “bulks” when settling in a container, causing a very large
increase in its volumetric charge density. Infrequent surface flashes up to
several feet long are observed in large containers being filled with powder
having a resistivity above 10'° Q-m, both during, and occasionally for a short
time after, the transfer of powder. The discharges originate at the container
wall and propagate across the bed surface. For axial powder feed the dis-
charges appear between the edge of the powder cone and the surrounding
walls (Plate 3) while for off-axis powder feed the discharges appear on the
side opposite the powder cone [121]. An accompanying crackling sound
has been heard from the top of a silo over the noise of the powder transfer.
Transferred charge channeled to the wall may attain 25-50 xC [50,160] and
are accompanied by large peak currents (6-4.1.1). Bulking brushes have an
apparent maximum effective energy of 10-20 mJ (with respect to dust igni-
tion) and are believed to be responsible for dust explosions in grounded
silos. This is inferred from analyses of silo explosions where ungrounded
objects and other ignition sources could be confidently eliminated. Hybrid
mixtures (6-1.3) and dusts whose ignition energies are less than Lycopodium
(see “Glossary”) should be considered at risk from these discharges.

Y

PLATE 3. Multiple bulking brush discharges on powder bed (time exposure). (From
Bartknecht in “Industrial Dust Explosions,” ASTM STP 958, p. 175)
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2-6.3.1. Effect of Particle Size

It was initially thought that these discharges only occur during bulking of
coarse powders with diameter 1-10 mm, such as pellets [25]. Later work
demonstrated that this is not the case although the phenomenon is more fre-
quently observed with coarse powders (6-3.1.1 and 6-4.2.1).

2-6.3.2. Effect of Container Size

Tests using vertical cylindrical silos have shown that the charge transferred
by these discharges increases with silo diameter [161]. The maximum
observed charge transfer Q varied with silo diameter D according to

Q =2.3D**uC (2-6.3.2)

A wide distribution of charge transfers was observed with the maximum
values roughly twice the average values. From Eq. (2-6.3.2) the maximum
predicted charge transfer is about 40 4C in a 3-m-diameter silo and about
2 uC in a 1-m-diameter bin. The effective energy of discharges having com-
parable power densities is roughly proportional to charge transfer (2-5.1.1). If
the maximum effective energy with respect to dust cloud ignition is
assumed to be about 20 mJ (2-6.3) it follows that in small containers less
than 1 m diameter the effective energy should be only about 1 mJ. This
implies that the ignition hazard in small containers should be similar to that
of a brush discharge, hence dusts in air should not be at risk of ignition. This
result is consistent with the lack of reported ignitions when loading FIBCs
(6-7).

The minimum size of container for bulking brush discharges has not been
established, but is probably about 1 m?. Their occurrence in such small con-
tainers might require coarse particles such as pellets and therefore represent
a hazard only where flammable gas or hybrid mixtures are present. Assuming
that the effective energy of the discharges is at the low end of the proposed
1-20 mJ range, the only significant feature vis-a-vis brush discharges is that no
field-intensifying electrode is required to initiate the discharge.

2-6.3.3. Occurrence Inside Powder Heap

Bulking brush discharges occur not just on the powder surface but also deep
within powder heaps, as demonstrated by large-scale tests [161]. This is one
reason the author prefers the term “bulking brush” over “cone discharge” as
used in some European texts; the other reason is that the discharges tend
not to occur on the powder cone itself (2-6.3). Bulking brush discharges
within the powder heap are usually nonhazardous because powders cannot
combust in bulk. However, some unstable powders may be at risk since
propagating decomposition is facilitated in the bulk state; this potential
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hazard with respect to bulking brush discharges has not previously been rec-
ognized (6-1.4).

2-6.3.4. Effective Energy Tests Employing Spark Ignition Chamber

Since the prevention of bulking brush discharges in large containers is typi-
cally impractical, it is extremely important to establish the proper magnitude
of the effective energy. Some companies have been unduly alarmed by tests
[161] suggesting that bulking brush discharges have effective energies up to
1000 mJ or more, implying that large silos containing ignitable dust suspen-
sions may be accidents waiting to happen. The tests were made by channel-
ing the charge collected from bulking brush discharges through a small
spark gap in a Hartmann tube, a technique that has also been used to imply
that brush discharges can ignite sensitive dusts [34]. As discussed in 2-5.1.1
and 2-6.2.1, this technique is unrealistic since it does not address the power
densities of brush or bulking brush discharges. The tests demonstrated only
that sparks transferring charge in the range 0.2-4.0 4 C can ignite dusts having
MIEs in the range 1< MIE <100 mJ under the specific test conditions used.
The results appear to have been additionally biased by the assumption of the
high MIE value using the “step method” (3-5.4.2), so that Lycopodium’s MIE
of 30-100 mJ was interpreted as 100 mJ. Numerous other MIE evaluations
give Lycopodium’s MIE as approximately 20 mJ.

2-6.3.5. Ignition Probability Considerations

Assuming that the effective energy of bulking brush discharges with respect
to dust ignition is a continuum from about 1 mJ up to maybe 10-20 mJ, the
infrequent occurrence of silo explosions even where easily ignitable dust is
present suggests that most discharges have effective energies at the low end
of this range (6-5). The probability of ignition is reduced by the need for an
optimum mixture of fine dust in air to encounter the hottest part of the dis-
charge. This occurs at the silo wall (2-5.1.1). After ignition takes place locally,
the flame must propagate into the surrounding dust suspension without
being quenched. It is additionally possible that the incendivity of these dis-
charges depends on the polarity of the powder bed. Corona and brush dis-
charges occur at a smaller frequency and carry greater effective energy
when the charged nonconductor has negative polarity. Recent studies using
pellets have concluded either that net polarity has a small effect on the
occurrence of bulking brushes [50] or that net positive charging gives a
greater frequency of bulking brushes [161]. The interpretation of polarity
effects is complicated by the occurrence of bipolar charging. It is usually
found that fine particles charge with opposite polarity to the coarse powder
predominating in the powder heap. The net polarity is likely to be deter-



2. FUNDAMENTALS OF STATIC ELECTRICITY 35

mined by the sign of charge carried by the predominant coarse particles. A
net “positive” charge on a polydispersed powder stream does not rule out
local accumulation of negative charge in the receiving container. To create a
positive net charging current the positive charge need only be incrementally
greater than the negative charge. As the predominant coarse powder settles,
the suspended powder might contain a high net negative charge. Similarly,
parts of the bed away from the cone might contain a high net negative
charge. Tests in a 100-m? silo showed that when a powder stream with net
positive charge entered near the wall, bulking brushes formed exclusively at
the opposite wall [121]. A possible interpretation is that as coarse powder
rapidly bulked in the off center powder heap, positive charge was released
in the form of corona and brush discharges. The high rate of ionization cre-
ated by these discharges suppressed formation of bulking brush discharges
on the heap. It is unclear whether the appearance of bulking brushes at the
opposite wall was simply due to the absence of a local ionized layer or
whether the settling of powder having opposite polarity played a role.

It might be irrelevant that bulking brushes apparently occur more fre-
quently with positively charged powder. Since coarse powders such as pel-
lets cannot be ignited, what matters is the occurrence of bulking brushes in
the presence of fine particles. It was shown that addition of fine powder to a
silo containing a positively charged polyethylene pellet bed suppressed
bulking brushes because the fine particles charged negatively and neutral-
ized the bed [160]. As discussed in 6-3.1.1, if fines tend to charge negatively,
ignition via bulking brushes might require predominantly negative charging
to avoid such neutralization. An unrelated polarity effect that could influence
ignition probability is maintenance of a fines suspension. Negative fines
might quickly be precipitated on a positively charged bed and hence
removed from suspension. Since ignition must occur at the level of the bed
surface, fines removal via precipitation should decrease ignition probability.
Again this suggests that if the fines are charged negatively, ignition via bulk-
ing brushes might require predominantly negative charging. Bulking brushes
are discussed further in 6-3.1.1 and 6-4.2.

2-6.4. Spark Discharge

This is a transient discrete electric discharge which takes place between two
conductors which are at different potentials, bridging the gap in the form of a
single ionization channel (Plate 4). Based on light emission measurements
of sparks with symmetrical electrode geometry, the energy is dissipated
approximately uniformly along the channel. This is in contrast with asym-
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PLATE 4. Spark discharge between spherical electrodes.

metric sparks which normally exhibit a hotspot close to the cathode [155].
Since sparks are used to determine ignition energies, the effective energy is
normally assumed equal to the stored circuit energy, equal to one-half the
product of circuit capacitance and sparking voltage squared (C-1.2).

In reality only a small fraction of the energy stored in a spark circuit con-
tributes to ignition. In addition to energy losses caused by nonidealities in the
electrical circuit, only part of the energy released in the spark gap is usefully
transferred. Energy is lost in the form of shock waves, dissipated as heat at
the electrodes, and (in the case of long sparks) may be released outside the
thermalization volume in which ignition occurs. The principal variables are
spark gap length, spark duration, and electrode geometry, all of which pos-
sess optimum values for igniting a given flammable mixture. Additional vari-
ables include turbulence and electrode material [42].

Owing to loss of heat and radicals to the surrounding solid surfaces,
flame propagation cannot occur in gaps smaller than the “quenching dis-
tance,” which is a characteristic of the flammable mixture directly related to
its MIE. For parallel plane geometry as described below, the relationship for
hydrocarbons is given by MIE = 0.064°, where the quenching distance d is
given in millimeters and the MIE in milliJoules [224]. It is sometimes incor-
rectly stated in the literature that ignition cannot occur when spark elec-
trodes are closer together than the quenching distance. However, this is only
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true where the quenching distance is properly defined by parallel plane
geometry, such as where both electrodes are fitted with flanges (glass etc.)
around their tips. In this case, ignition does not occur until the gap is slightly
greater than the quenching distance. This gap length best approximates to a
point source and yields the lowest MIE values. As the gap is increased
beyond the quenching distance the spark becomes better described as a
line source, which is less effective in producing ignition [208]. At larger gap
lengths the MIE therefore increases from its lowest value. In the absence of
parallel plane geometry the concept of quenching distance does not directly
apply. If either electrode is unflanged and approximates to a point, ignition
can occur in gaps much smaller than the quenching distance. Although MIE
is increased, a gap smaller than the quenching distance does not prevent
ignition in the general case.

2-6.4.1. Spark Breakdown

Paschen’s law states that the sparking voltage is a function of gas density and
gap length alone. The law is usually followed for gas pressures up to a few
atmospheres with small dependence on temperature. The sparking voltage in a
uniform electric field can be expressed in terms of breakdown voltage or break-
down field. It should be noted that corona and brush discharges may occur at
voltages considerably less than the sparking voltage. At atmospheric pressure,
the breakdown field of air varies continuously from 45 kV/cm at a gap of 1
mm to 26 kV/cm at a gap of 10 cm. An “average” value of 30 kV/cm, corre-
sponding to a gap of 2 cm, is often used as the approximate breakdown field
of air. Atmospheric air, dry air, nitrogen, carbon monoxide, acetone vapor,
and methane all have roughly the same breakdown field. Oxygen and
carbon dioxide have 85-90% of the value while hydrogen has about half the
value and rare gases such as helium about one-tenth of the value. For
organic compounds in an homologous series, such as methane through
octane, the breakdown field usually increases with increased molecular
weight with little effect due to branching. The presence of double and triple
bonds also increases breakdown field relative to aliphatic hydrocarbons.
When hydrogen in a molecule is replaced by a halogen the breakdown volt-
age is usually increased; an example is carbon tetrachloride, which has a
breakdown field about 170% that of methane or air. Sulfur hexafluoride has
been used industrially to prevent charge loss via static discharge, having
about 240% the breakdown field of air. The effect of halogens is due to their
high electronegativity, facilitating electron attachment to form relatively
massive negative ions. Oxygen and water are also electronegative, but less
so than halogens; their effect on breakdown field on addition to dry air is



38 2. FUNDAMENTALS OF STATIC ELECTRICITY

measurable but relatively small. For most practical situations involving flam-
mable vapor concentrations, the breakdown field is essentially determined
by the properties of air. Exceptions may occur for vapors or gases having
unusually wide flammability limits, such as hydrogen.

The significance of this discussion is that the appearance of a spark may,
in addition to charge accumulation rate, involve changes in gas density, gas
composition and electrode geometry. Release of flammable gas into an
electrically stressed region may initiate spark discharge. An extreme exam-
ple is lightning striking an atmospheric vent stack. If lightning does not strike
the stack, ignition might still occur via brush discharge or via an upward
streamer that fails to connect with the downcoming stepped leader from the
cloud (see 5-9.4). Lightning strikes are notoriously capricious and often do
not strike “obvious” targets. Were this not the case a giraffe would truly be
sticking its neck out during a thunderstorm on the savanna.

2-6.5. Propagating Brush Discharge (PBD)

This is a very energetic discharge produced by breakdown of an electrical
double layer (capacitor) and is a special case of the phenomenon described
in 2-6.2.2. The principal difference is that under certain conditions the elec-
tric field parallel to the non conductive surface becomes sufficiently great for
lateral flashover to occur, enabling much of the surface charge to be col-
lected in the discharge (A-2-6.5). The maximum effective energy of a PBD is
probably about 1000 mJ (2-6.5.3), although “transitional” cases can have
much smaller energies depending on the charged surface area and extent of
discharge (2-6.2.3). From an ignition perspective a PBD might be distin-
guished from a brush discharge by the occurrence of a minimum charge
transfer of 10 uC, roughly an order of magnitude larger than the maximum
charge transferred by a positive brush discharge. Fully developed PBDs on
extensive surfaces with large breakdown voltages typically transfer at least
100 uC of charge. They are accompanied by a bright flash and a loud, sharp
report comparable to a rifle shot.

PBDs were first observed in 1777 by G. Chr. Lichtenberg and are some-
times known as “Lichtenberg discharges.” A review of Lichtenberg’s
electrophorus work and the “Lichtenberg” powder patterns obtained is
givenin [187]. These powder patterns are produced by scattering dust over a
surface upon which a PBD has recently occurred and give a remarkably
clear depiction of the intricate discharge channels. The patterns are found to
depend on the polarity and surface charge density. Oak Ridge National Lab-
oratory produced a discharge resembling a PBD after irradiating Pb—Ce glass
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with the 10 uA electron beam from a 1.5 meV van de Graaf accelerator and
then striking the edge of the glass with a sharp point; the beam penetration
was about 1 mm into the 1-cm-thick glass. The discharge propagated from
the stressed point parallel to the surface within the 1 mm layer [188].

To understand the mechanism of PBD production, consider powder
impact on an insulating layer with grounded metal underneath. Charge accu-
mulation on the insulating layer is balanced by an equal and opposite counter-
charge induced into the underlying metal surface. Since this creates a
capacitor with zero net charge, the external field is due only to the difference
in position of the two charged surfaces relative to an object above the insulat-
ing layer. The external field increases with the thickness of the insulating layer
and for thicknesses above about 8 mm air breakdown occurs before the criti-
cal surface charge density of 2.5 x 10 C/m? can be attained [36]. Charge oth-
erwise continues to accumulate on the insulating layer until the breakdown
voltage of the layer is attained. When the insulating layer breaks down directly
under the internal electric field, layer puncture is accompanied by massive lat-
eral discharge to the puncture point owing to very large surface potential gra-
dients. Alternatively, PBDs may be initiated by mechanical stress or by
approach of a grounded electrode to the insulating layer. In the latter case, gas
breakdown occurs on the approach of an electrode provided the net electric
field at the electrode is sufficient. This in turn triggers the PBD (Plate 5). The
phenomenon is affected by the rate of charging, the duration of charging, the
breakdown strength of the layer and the layer thickness.

PBDs were not observed for layers less than 23 um thick and the PBD
film potential threshold varied from 4-5 kV at 23 umto 11 kV at 175 um [228].
Alater study, possibly using a less valid method for measuring film potential,
reported smaller threshold values [29]. The later study concluded that if film
breakdown voltage is less than about 4 kV at 20 um and about 8 kV at 200 um,
PBDs cannot be produced. This is shown schematically in Figure 2-6.5.

As discussed in 2-6.2.3, the figure has been conservatively drawn and the
indicated PBD region includes both brush and transitional brush discharges.
The voltage thresholds for fully developed PBDs are therefore higher than indi-
cated. As discussed in 2-6.2.4 and Note 2 of 2-6.5.1, the breakdown voltage line
corresponds to an envelope of maximum values for various films rather than
specifically to polycarbonate film. The values correspond to breakdown
strengths a factor 2-10 greater than those given for plastic films in Appendix B.

2-6.5.1. Principal Criteria for PBDs
The principal criteria under which a PBD can be produced on a
nonconductive layer are
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PLATE 5. Propagating brush discharge (PBD) on charged layer
initiated by grounded electrode.
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Figure 2-6.5 . Schematic conditions for PBDs (adapted from [29] see text)
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1. The layer thickness must be less than about 8 mm or air breakdown
will occur above the charged layer before the critical surface charge
density of 2.5 x 10-4 C/m? can be attained.

2. The breakdown strength of the charged layer must be adequate to
attain the critical charge density, implying a certain minimum layer
thickness as shown schematically in Figure 2-6.5.

3. Sufficient charge must be available to supply the required critical sur-
face charge density. Calculations show that 50-pound plastic bags
and plastic lined 55-gallon drums are too small to represent a credible
risk.

Note 1: As discussed in 2-6.2.3, Figure 2-6.5 has been conservatively
drawn to accommodate not only PBDs, defined by a minimum charge trans-
fer of 10 uC, but also brush discharges having charge transfers less than 1 uC.
Charge transfer and discharge energy both increase with voltage across the
layer, and this is limited by the layer breakdown voltage. Figure 2-6.5 shows
that PBDs can in all cases be prevented by keeping the layer breakdown volt-
age less than 4 kV. However, greater breakdown voltages are allowed for
thicker layers and as noted in 2-6.5, an earlier study [228] reported PBD film
potential thresholds that are higher than indicated in Figure 2-6.5. Apart from
simple rubbing applications (2-6.2.2) the selection of a “safe” layer thickness
has little application for gases since brush discharges are themselves an igni-
tion hazard. However there is valid application for dusts (2-6.2.3 and 6-4.3).

Note 2: As discussed in 2-6.2.4 the published breakdown strength of most
plastics is less than the 400 V/um indicated in Figure 2-6.5. Values for capaci-
tor-grade polyethylene and PTFE films are 39 and 59 V/um respectively [183].
The breakdown voltage line shown in Figure 2-6.5 was determined by envel-
oping the maximum breakdown voltages measured for various thicknesses of
plastic film or combinations of films up to about 50 um (2 mils) thick. It was
concluded in [29] that breakdown strengths differ only slightly between differ-
ent plastic films, despite the more than 1 order of magnitude range of values
cited in [183]. As discussed in 2-6.2.4 the breakdown voltage of thick plastic
layers can be much less than suggested by Figure 2-6.5.

2-6.5.2. PBDs from Isolated Nonconductors

PBDs may occur on plastic surfaces with no metal substrate, for example the
wall of a plastic pipe conveying charged material. In this case the double
layer forms between the inner charged wall of the pipe and a countercharge
which accumulates on the outer wall via conduction or via corona dis-
charge. In the latter case both layers of charge reside on nonconductive sur-
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faces and a PBD on one side of a plastic surface should be accompanied by
an equal and opposite PBD as the countercharge discharges to the same
puncture point. Following an acrylic powder explosion in a railroad bulk
container, meter long PBDs were directly observed in a short section of poly-
ethylene pipe running to the container in an otherwise steel line; it was
found that the plastic pipe outer wall had been rendered conductive by
moisture and was effectively grounded at several locations. The charged
inner wall and grounded outer wall formed a capacitor [13]. Alarge PBD was
photographed on a section of 2-in.-diameter plastic pipe conveying charged
diesel oil, where the outer wall was dry but contaminated with dirt and oil
residues [8]. The photograph shows a roughly meter-long discharge initiat-
ing at a puncure point through the wall. Diesel oil was evaporated and
ignited external to the pipe (Plate 6). Following an explosion, a PBD was
concluded to have occurred on a section of plastic pipe in a chocolate
crumb silo whose outer wall had been wrapped with grounded, conductive
tape “to help dissipate static” [14]. Instead, the grounded tape actually con-
tributed to the formation of a capacitor on the plastic pipe. As a final exam-
ple, a PBD was reported in a 5-mme-thick walled polyethylene tote bin filled
with charged, 1- mm polypropylene granules. The bin’s metal support frame
supplied countercharge to the outside plastic wall via corona. In this last
case, a worker reaching into the bin could short out the capacitor that had
formed and receive a severe shock [15].

2-6.5.3. Stored PBD Energy

If it is assumed that PBDs transfer a minimum of 10 4C of charge across a
layer with breakdown voltage 10 kV, the minimum stored energy is of the
order 100 mJ. The maximum stored energy is limited by the surface area and
breakdown voltage V, of the insulator. For large surfaces an additional limit-
ing factor is the maximum flashover distance; if this is assumed to be about
0.5 m (A-2-6.5), the maximum dimension to consider for layer diameter or
pipe length is 1 m. From Appendix C-1.2 the stored energy W is

- 29 _
W =CV,2/2 = QV, /2

where Q is the product of surface area and surface charge density, and C is
capacitance given by

Foralayer C=A¢c¢ /d
where A = area and d = layer thickness.
Forapipe C = 2nle ¢ /In(xr,/r))

where [ = length and r|, r, = inner and outer radii.
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PLATE 6. Approximately I-m-long spontaneous PBD on plastic pipe.

Since V,, for 1 mm of thickness may be of the order 20 kV (Appendix B) it
follows that stored energies can easily achieve 1-10 J. It can be assumed that
ignition occurs close to a puncture point through the layer, into which the
energy is channeled. Since a large fraction of the stored energy is released
remote from the puncture point(s) and cannot contribute to ignition, the
maximum effective energy is probably about 1000 mJ.

2-6.6. Surface Streamer

This is the author’s classification for a large surface discharge observed on
charged liquids, particularly during road tanker filling, appearing as an
approximately 2 ft (0.6 m) long flash and accompanied by a crackling sound.
It is not described in current electrostatic texts but was commnly discussed in US
publications of the early 1960s, being referred to as the “go-devil” [61] or as
“severe sparking” [148]. Its effective energy is unknown, but should be
significantly greater than that of the brush discharge; its similarity to the
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bulking brush discharge suggests a similar effective energy of the order 10-20 mJ.
High charge densities from an upstream filter with insufficient residence time
(5-3.5) plus a liquid with very low conductivity might produce this wall-to-liquid
surface discharge.The initiating mechanism in most cases probably requires transient
convection of abnormally high charge densities to the liquid surface.

Plate 7 shows one of a series of surface streamer discharges photographed in a 10 ft (3.05
m) diameter stirred reactor during an inert gas sparging step. The stirrer shaft diameter (4
inch or 10 cm) gives an indication of scale. The discharges were all of similar size and
initiated at any of four vertical baffles located at 90 degree intervals around the reactor
wall. The baffles were 19 ft (5.8 m) high, 10 in (25 cm) wide and 2 in (5 cm) thick, being
spaced 2 in (5 cm) from the wall. Field intensification by the baffles caused the discharges
to initiate at these locations around the liquid surface, while there were no visible
initiations or terminations at the stirrer shaft. The reactor contained a slurry of solids in a
light, non-polar, non-conductive hydrocarbon. Plate 7 shows the potential for formation of
unusually large and energetic static discharges under conditions that convect large charge
densities to the liquid surface. Stirred slurries in non-conductive liquids are known to
generate high charge densities (5-4.5.2). In this case, convection of abnormally large
charge densities to the liquid surface was presumably assisted by interfacial charge carried
by the rising gas bubbles (5-4.1.2). In the example discussed here, the reactor was operated
outside the flammable region at all times and the observed static phenomena did not
represent a hazard.
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2-7. Personnel Spark and Shock Hazards

These are normally due to charging of people and subsequent discharge in
the form of a spark to a conductor. The energy dissipated (W, Joules)
approximates to the discharge of a capacitor (C, Farad) having the same
capacitance as the person and charged to the same voltage (V, Volts), or
W = 0.5CV 2 Common “doorknob” shocks caused by walking across carpet
or after getting out of upholstered chairs are of this type. Shocks can also
result from static discharges from charged items of equipment. In the case of
sparks, the energy can be calculated directly if the capacitance and voltage
of the charged conductor are known. Other types of discharge from charged
bodies, with the exception of the propagating brush, will not give significant
shocks and in many cases a discharge capable of igniting gas mixtures may
be imperceptible. The propagating brush (2-6.5) may be initiated by touch-
ing a nonconductor charged in the manner of a capacitor. PBDs commonly
have stored energies of about 1 J (2-6.5.3) and in extreme cases could give
hazardous shocks approaching the lethal threshold of about 10 J (2-7.3).

2-7.1. Body Capacitance and Resistance

The capacitance of a person is not constant but varies by about a factor of
four depending on factors such as the type of shoe, attitude with respect to
ground and proximity to neighboring conductors. Human body capacitance
is unlikely to be less than 90 pF, corresponding to a person of average height
standing on the tip of one rubber boot with 18-mm sole (simulating walking
with the smallest contact area with the floor), although an individual who is
completely isolated by jumping off the floor may achieve 55 pF. A typical
value for a person in standing position is 120 pF. In general, the range of body
capacitance can be taken as 100-400 pF with 200 pF frequently used as an
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average value. Higher values correspond to unusually high shoe capacitance
with respect to ground (such as thin, flat, nonconductive soles on a conduc-
tive floor). Body capacitance in this case can be calculated using the equa-
tion in C-1.1 for two parallel capacitor plates (C = Ae g, /d, total foot area A,
sole thickness d). Total body capacitance may be further increased by prox-
imity to large vertical conductors such as steel tanks. The body resistance of
an average person, as measured at 30 V between one finger and two bare
feet in contact with a metal plate, varies from about 4 x 10* Q (from ball of
finger) to 2 x 10° Q (from tip of finger), where the exact value varies with
skin thickness and dryness [53].

2-7.2. Voltage (V) and Energy (W) Attained

For the purposes of discussion it is assumed that a person has a capacitance
of 200 pF. People are most unlikely to achieve voltages exceeding 50 kV,
which might correspond to standing in a pile of freshly dumped, highly
charged thermoplastic resin (W = 250 mJ). When sliding over carpet in dry
offices, voltages up to about 30 kV have been observed (W = 90 mJ). At low
values of relative humidity, walking across carpet or getting out of an uphol-
stered chair often results in body voltages up to about 10 kV (W = 10 mJ).
Such voltages may be attained even when walking over painted stone floors
provided shoe resistivity is high. Since the level of perception is about 1 mJ it
can be appreciated that human body voltages exceeding 3000 volts are very
commonly attained. Appendix B shows that 1 mJ exceeds the MIE of many
gas mixtures in air. Sparks from people have a smaller effective energy for
ignition than those between small metal electrodes. This is due to a larger
capacitance and effective electrode radius (Figure 3-5.4), energy lost in skin
resistance, plus a tendency to continue releasing energy in a series of
smaller sparks following an initial large spark [38]. Even though the effective
energy may only be 20% or less of an optimized metal-metal spark having
the same stored energy, ignition of gas mixtures by charged people may
easily occur unless precautions are taken (4-3). Dust ignition is possible
although less likely owing to the higher MIEs of dust clouds plus the smaller
probability of the spark encountering an easily ignitable mixture. Con-
sidering the depressed effective energy of sparks from people and the fact
that shocks more severe than that from a spark plug (2-7.3) are extremely
unusual, flammable mixtures with a MIE above the range 30-50 mJ are prob-
ably not subject to this ignition hazard. In flammable gas atmospheres,
sparks from people may be most hazardous where they cause a borderline
response and where the situation may therefore continue uncorrected.
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2-7.3. Human Shock Response

This depends on the energy and source capacitance of the spark plus per-
sonal characteristics including skin resistance, sensitivity and general
health. Response to mild shocks is related to the power density passing
through the skin. Hence if one is carrying a metal key a larger energy can be
dissipated without shock when the key is used to discharge the body to
ground. In practical situations involving metal tools this can result in produc-
tion of sparks of at least several millijoules without any perception of a
shock, and the sparks may not be either audible or visible. The following are
typical response thresholds for capacitance sparks to the bare hand: 0.5-2
mJ (perceptible), 1-10 mJ (various levels of discomfort), 15-25 mJ (unpleas-
ant shock), 250 mJ (severe shock), 1-10 J (possible unconsciousness), >10J
(possible cardiac arrest). As a reference, a typical automobile spark plug dis-
sipates energy in the 25-35 mJ range, with extreme values (integral of plug VI
over time) of 10-50 mJ [48]. Although a shock may be physiologically non-
hazardous, the involuntary effects may be extremely hazardous in causing
falls or other indirect injuries. The latter includes third party injury from a
dropped item, spillage of open or breakable containers and impact lacera-
tion from machinery or sharp objects.



3

EVALUATING THE HAZARD OF
STATIC ELECTRICITY

3-1. General

It is recommended that flammability always be assessed first, since it is
inherently safer to avoid flammable atmospheres than to avoid sources of
ignition such as static electricity. If a flammable atmosphere cannot be
avoided at all times, the system should be designed to minimize both the
probability and consequences of ignition. In this chapter it is assumed that
static electricity is the only source of ignition; however, in practical situations
all sources of ignition such as those described in [157] should be evaluated.

3-2. Hazard Identification Methods

This process is carried out by analyzing the following

* Can a flammable atmosphere be created?

* Can static electricity be generated rapidly enough to accumulate?

* What type of static discharge might occur?

* Could this discharge carry an effective energy sufficient to ignite the
flammable atmosphere?

The potential to form a flammable atmosphere is addressed using methods
discussed in Chapters 5 and 6.

47
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3-2.1. Decision Trees

It is often helpful to use a decision tree for routine hazard analyses. This
structured approach ensures that a certain minimum number of analytical
steps must be followed, depending on the complexity of the tree. One weak-
ness with the approach is that a series of yes/no decisions must be made in
order to progress. Owing to the complexity of the subject, decision trees
attempt to use conservative decision criteria. It is far easier to determine the
nonexistence of a specified hazard than the existence of one. A second
weakness is where the analysis replaces on-site inspection. This can be miti-
gated to some degree by the presence of a knowledgeable operator or pro-
cess engineer, but ideally the decision tree should be used to identify
potential hazards that are later investigated on site. An explosion may result
from a minor process change that affects either the accumulation of static or
the formation of a flammable atmosphere. This may, for example, involve
improper replacement of a single component or the unrecognized impact of
recent compliance with clean air regulations. Useful adjuncts to a routine
hazard analysis are (1) collection of incident and near-miss cases both for
the process and similar processes and (2) to assume that a serious fire or
explosion has taken place. By encouraging lateral thinking or “thinking out-
side the box,” items not included in the decision tree might be uncovered.

Decision trees are not used in this book since they are most useful when
targeted to a specific process; attempts to generate comprehensive matrices
rapidly lead to extremely complex schemes. Instead, the book should be
used to help generate suitable matrices or to supplement the deci-
sion-making steps in published matrices such as [199]. Many of the decision
steps, such as the conditions under which discharges of some specified
effective energy may occur, are not properly understood and continue to be
controversial.

3-3. Charge Accumulation

3-3.1. Conductive Objects

Conductive objects may accumulate charge via conduction, induction, ion
collection or contact-separation in relation to a nonconductor. In general,
charge accumulation on conductive objects can be completely prevented
by bonding and grounding. The only decisions to be made are how small the
resistance to ground must be (4-1.3) and how small a conductive object
needs to be before it can be neglected. The latter depends on the results of
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the hazard analysis (3-2) and in some cases only objects commensurate
with nuts and bolts (about 3 pF) can be neglected.

3-3.2. Nonconductive Objects

Accumulation of charge is usually the result of contact and separation of sur-
faces. In the case of powders both signs of charge are often produced simul-
taneously during flow and the net charge accumulated may depend on later
classification of the powder in different parts of a handling system, as dis-
cussed in Chapter 6. Nonconductors can accumulate charge by ion collec-
tion such as via DC corona discharge. Significant induction charging does
not occur. Charge accumulation on nonconductive objects cannot be pre-
vented by bonding and grounding. In some cases the volume or surface con-
ductivity of the object can be increased and in other cases it might be
possible to prevent accumulation by charge neutralization techniques.

3-4. Energy Estimates

The energy stored on a conductor can readily be calculated from the
object’s capacitance and voltage (C-1.2). The capacitance may be directly
measured using a capacitance bridge or may be estimated from the object’s
size and shape. A-4-1.3 gives some capacitances of common objects.
Actual capacitance values can change according to the proximity of
other conductors. Consider an ungrounded sample thief with constant
charge Q being removed from a tank. As it nears the grounded wall its capac-
itance increases. If its capacitance were to double its voltage would be
halved (V = Q/C) and the stored energy W available as a spark would also
be halved (W = QV/2). This effect can be neglected for a first approximation.
At fixed capacitance, energy increases with the square of the voltage
(W=0.5CV?) and voltage is therefore the dominant factor determining
stored energy. In some cases the maximum voltage can be estimated from
the geometry. For example, if the minimum distance to a grounded point is
known this distance will determine the maximum voltage before spark
breakdown occurs; in some cases such as accident investigation it might be
necessary to accurately simulate the geometry to determine this voltage.
Where the conductor is in the form of a container such as a bucket, the
energy may be found from the container capacitance and charge inside the
container (C-1.2). The charge may be estimated by Faraday pail experiments
(3-5.1.2) or using estimates of liquid charging current (5-3.1.1). The esti-
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mated spark energy is then compared with the minimum spark ignition
energy for the flammable material (3-5.4). Where static discharges other
than sparks might be produced the “effective energy” of the discharge must
be considered instead (2-5.1).

3-4.1. Charge Sharing

When a contact instrument is used to measure the charge or potential of a
conductive object, charge is “shared” with the measuring device. For exam-
ple avoltmeter and cable must draw charge from the object in order to attain
the same potential. If C; is the capacitance of the object and C,, the capaci-
tance of the measuring device plus cable, the original charge is distributed
between capacitances (C, + C,,). The original voltage V| is reduced to the
measured voltage V,; . From the relationship Q = CV, the correction for volt-
age is

V, =V, (1+C/C) (3-4.1)

The correction can be large for objects having capacitances less than
about 50 pF since Cy; is typically in the range 10 to 20 pF (3-5.3.2 and 3-5.3.3).
Neglect of charge sharing can result in a large underestimation of stored
energy. This follows from the relationship W = 0.5CV 2 given in C-1.2. The
calculated stored energy W), based on measured V); is much less than the
original stored energy W, based on V,,

W, /W, =41/ + C,/C)} (3-4.2)

3-5. Instrumentation

Of the instruments described only some are suitable for use outside the labo-
ratory. Where any instrument is carried into a flammable environment it
should either be cettified as intrinsically safe for exposure to the flammable
atmosphere or isolated from the atmosphere such as by keeping it within a
purged enclosure. Any probe connected to the instrument must be sepa-
rately considered as a possible ignition source. Electrometers are described
in [153]. A more general review of electrostatic instruments is given in [ 136].

3-5.1. Charge

Total charge, volumetric charge density, and charge-to-mass ratio (specific
charge) are useful parameters in assessing electrostatic hazards. Charge on
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conductors can be directly measured using a device such as an
electrometer; however it is important to account for the charge “shared”
with the measuring device’s capacitance (3-4.1). When measuring the
charge on nonconductors, indirect methods must normally be used. These
either measure charge induced onto a conductor, such as in the Faraday pail
method (3-5.1.2), or measure the electric field due to charge under well-
defined geometrical conditions. An example of the latter is a field meter
mounted flush with the inside wall of a grounded metal pipe containing
charged, nonconductive liquid. In this case, the relationship given in C-1.4
for maximum electric field at the wall of a long cylinder can be used to find
the charge density in the liquid.

The A. O. Smith charge density meter for liquids, which has been widely
used by the petroleum industry, utilized a grounded, perforated metal
sample cup extending into the pipe. The electric field at the end of the squat
cylindrical sample cup was measured using a field-mill mounted on the
pipe. This field was linearly related to the liquid charge density in the sample
volume by Poisson’s equation for a squat cylinder, or approximately, for a
sphere (C-1.4). A drawback with this arrangement was additional charging
of the liquid as it flowed through the perforations in the sample cup, prevent-
ing confident interpretation of small charge density readings. However, had
the charge density meter been designed for flush wall mounting to avoid
local charging by the cup, separate calibrations would have been needed for
each pipe diameter and the device could only have been used in long pipe.
Flush-mounting with in-situ calibration has been successfully used for
experimental work [68].

3-5.1.1. Electrometer Methods

Most electrometers measure charge internally and are equipped with suit-
able input cables. Provided cables and connections are well maintained,
charge leakage is extremely small and negligible during the time taken to
make a test. If the quantity of charge exceeds the available range, an exter-
nal capacitor can be used to store the charge and the electrometer can be
used to measure the voltage across this capacitor (Q = CV). Itis important to
avoid stray capacitance using grounded screens where appropriate and to
minimize current leakage through any external capacitor. The capacitance
of the electrometer and cables must be accounted for.

3-5.1.2. Faraday Pail
This is used to measure charge, surface charge density, volumetric charge
density or charge-to-mass ratio. It comprises an all-metal container, such as
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a 1 gallon can, isolated from ground with PTFE or other highly resistive plas-
tic insulator. The pail is screened from external electric fields and changes in
stray capacitance by isolating it within a larger, grounded metal container.
Both the pail and the screen can be constructed either of metal sheet or
metal mesh. If charged material is placed in the pail an equal charge is
induced onto the walls of the inner container and this charge may be directly
measured using an electrometer or other device. The charged material does
not need to be conductive because induced charge immediately appears on
the pail, unaffected by the rate at which charge dissipates from the sample.
For example, a Faraday pail may be used to collect charged liquid or powder
from a stream, yielding the total charge and subsequently (after weighing)
the charge-to-mass ratio. To make a measurement the pail is connected to
the charge measuring device and momentarily grounded to set zero. The
charged sample is then introduced and the total charge recorded. The input
capacitance of an electrometer is typically much larger than that of the pail
plus cable, so that effectively all the charge is measured by the electrometer.

3-5.1.3. Charge Measurement via Filtration of Particles

A Faraday pail operating at negative pressure can be used to sample mist or
dust at known flow rate and hence determine the volumetric charge density.
A system for evaluating charge density in water mist during tank washing
comprised an insulated metal chamber filled with filtration media, sur-
rounded by a grounded coaxial metal screen. The charge density of the
water mist was found by dividing the current appearing on the filter chamber
by the flow rate. Current was measured by an electrometer [84]. When
designing this type of device it is important to minimize particle impaction
on any sample tube or external screen prior to entering the measuring
chamber. Sampling tubes are normally not practical and the device must
normally be placed at the sample location.

3-5.1.4. Charge Transferred in Static Discharges

In principle this can be easily found by integrating the current flowing to
ground, typically by applying the voltage developed across a small resistor in
the ground return line to the input of an oscilloscope or high speed digital
recorder. Alternatively, the charge can be calculated from the voltage
developed across a capacitor in the ground return line. Electrometers allow
this to be done directly; the internal capacitance is sufficiently large for the
electrometer input to remain close to ground potential. Image charge effects
at the electrode can cause the charge transfer to be underestimated (C-2.3)
but for small electrodes used for brush discharge measurements the error is
typically of the order 10% and can often be neglected. This problem is dis-
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cussed in [71,198]. Where the electrode is large, such as might be used for
bulking brush discharge measurement inside silos, it is necessary to mini-
mize image charge errors (C-2.4). Bulking brush measurements involve a
number of experimental difficulties. For a series of large-scale tests a 0.5-m-
high, ring-shaped foil electrode was used inside a silo to collect charge
[160,161]. It was stated that corrections were made for image charge effects
but the method used was not described [160]. In any case, large charge
transfers were reported with less than factor-of-two differences between
maximum and average values, suggesting that the foil electrode was appro-
priately sized for the silo involved. A simple, experimentally based correction
method for image charge effects is discussed in [71].

3-5.1.5. Surface Charge Density (Q, or s)

For small plane surfaces, such as test specimens charged on one side, this is
most easily measured using a Faraday pail (3-5.1.2). The charged sample is
dropped into the pail and the surface charge density calculated from the
total charge and surface area of one side. For large or fixed surfaces the
quantity is calculated from electric field measurements made using an elec-
tric field meter. If the meter head is equipped with a large grounded annulus
such that the relative area of the sensing aperture is small, and the sensing
head is brought close to the charged surface, the electric field is approxi-
mately uniform and is directly related to surface charge density (3-5.2.1). If a
field meter sensing head with no grounded annulus is separated by a dis-
tance of several head diameters from a charged nonconductive surface, the
electric field is intensified at the sensing aperture (C-2.5.3). The measured
field may be several times greater than would be present under uniform field
conditions.

It is important to recognize that even if the field meter head has a large
annulus designed to allow uniform field measurements, the process of mea-
surement may double the field that previously existed. As discussed in
C-2.5.4 a charged, isolated, nonconductive surface exerts a normal electric
field in both directions. The relative magnitude of these fields depends on
the locations of all grounded conductive surfaces in the surroundings. If the
field meter head is the only nearby grounded surface, the surface charge will
couple with it and the field will all be exerted in its direction (C-2.5.5). Pro-
vided the surface is only charged on one side this makes no difference in the
calculation of surface charge density, since the equation E = (s/g,) already
assumes a unidirectional field.

A particular problem is determination of surface charge density on a
nonconductor which has charges of opposite polarity on either side (bipolar
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charge). The opposing fields created by these charges at the field meter
sensor tend to cancel one another. Bipolar charging of webs is uncommon
but the lack of a sensible field can defeat both field detection and the effec-
tiveness of neutralizer devices. A fire incident is described in [16]. A method
that can be used for surface charge density on webs having bipolar charge is
to measure the electric field from the web as it passes over a grounded metal
roller. The charge on the surface contacting the roller is coupled with the
roller and produces no external electric field. The outside surface produces
an electric field E which can be measured to yield the surface charge density
s. For a web of dielectric constant ¢,, thickness ¢, and separation d from a
parallel field meter head, the relationship is E = st/(¢, ¢, d). For example, a
field meter positioned 1 cm above a 0.1-mm-thick web having a dielectric
constant of 2 and surface charge density of 1 xC/m? should in principle indi-
cate an electric field of 564 V/m [136].

3-5.2. Electric Field

Appendix C-1.4 shows that electric field is related to charge and potential
although the relationships are rarely simple. Complicating factors include
nonuniform charge density and nonsimple boundary conditions. When an
electric field is measured the measuring device, normally comprising a
metal probe or sensor, reduces the local potential while intensifying the
local field. Applications in large volumes such as tanks may require a correc-
tion factor for field intensification. However, when measuring the field due
to plane arrays of charge, such as on plastic sheet, uniform field conditions
may be approximated by using a separation between the sensor head and
sheet that is small compared with the width of the sensor head. The latter
can be equipped with a grounded metal annulus to help achieve paral-
lel-plate geometry. A uniform field reading of 150 kV/m might indicate the
potential for brush discharges in the presence of electrode which intensifies
the unidirectional field by a factor of 20 (C-2.5.3). A uniform field reading
above 300-400 kV/m is often indicative of a possible brush discharge hazard.
Where field meters are used to measure surface charge density, for example
on plastic film, it is difficult to avoid complications due to geometrical effects
that, even with uniform charge density, may lead to errors of about a factor of
3. These problems are discussed in detail in [40].

Electric field measurements are often performed for qualitative or com-
parative applications only. It is quite common to interpret electric field read-
ings as “surface potentials” and instruments are available for making
“surface potential” readings on nonconductive surfaces such as belts and
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webs. As noted in 3-5.1.5 and 3-5.2.1 such measurements do not yield sur-
face potentials and are usually not performed in a manner that would yield
accurate surface charge densities. However, provided the instruments are
used as recommended by the manufacturer and interpreted with respect to
“surface potential” thresholds given in various recommended practices, the
measurements are useful in determining whether a charging problem exists
and in the assessment of static neutralizer systems. It is important to recog-
nize the qualitative nature of many reported electric fields and “surface
potentials.”

3-5.2.1. Field Mills and Vibrating Sensor Field Meters
These are noncontact devices which respond to electric fields by measuring
the charge induced by the field on an isolated metal sensor element. The
voltage appearing on the sensor element is proportional to the product of
sensor area and electric field. With a known capacitance between the
sensor and ground the charge appears as a voltage across this capacitor
which when input to a high impedance amplifier generates a signal propor-
tional to the electric field. Owing to leakage resistance from the amplifier
input this charge would normally rapidly leak away. However if the electric
field is modulated by changing the position of a ground surface in front of the
sensor, at a rate which is fast compared with the RC leakage time constant,
an alternating signal is generated whose peak-to-peak amplitude accurately
reflects the electric field strength and is independent of modulation fre-
quency. The field mill modulates the signal using an external segmented
chopper vane, or “mill”. The polarity of an external electric field can be
determined using a subsidiary chopping vane internal to the instrument
which generates a reference signal with the same modulation frequency.
The two signals can be used to assign polarity using a differential amplifier.
The instrument is set up so that maximum signal corresponds to maximum
sensor exposure to the field. Vibrating sensor field meters operate on a simi-
lar principle and various configurations exist. Usually these offer smaller
sensor and hence probe dimensions than field mills. Field mill motors can
be gas driven and special features of both types may allow operation in
hazardous locations. Some types will operate in nonconductive liquids.
When any field meter is used in atmospheres containing charged dust,
measures must be taken to prevent deposition of dust near the sensing aper-
ture, particularly if the dust is nonconductive. Attraction and deposition of
dust near the sensor gives a zero offset which can introduce an intolerable
error. Air purging and frequent zero checks have been recommended [136].
Short of removing the meter head to a field-free region, a zero check might



56 3. EVALUATING THE HAZARD OF STATIC ELECTRICITY

be accomplished using a grounded shutter [12]. A field meter used in a
pneumatic powder pipeline employed inert gas to supply both a purge
stream and a high velocity “air knife” effect across the sensor to prevent
deposition of charged dust [12].

The applications of field meters are discussed in [136, 217]. Typical uses are

1. Electric field measurement at the boundary of a metal container filled
with charged material. Examples include pipelines and storage ves-
sels. The electric field can be used to calculate charge density (3-5.1).
Field meters can also be lowered into containers such as silos to
determine the local fields and polarities. Quantitative interpretation
of the reading requires correction for field intensification and is
sometimes accomplished using computer simulations.

2. Measurement of space potential in a large container using the field
meter head as a potential probe (3-5.3.4).

3. Surface charge density measurement on nonconductors. If the field
meter sensing head is mounted within a relatively large, grounded
plane surface which is brought within several tens of millimeters from
the charged surface, the surface charge density is related to electric
field by E = (s/e). This is discussed further in 3-5.1.5 and C-2.5.5.

4. Surface potential measurement.

Provided the field meter head is equipped with a grounded annulus to
produce a uniform electric field, the surface potential on a plane conductor
is directly related to electric field and separation from the meter head. The
relationship is V = Ed where d is the separation between the two parallel
conductive surfaces. The uniform field requirement is similar to the previous
case (3). The field meter is usually calibrated by applying a known potential
to a metal plate using a constant voltage power supply. Where uniform field
conditions are not expected during use, the calibration can be specifically
carried out for the fieldmeter head at a prescribed separation. The field
meter can be calibrated directly in volts for a given separation or a calibra-
tion curve can be constructed for a range of separations. The target surface
must be large compared with the separation to avoid having to make a fur-
ther correction for target surface area. An additional criterion for a conductor
having a fixed charge is that the separation between the field meter head
and the conductor should not be so small that the capacitance of the latter is
significantly increased and its potential decreased (V = Q/C).

The surface potential on a plane nonconductor, such as a
charged web or belt, can be “measured” using normal field meter tech-
niques. The readings are very useful for comparative purposes but are not
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quantitative. The measured electric field is proportional to the surface
charge density as discussed in (3) above. However, the surface potential is
not constant (C-2.5.6). As the meter head approaches the charged
non-conductor, the local potential decreases owing to the capacitance intro-
duced by the meter head. For small separations, an option for precise mea-
surements is to use a field meter head that has the capability of being
“floated” at elevated potential. A control loop is used to adjust the head
potential until a zero field reading is obtained. This approach measures the
electrostatic space potential in the vicinity of the sensing head [217].

3-5.3. Potential

In systems with very small charging currents and/or low capacitance, it is not
possible to measure voltage with common volt-ohm meters, which have a
typical impedance of 20-50 kQ/V. This is because the instrument will rapidly
drain away the charge. The charge on a conductor, hence its potential,
decreases to about 37% of its initial value in one RC time constant (Egs. 2-3.7
and 2-3.8). To allow time for a measurement to be taken the exponent of
leakage resistance R introduced by the meter must be sufficiently large to
offset the negative exponent of capacitance expressed in Farads. As noted in
A-4-1.3, the capacitances of many common objects lie in the range 10 to
1000 pF (10"'-10°F). For example, to obtain a time constant of 100 s at 10 pF
the meter should have a resistance of the order 10" Q.

Potentials can be measured with zero current drain using electric field
meters, since these are noncontact devices (3-5.2). These instruments must
generally be used for measurements on nonconductive surfaces or conduc-
tors having small capacitance. In the case of a nonconductive surface the
“potential” measured is of qualitative value only and represents only a pro-
portionality to the surface charge density. A high impedance contacting volt-
meter can be used for conductors having sufficient capacitance for a small
current drain to be acceptable. The contacting voltmeters to be described
introduce negligible current drain if properly maintained. The most signifi-
cant current drain can sometimes be that needed to charge the meter plus
its input cable.

3-5.3.1. Electrometer

The input impedance of electrometers is of the order 10 Q. Electrometers
may be equipped with either capacitance or resistance voltage dividers to
enable their voltmeter input range (typically 10 to 100 V) to be increased to
30 kV or more. The capacitance divider comprises an isolated target elec-
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trode held by plastic at the top of a metal cup and normally shielded by a
grounded plate. The insulated rim of the inverted cup is placed on the
charged surface (voltage V,) and after momentarily grounding the target
electrode the grounded shield plate is removed. Immediately a voltage (V,)
is induced on the target electrode. For fixed geometry, the capacitance C, of
the charged surface to the target electrode is constant and the capacitance
C, of the target electrode to ground, comprising cables and electrometer
input, is also constant. The capacitances C, and C, comprise a voltage
divider for which V,/V, = C,/C,. Commercial devices are designed with divi-
sion ratios of 1000:1 and if the cup is well maintained the leakage resistance
is determined principally by the input impedance of the electrometer. Resis-
tance voltage dividers with the same division ratio may also be used but
these have a relatively low input resistance of the order 10" Q so are unsuit-
able for applications where this would represent an intolerable current
drain, such as space potentials and measurements on nononductors. It is
impractical to significantly increase the input resistance owing to impracti-
calities of maintaining higher value resistors in the divider probe without
deterioration and calibration drift, especially at high voltage.

3-5.3.2. Electrostatic Voltmeter

These are mechanical devices comprising parallel capacitor plates. The
outer plate or stator is held at ground potential. The unknown potential is
applied to the highly insulated inner plate or rotor, which is diamond or
sapphire-pivoted to move against a torsion force provided by a wire. From
Coulomb’s Law the instantaneous torque developed is directly proportional
to the square of the instantaneous terminal voltage. Hence the deflection of
the rotor as indicated by an analogue device gives a direct indication of volt-
age. Typically the instrument has a suitable calibrated scale which is illumi-
nated by a light beam reflected from a mirror carried by the torsion wire.
These voltmeters measure both DC and RMS alternating voltages regardless
of wave shape between a few hundred volts and up to about 100 kV. Usually
the low limit is about 1000 volts. Internal capacitance is usually very small,
typically 8-10 pF for instruments designed to operate above 5 kV, although
capacitance is greater for instruments designed for smaller voltages. Current
drain due to capacitance is likely to be determined by the high voltage
cables used. Leakage resistance is typically 10" Q for a well maintained
instrument and is usually greater than 10" Q. At 10 kV and 10" Q the current
drain of 10 pA should be negligible although if leakage resistance falls below
10" Q this will often no longer be the case. Leakage resistance can be mea-
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sured by momentarily charging the device and measuring the voltage at
increasing times. The time constant 7 = RC seconds, where C is the voltme-
ter capacitance. As shown in 2-3 the time constant is the time taken for the
reading to fall to half the initial value, divided by 0.693.

3-5.3.3. Field Meter Voltmeter

By placing a grounded electric field meter head in fixed relation to a highly
insulated conductor having small capacitance and large radius of curvature,
such as a metal sphere, and calibrating the system for indicated field against
known potentials on the conductor, a voltmeter of extremely high input
impedance is obtained. The range of such instruments is linear from a few
volts to more than 100 kV. The geometry is normally arranged so that the
output from the field meter in volts per meter calibrates to directly read the
potential in volts on the conductor. To avoid perturbation by changes in
capacitance with objects and people near the instrument, the device is often
screened by placing it inside a grounded Faraday cage or metal box. To use
the device, the conductor is connected to the source of potential via a suit-
able cable. If the source of potential is a nonconductor, the probe may com-
prise a fine corona wire or carbon fiber. The voltmeter may achieve
extremely high input resistance up to about 10'® Q, this being limited only by
the insulation used to isolate the fixed conductor. Hence there is minimal
current leakage and circuit loading. To minimize current losses in charging
the voltmeter, the capacitance of the fixed conductor and cable must be
minimized. In practice the high voltage input cable usually has a larger
capacitance than the 10 pF typical for the isolated voltmeter. Elimination of
corona losses is required for high voltage measurement, hence the need for
large radii of curvature and highly insulated connections.

3-5.3.4. Space Potential from Field Meter

If a field meter sensing head is inserted into a large volume containing a
space charge, for example a silo containing charged dust or a tank contain-
ing charged mist, the field indication is directly related to the local potential
that would exist at the measurement point in the absence of the field meter.
Provided the field meter head remains many tens of head diameters away
from nearby grounded surfaces the local potential is related to the indicated
field by V = RE, where k is a constant related to the sensing head diameter.
In many cases the instrument manufacturer will supply the constant of pro-
portionality. An example given in [51] is that a 9-cm-diameter field meter
head indicated 11 kV/m per 1 kV of local potential.
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3-5.4. Ignition Energy

The minimum ignition energy (MIE) required to ignite flammable mixtures by a
spark is highly dependent on the test conditions, especially in the case of dusts.
Measured MIE values give only a guide to the probability of ignition by other
types of discharge such as brush types. In such cases the maximum “effective
energy” of the discharge must be considered instead (2-5.1 and 3-8).

3-5.4.1. Ignition Energy of Gases

The MIE of gases varies with fuel-oxidant composition (5-1.4). The lowest
minimum ignition energy (LMIE) of most gases in air is typically less than
1 mJ and occurs close to (between 0.9 and 1.9 times) the stoichiometric con-
centration. Data are given in Appendix B. The LMIE corresponds to the most
easily ignitable, or “optimum” gas composition determined using an opti-
mized spark circuit. Measurement requires great care; stray capacitance
must be minimized and fully accounted for, plus the capacitor discharge cir-
cuit must be carefully isolated from the power source. Test procedures are
given in ASTM E 582.

Figure 3-5.4.1 was constructed from data in Table A-4-1.3. It shows that
hydrogen’s LMIE is found for small diameter spark electrodes using a circuit
having a small capacitance and hence a small RC time constant. The same
general trend is also found for methane and is primarily due to reduced
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FIGURE 3-5.4.1. Effect of electrode diameter and circuit capacitance on MIE of hydrogen in
air.
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heat losses to the electrodes. For any given MIE value, the need to store
energy at low capacitance means that a correspondingly greater voltage is
needed. Figure 3-5.4.1 implies that pointed electrodes with a very small cir-
cuit capacitance (~5 pF) would allow ignition at less than hydrogen’s
reported LMIE of 0.016 mJ. Using pointed electrodes it is not possible to
maintain the correspondingly greater voltage in a fixed spark circuit without
corona discharge, although such a spark might occur in a practical situation
involving a moving electrode. It follows that gas LMIEs are highly dependent
on test technique. However, if the gas LMIE value is used to analyze the
static hazard of some arbitrary spark gap circuit, the result will normally be
conservative even if the gas composition is optimum. Unfortunately, many
widely-cited LMIE values are much too high because they were measured
at the stoichiometric rather than the optimum concentration of fuel (e.g.,
acetone). In most such cases, the values shown in Appendix B were estimated
using Larry's 7th Rule [229].

3-5.4.2. Ignition Energy of Powder Suspensions

See 6-1.2. Unlike gases, dusts cannot be tested as quiescent, homogeneous
mixtures with an oxidant. Routine test methods involve dispersion of a dust
sample in a test bomb of at least 1.2 L volume by a blast of air, followed by
spark ignition. The method of dust dispersion varies, but more important are
the methods used to time the spark occurrence after dust injection, the
characteristics of the spark circuit and the methods used for calculating the
energy released in the spark gap. Spark characteristics, particularly spark
duration, affect gas and mist MIE to some extent. However, the effect on
dust MIE is pronounced. Owing to variability in dispersion, the concentra-
tion and size distribution of the suspensions sampled by successive sparks
is far from constant. Consequently the MIE varies from test to test [9]. This
introduces an ignition probability, which means that repetitive tests must be
carried out to ensure an optimum mixture is tested. The MIE generally
decreases as more repetitions are carried out. Since the spark “samples” a
small volume of the suspension, in the case of polydispersed or frangible
dusts there is a probability that a spark will “sample” a system of particles of
unrepresentatively small diameter. Thus, given enough tests, the MIE should
decrease toward that of the smallest particles present. It is found that the
probability of ignition is a simple continuous function of ignition energy.
Therefore a probability plot could in principle be generated based on a large
number of tests. From such a plot it would be possible to determine the MIE
at a given ignition probability. However, this approach requires an enor-
mous amount of work even to obtain a single probability [222]. For routine
testing it is desirable to minimize the number of test variables and repeti-
tions involved. Usually a predetermined dispersion system, spark gap geom-
etry and spark circuit are adopted after initial optimization, and only dust
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concentration and stored energy are varied for each dust tested. Ignition
tests are usually made on sub-200 mesh material or finer material represen-
tative of that present in a particular item of process equipment.

Test methods reporting the decrease of stored energy during discharge
of a capacitor use the relation

W =0.5C(V,*-V,?) (3-5.4.2)

where the spark energy (W) in Joules is calculated from the total circuit
capacitance (C) in Farads, the spark gap breakdown voltage (V,) and the
voltage remaining on the capacitor following the spark (V,). It is important
that total circuit capacitance includes all stray capacitance due to energized
cables, electrodes and components such as nonisolated voltmeters. The
capacitance of typical unscreened high voltage (<40 kV) cables is up to
about 40 pF per meter depending on location with respect to conductive sur-
faces. The capacitance of coaxially screened high voltage (~60 kV) cables is
approximately 110 pF per meter. The error introduced by neglect of stray
capacitance is greatest for high voltage, low capacitance circuits such as that
described in BS 5958 [2], especially when measuring small MIEs. It is often
overlooked that the energy stored at 15-20 kV is equivalent to 1-2 mJ for
each 10 pF of stray capacitance. Since high voltage MIE tests use voltages up
to at least 20 kV, stray capacitance can lead to an equipment resolution of
several mJ. Underestimation of stored energy due to neglect of stray capaci-
tance might explain some very low dust MIE values reported in the literature.

Test methods reporting the energy dissipated in the spark gap, calcu-
lated by integrating current and voltage across the spark gap with respect to
time, yield smaller MIE values than methods reporting stored energy. This is
because energy is always lost in the external circuit. Also, methods employ-
ing a component such as a 1-100 kQ resistor or 1-2 mH inductance in the
discharge circuit (to extend the spark duration) generally result in smaller
MIE values than are obtained from capacitive circuits. This is related to the
time required for most dusts to vaporize and mix with air before combustion
can occur. There are two reasons why such methods are unsuitable for rou-
tine “hazard evaluation” test work. First, they are relatively sophisticated and
require optimization both of technique and test variables. Second, they can
give results that overstate the ignition hazard. For example, the MIE of
75-90 um polystyrene dust was reported as 0.3 mJ [210]. The test method
used a Hartmann tube with sharpened, 1-mm-diameter electrodes spaced
6 mm apart. A 1000 pF capacitor was discharged through a 6800 Q series
resistor and the voltage was measured before and after the discharge using a
voltage divider arrangement. It was stated that of the 24.5 mJ stored energy,
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only 0.31 mJ was actually discharged in the spark. 0.3 mJ is within the range
of typical gas LMIE values and the result suggests that+200 mesh polystyrene
can be ignited approximately as easily as styrene monomer. This conclusion
makes little sense in hazard evaluation. If stray capacitance or a voltage
measurement error was not responsible for the result, support is given to the
hypothesis that commonly reported gas MIE values are themselves too high
(3-5.4.1). Also the use of “routine” dust MIE data is supported for hazard eval-
uation.

Routine methods for obtaining MIE are to either (1) construct the roughly
parabolic curve of ignition energy against dust concentration, then read off the
minimum value or (2) test only at preset ignition energies (such as a sequence
where the energy triples at each step, viz, 1, 3, 10, 30, 100, etc., mJ) and report
the MIE as falling between any two steps after 10 successive ignition failures at
the lower energy level. For example, tests conducted under the auspices of
ASTM found that the MIE of Lycopodium is about 20 mJ via the first method
and 10-30 mJ via the second. A performance-based ASTM standard proce-
dure for dust MIE testing was close to completion at the end of 1998.

3-5.4.3. Ignition Energy of Hybrid Mixtures

This can be measured by injecting dust into a premixed flammable gas—air
mixture so that the final gas concentration is known. Provided the gas does
not condense when pressurized it is possible, with appropriate precautions,
to inject the dust using a pressurized gas—air mixture identical to the mixture
in the test vessel. This avoids concentration gradients. Because it is a
non-standard technique the possibility of estimating the hybrid mixture MIE
(HMIE) should be considered (6-1.3).

3-5.5. Conductivity of Liquids

See 2-3.1. Typical laboratory conductivity meters have insufficient sensitivity to
measure semiconductive and nonconductive liquids. In Appendix B, some
tabulated conductivities appear as “<” suggesting that the instrument used
was inappropriate. Some liquids listed as “conductive” might fall instead into
the “semiconductive” category (e.g., cymene). For conductivities less than
100 pS/m especially, highly sensitive picoammeters are required to measure
the small currents involved and great care is needed to avoid contamination
of both the sample and the test cell. Several ASTM methods are available
according to the conductivity range involved [143-146].

Conductivity decreases with decreased temperature to the extent that a
measurement at room temperature will not represent a practical cold
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weather situation. The approximate variation of conductivity with tempera-
ture for distillate fuels such as gasoline and kerosene is [134]

log,, (KZ/KI) = oz(T2 - Tl) (3-5.5)

where x = conductivity at temperature T (°C)
a = constant(~0.015 /°C)

Hence if a laboratory measurement at 25°C yields a conductivity of
100 pS/m the same liquid at —10°C will have a conductivity of about 30 pS/m.
The effects of low temperature combined with the elevated dielectric con-
stants of many nonconductive chemicals support use of the 100 pS/m
demarcation for nonconductive liquids (5-2.5) rather than the 50 pS/m
demarcation used since the 1950s by the petroleum industry. For most
hydrocarbons used as fuels, the dielectric constant is roughly 2 and a demar-
cation of 50 pS/m is adequate, provided the conductivity is determined at the
lowest probable handling temperature.

3-5.6. Resistivity of Solids

See 2-3.1. Electrical conduction through solids takes place both through the
bulk material and over the surface. In most cases surfaces have different
physical and chemical properties than the bulk, for example due to contami-
nation or moisture. Volume and surface resistivity can be separately mea-
sured for solid materials such as antistatic plastic sheet. Powders represent a
special case since although both surface and bulk conduction occur, their
contributions cannot be individually measured and the “volume” or “bulk”
resistivity of a powder includes surface effects.

3-5.6.1. Volume Resistivity of Powders

Commercial devices have been produced especially for powders, the princi-
pal use being to assess suitability of candidate powders for electrostatically
applied coatings. One design comprises a squat, cylindrical acrylic cell with
parallel plate electrodes on opposite inner faces. The cell is opened, the
powder added, and after tamping down the powder the cell is closed so that
powder contacts both inner electrodes. The cell is then placed into the mea-
suring device, which comprises a stabilized voltage supply (high or low
switched voltage according to the resistivity of the powder) and sensitive
current meter. The cell may be designed with unity cell constant so mea-
sured resistance across the cell equals volume resistivity of the powder.
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3-5.6.2. Volume and Surface Resistivity of Solids

Test methods are described in ASTM D991 and ASTM D257. Commercial test
equipment is available to facilitate electrometer measurements. In the case
of sheet materials such as plastic packaging for sensitive electronic compo-
nents, the Electronic Industry Association’s Standard No.541 and the
EOS/ESD Association’s Standard S11.11 might be referred to when defining a
“static dissipative” material (see “Glossary” for Surface Resistivity). There
are several shortcomings in using resistivity values to assess the static
dissipative properties of sheet materials. It is generally more appropriate to
use measured charge decay time constants. A contemporary test method
uses a fast-response field meter to measure the decay of surface voltage
from a charged patch on the test specimen. For an initial voltage of 100 V a
“static dissipative” material for use around semiconductors is defined as
having a decay time constant of 10-500 ms. The 10-ms limit generally avoids
static discharges while the 500-ms limit is considered adequately short
where the charging rate is consistent with manual rubbing actions [218].

3-5.7. Resistance

For clean metal surfaces in the absence of stray currents a resistance up to
about 1 MQ can be measured by almost any quality volt-ohm meter while
resistances up to 10" Q can be measured using electrometers. However,
many such instruments use an internal voltage source of only 1.5 V. Where
stray currents may occur due to cathodic protection or galvanic effects, etc.,
the voltage generated between the measurement points may offset the
reading or in some cases give negative resistance readings. Also, since con-
ductors are often painted or oxidized, a surface resistance may be present
that cannot be overcome by a small source voltage. In both cases the prob-
lem can be avoided by using a higher voltage test instrument. Megohm
meters (such as “meggers”) use a source voltage of about 500 V and this is
usually adequate to cause spark breakdown of thin, nonconductive surface
layers of paint or rust. The upper ranges of some megohm meters approach
that of the electrometer. It should be ensured that a megohm meter is not a
source of ignition in flammable atmospheres.

A special type of resistance tester operates on an induction principle and
does not require disconnection of the ground circuit being tested. A current
is induced to flow in the ground circuit and the resistance is calculated auto-
matically from the current sensed by a detector. The hand-held device is
clamped around the ground cable and gives a direct reading of ground resis-
tance. One commercial device measures six ranges of ground resistance
between 1.0 and 1200 Q.
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3-6. Direct Observation of Discharges

In some cases it is possible to simply turn out the lights or wait until it is dark
and directly observe the type, frequency and location of static discharges.
This process can be facilitated using remote observation via a video camera
with high sensitivity to low light levels. Where the discharges are faint and
remote from the observation point, as might be the case with brush dis-
charges inside equipment, the sensitivity can be increased using an image
intensifier, or night vision device, which typically gives light amplification of
5000 to 50,000 times and can be attached directly to a video camera [12].
Where real time observation is not needed, another technique involves the
use of high speed film and a camera on open shutter [121]. Both techniques
have been used to record bulking brush discharges during filling of powder
silos [12,121].

3-7. Radio Frequency Detection of Discharges

Since a closed, grounded metal tank behaves as a Faraday Cage, no exter-
nally generated electromagnetic wave can enter. Any radio frequency (RF)
detected by an antenna inside the tank must therefore have originated
inside the tank. If there are no other sources of RF inside the tank, it follows
that a detected RF signal must be due to a static discharge. Not only has this
technique been used to detect spark discharges and trigger devices such as
camera flashguns, but (with limited success) attempts have also been made
to estimate the energy of the discharges [98]. If commercially available RF
receivers are used they must be AM rather than FM types, since the latter
employ clipper circuits for suppression of “static” radio interference; in
[67,160] the technique is described using a wideband AM receiver operating
in the frequency range 450-480 kHz.

3-8. Measuring the Effective Energy of Nonspark
Discharges

See 2-5.1. The effective energy is measured by subjecting a flammable gas
mixture of known spark MIE to a large number of discharges so that an igni-
tion frequency for ignition can be found for the conditions used. By recording
ignition frequency at a series of increasing test gas MIEs the ignition fre-
quency can be extrapolated to the required “zero” approximation, such as
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an ignition frequency of 5%. In the case of brush discharges from charged
plastic, variable conditions include electrode diameter and gap length, sur-
face charge density, gas mixture MIE and some characteristic dimension of
the surface, for example, the diameter of a charged disc or pipe. The usual
objective of gas ignition testing is to determine the largest credible effective
energy of a nonspark discharge under specified conditions, as discussed in
2-5.1. Gas mixture composition and resulting MIE can be varied continuously
above the LMIE value, either by varying the fuel concentration in air or by
diluting the air with nitrogen. As noted in 2-6.2.1, it is possible that the gas
composition most frequently ignited by a brush discharge might not corre-
spond to the composition most easily ignited by spark.

3-8.1. Gas Composition

As shown in Figure 2-6.2.1 the MIE is extremely sensitive to gas composition,
especially as the flammable limits are approached. The MIE of the gas mix-
ture used for testing must be accurately known, so not only must superior
mixing and gas analysis be used, but there must also be no change of com-
position during the test, for example, due to absorption of flammable gas by
an oil or divergent gas flow into air from a probe. Further, the MIE-
composition curve for the gas must be known, which in itself is a sophisti-
cated test, especially at low MIE values (3-5.4.1). To minimize the rate at
which MIE varies around a specified composition, a test gas with large flam-
mable range, such as ethylene, should be selected in preference to a gas
with small flammable range, such as propane (6-7.3.1). The MIE of gases
having a wide flammable range is relatively insensitive to minor changes in
gas concentration close to the optimum mixture. This is illustrated by Figure
5-1.4a which contrasts benzene (small flammable range) with ethylene
oxide (large flammable range). Ethylene’s small LMIE and large flammable
range offsets experimental limitations when addressing the susceptibility of
common fuel and solvent gases to a particular type of discharge. It is a
simple asphyxiant with a LMIE roughly midway between methane and
hydrogen.

3-8.1.1. Discharges from Solids

The test gas must be of uniform and known composition. This generally
requires on-line gas analysis if flammable mixtures are not supplied from a
suitable reservoir. If concentration gradients are created in the surrounding
air, errors can be introduced by releasing the test gas stream from a perfo-
rated probe doubling as an electrode. The maximum effective energy of a



68 3. EVALUATING THE HAZARD OF STATIC ELECTRICITY

brush discharge from a given charged surface is obtained using the largest
diameter electrode capable of producing gas breakdown. However, if the
electrode diameter is too large for the application no discharges will occur
(C-2.5.3). It is therefore necessary to optimize the diameter using a series of
electrodes. For brush discharge assessment, electrode diameters in the
range 7 to 70 mm have been used (2-6.2). For discharges that only occur in
large containers, such as the bulking brush, direct gas ignition tests are typi-
cally impractical owing both to the scale of the experiment and the difficulty
in supplying a uniform test gas whose MIE is in the required range (10-50
mJ). In any case, a gas ignition test would not address the question of
whether dust having a spark MIE equal to the measured effective energy
could also be ignited (2-5.1.1).

3-8.1.2. Discharges from Nonconductive Liquids
Further to the considerations in 3-8.1.1, charged non-conductive liquids
introduce two additional difficulties. First they are mobile; the charged liquid
surface moves by electrostatic attraction toward the grounded electrode
and charge is transferred by spraying plus, in some cases, via complete
bridging of the gap. Second, the fuel component of the test mixture is
absorbed rapidly into most oils causing the composition to become leaner.
These effects reduce the measured effective energy and might be additive.
Charge is transferred by two-way liquid spraying between the disrupted
liquid surface and the electrode. In response to local electric field forces,
liquid deposited on the electrode tends to form small “Taylor” cones which
may promote corona discharges in addition to spraying charged liquid back
to the surface [8,71]. If the gap length is less than about half the electrode
diameter, a stable liquid bridge may form between the liquid surface and the
electrode. The bridge is tapered in the middle but widens at the ends and
can attain a large fraction of the electrode diameter. At small charging rates
brush discharges are suppressed via conduction through the bridge,
whereas at high charging rates they occur around the bridge causing the
bridge to collapse. The absence of ignition in a large-scale experiment might
be due to a reduction of effective energy or even complete suppression of
discharges via liquid surface deformation at small charging rates. This might
result in a calculated “minimum surface potential for ignition” that is instead
related to some minimum charging rate beyond which stable bridges
cannot form. In any case, a fixed electrode does not represent practical
cases where a hose or sample thief approaches a liquid surface faster than
the surface can deform in response to the changing electric field. Small scale
tests or direct observation should be carried out to ensure that the selected
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combination of charging rate, electrode diameter and gap length do not sup-
port formation of stable liquid bridges.

Fuels such as diesel and kerosene readily absorb hydrocarbon vapors,
the total uptake and absorption rate depending on both chemical and physi-
cal factors. If a soluble test gas is introduced above a charged test oil the con-
centration of flammable test gas therefore decreases with time. Liquid mist
and spray produced by charged liquid increase the absorption rate relative
to a quiescent liquid surface. As discussed in A-5-4, absorption could lead to
an underestimation of test gas MIE near the liquid surface unless the rate of
test gas introduction is sufficiently high to offset the rate of removal. Table
3-8.1.2 shows solubilities of a selection of gases in a mineral-based trans-
former oil at ambient temperature and pressure [200].

Oxygen is roughly twice as soluble as nitrogen. The solubility of aliphatic
hydrocarbons increases with chain length for methane through butane. Con-
sidering that methane has a relatively small LMIE, large flammable range
and small solubility, it offers several advantages over propane test gas which
has typically been used in published studies. The table does not address
absorption rate. As a reference, when the author inverted test tubes contain-
ing various pure gases over a pool of diesel oil, ethyl ether was completely
absorbed within one minute and lower aliphatic hydrocarbons in 3-6 min.
Since test gases typically contain only a few percent of fuel component,
absorption can be a considerable source of error. During operations such as
switch-loading (5-1.4.3) absorption of vapor initially in the tanker from a pre-
vious lading may move the composition either into or out of the flammable
range, introducing an additional variable into the accident statistics.

TABLE 3-8.1.2. Solubility of Gases in a Mineral Oil

Gas Solubility (% vol/vol)
Oxygen as air component 3
Nitrogen as air component 7
Nitrogen 8.6

Air 10

Oxygen 16
Methane 30
Propane 1900

Butane 2000




4

CONTROLLING ELECTROSTATIC
HAZARDS

4-1. Bonding and Grounding

4-1.1. Definitions

Bonding is the process of connecting two or more conductive objects
together by means of a conductor so that they are at the same potential as
each other but not necessarily at the same potential as the earth. Grounding
is a specific form of bonding in which one or more bonded, conductive
objects is also connected to ground so that each is at the same potential as
the earth. Hence, all grounded objects are at the same potential and static
discharges cannot occur between them.

4-1.2. Purpose of Bonding and Grounding

These measures prevent hazardous potentials from developing on conduc-
tors at the greatest anticipated charging current. This does not require a short
circuit since charging currents are typically less than 100 uA. Depending on the
system, allowable resistance to ground may be 1 MQ or more.

4-1.2.1. Bonding and Grounding versus Individual Grounding

A series of conductive components might be bonded together and the
bonded system then grounded. Alternatively, each conductive component
might be individually grounded. The first option will probably require a
shorter total length of cable and a neater appearance. However, in certain
cases it is preferable to ground each conductive component individually,

71
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since loss of a single bonding connection might otherwise result in isolation
of a system of conductors having a large capacitance. This could greatly
increase the ignition probability where the individual conductors have a
small capacitance and are considered to present only a marginal ignition
hazard. The consequences of lost bonding connections via such mecha-
nisms as vibration, corrosion, and maintenance activities should be consid-
ered in the grounding system design.

4-1.3. Resistance to Ground

The resistance to ground should be sufficiently small to prevent spark igni-
tion at the maximum anticipated charging current to the system. This can be
achieved by ensuring either that the energy stored is less than the MIE or that
the minimum ignition voltage cannot be attained (A-4-1.3). The necessary
resistance depends not only on the flammable mixture but also on the elec-
trical circuit.

Depending on the flammable mixture a source voltage less than 100 to
1000 V will normally rule out spark ignition in purely capacitive circuits. How-
ever, if the stored energy =MIE, ignition in an interrupted inductive circuit
might occur at much smaller source voltages (A-4-1.3). The conservative
approach is to ensure that the ground resistance is sufficiently small that the
maximum stored energy is less than the MIE of the flammable mixture.

Since gases have smaller MIEs than dusts, they represent the more chal-
lenging case for grounding. The most challenging case is where powders and
flammable gases are handled together in air, combining the high charging
rates produced by powder flow with the small MIE of flammable gases. For
simple capacitance sparks, the MIE of gases decreases as storage capacitance
and electrode tip diameter are decreased (Figure 3-5.4.1). The required resis-
tance to ground can be found by considering the worst credible case flamma-
ble mixture, storage capacitance and electrode diameter. As shown in A-4-1.3
a ground resistance criterion can be written in terms of MIE

R <I_~'Cw/ic)™ (4-1.3)

where [. = charging current (A), W = MIE (J), and C = capacitance (F).

A ground resistance R; < 1 MQ is satisfactory in practical cases even for
hydrogen, which has an unusually small MIE. For dusts and most other gases
a 1-MQ grounding criterion is conservative owing to their greater MIEs and
up to 100-MQ is often satisfactory. Where lower MIEs may be encountered,
such as the handling of anesthetic gases in oxygen enriched atmospheres,
grounding requirements are more stringent as given in NFPA 99.
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Exception: The resistance to ground of any conductive object that might
be struck by a surface discharge on bulked powder in a silo should be less
than 1 kQ (6-4.1.1). This is because the average current transferred to the
object may be of the order 10 A; the normal “1 MQ” criterion will not always
prevent the object from creating sparks to adjacent grounded points. The
same mechanism may occur in liquid tanks via brush discharges or surface
streamers although flow rate limitation as discussed in Chapter 5 should nor-
mally avoid such events.

4-1.4. Bonding and Grounding Systems

The 23 line drawings in [130] are very helpful for most routine bonding and
grounding applications and for many years have been reproduced in NPCA
803 [6]. The following two sections cover general nonroutine applications.
Chapters 5 and 6 of this book address specific grounding applications and
special cases where electrical continuity may be unexpectedly lost.

4-1.5. Ground Rods

These devices are typically used to establish long-term or permanent
grounding points for such purposes as lightning protection (NFPA 780). The
general purpose of a ground rod is to achieve good electrical contact with
the earth, so it should be sufficiently long to penetrate to a depth where the
soil retains moisture. As described in Section 3-13.1 of NFPA 780 “Lightning
Protection Systems,” ground rods “shall be not less than !z in. diameter and 8
ft long. Rods shall be copper-clad steel, solid copper, hot dipped galvanized
steel or stainless steel. Rods shall be free of paint or other nonconductive
coatings.” For lightning protection and similar applications involving large
currents, rod installation should follow NFPA 780. However, if a temporary
ground rod is needed exclusively for dissipating static electricity, such as
during emergency response, the installation of this type of grounding rod is
usually impractical. In most cases an identifiable grounding point such as a
buried metal water pipe or grounded equipment will already exist in the
area. Where no such grounding point exists and there is a significant risk of
static ignition, a temporary ground rod might be considered. The require-
ments for a temporary “static” ground rod are much less stringent than for a
“lightning protection” or other high current ground rod. The maximum
“static” current to be conducted to the earth is less than 1 mA. Based on for-
mulas given in [216] it can be shown that a resistance to ground of the order
20 kQ or less should be attainable using a temporary grounding rod approxi-
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mately 1.5 m long, even when driven into dry sand. A typical resistance in soil
is less than 1000 Q. A temporary grounding rod used exclusively for static
grounding might consist of a /2- to %-in.-diameter stainless steel spike that is
driven into the soil using a sledge hammer. In most cases it is unnecessary to
measure the resistance to ground for individual rod installations or to use
water or brine to decrease the resistance. If a standard installation proce-
dure is needed this should be developed using ground resistance data
appropriate for the rod diameter, driven depth, type of soil and (if applica-
ble) the use of water/brine additions. Ground resistance for the anticipated
range of soil types should properly be determined using the Wenner four
electrode method in which an AC potential is impressed on the outside pair
of four linear electrodes and the potential drop is measured across the inner
two (ASTM G57). However, an approximate method for temporary installa-
tions might be to measure the resistance between the temporary grounding
rod and a second rod driven 1-2 m away, using either a megohm meter or
high input resistance ohm meter. If a low voltage ohm meter is used, offsets
due to stray currents might be ruled out by reversing the cable polarity and
repeating the measurement. Provided the resistance between the rods is
less than about 50 kQ the temporary grounding rod will provide adequate
grounding of small “static” currents. A temporary “static” ground rod is inad-
equate for dissipating large currents and should be removed after use to pre-
vent misapplication.

4-1.6. Grounding and Cathodic Protection

Cathodic protection systems, using either a sacrificial galvanic anode or
impressed current, require electrical isolation of the protected equipment
from the rest of the plant. This special requirement can be defeated by gen-
eral application of bonding and grounding, for example by installing a
jumper cable across a flange containing an insulating gasket. More subtle
defeats include cases where instruments or powered equipment are used
on the protected equipment and share a common ground with the rest of the
plant. The situation is especially complicated where tanks are protected by
secondary containment systems involving plastic linings. A corrosion engi-
neer or cathodic protection specialist should be consulted when tanks and
other equipment are protected by such systems. To ground a tank that is iso-
lated from the rest of the plant, one or more permanent ground rods (4-1.5)
can be used which are not connected to the general plant grounding net-
work. These are typically spaced at intervals around the tank. An alternative
for lightning protection is a “Kirk Cell,” formerly known as a “dual zinc
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system.” This is essentially a capacitor, typically installed across an insulat-
ing flange, that becomes conductive in the event of a high voltage transient.
Newer solid state devices are also available for these applications.

4-2. Control of Charge Relaxation

The rate of charge relaxation may in some cases be increased by increasing
the conductivity either of the charged medium or of the surroundings. Exam-
ples include

¢ increasing the conductivity of a nonconductive oil using a commercial
antistatic additive or miscible conductive liquid,

¢ increasing the conductivity of a plastic bag with a topical antistatic
agent, and

* using an ionizing blower to increase air conductivity above noncon-
ductive plastic foil.

4-2.1. Increase of Conductivity

This method may be applied to volume conductivity of liquids and solids,
and surface conductivity of solids. For liquids see 5-2.6. The method is not
usually applied to powders for quality and practical reasons, although mois-
ture can have a significant effect (4-2.2.1). For solids such as sheet materials
and manufactured items the conductivity can be increased using bulk addi-
tives such as carbon black, typically at several wt% loadings, or surface treat-
ment with topical antistatic agents. The latter have the advantage of a wide
variety of formulae which might be found to accommodate regulatory
agency requirements for products used in food and drugs. They are typically
designed to reduce surface resistivity from 10" to 10'® Q to the range 108 to
10" Q. However, topical antistats may be removed relatively easily and are
not always suitable where long term action is needed. Also, the action of
most topical antistats relies on hygroscopicity and a certain minimum rela-
tive humidity is required; such agents often lose effectiveness where the rel-
ative humidity is less than 10-20%. Organometallic-based topical antistats
not requiring the presence of moisture and capable of surviving processing
temperatures up to 300°C have been described [201] which might be suit-
able for some low humidity applications.

4-2.1.1. Effects of Increased Humidity
Increasing the relative humidity of the air to 45 to 60% can significantly
reduce charging where rates of surface separation are relatively small and
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the surfaces have time to equilibrate with the moisture. Hydrophobic sur-
faces such as polyolefins are less affected although humidities above about
70% have been used with success. Personnel shocks in offices and similar
situations may be mitigated by increasing the humidity, particularly during
winter when indoor heating results in very low relative humidities. However
the method is unreliable for preventing ignition of flammable atmospheres
by people (4-3). Atmospheric humidity has no effect on liquid conductivity
and may have little effect on the charging of solids, especially where rates of
separation are high or where the solids are hydrophobic. Examples include
high speed web processes described in NFPA 77.

Increased relative humidity increases the conductivity of powders
which readily absorb moisture, such as agricultural products. This effect can
be significant at quite low relative humidity values and is pronounced above
30%. Sorption of water has two additional effects that reduce ignition proba-
bility in such cases. First, the tendency to produce suspensions of fine dust is
decreased and second, the ignition energy is increased (6-1.6). For hydro-
phobic powders the effects of humidity are complex and high humidity
might actually increase the net charge-to-mass ratio by encouraging unipo-
lar as opposed to bipolar particle charging (6-3.1.1). Provided the air is not
supersaturated, the effect on ignition energy is minor owing to the small
amount of energy required to evaporate superficial moisture.

4-2.2. Charge Neutralizers

These devices increase the conductivity of the air so that charge drains away
to ground. There are several types of commercial device, of which the two
distinct types are those requiring external power (“active types”) and those
that don’t (“passive” types). Neutralizers relying on free ions are limited by
ionic mean free paths of a few centimeters in air, so cannot be used to neu-
tralize charge in large volumes such as powder silos. This limitation can be
offset by transferring the charge to tiny particles which can carry the charge
over large distances (4-2.2.1).

4-2.2.1. Active Neutralizers

These typically use AC corona discharges to produce ions of both polarities,
often in combination with a blower to help move the ionized air to the
charged surface. Owing to the larger current developed they have a longer
range than passive neutralizers but are still limited by mean free path of the
ions. One commercial device uses a convergent-divergent nozzle to create
a cloud of minuscule water droplets from humidified air entering the throat.
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An AC corona discharge in the throat leads to a cloud of charged droplets
whose large momentum allows very long travel distances. Multiple devices
for eliminating static discharges in powder silos have been tested [41] but
the tests did not address typical flow rates for large capacity, dense phase
pneumatic transfer operations.

Note: DC resistive-coupled and capacitance-coupled corona neutraliz-
ers have been shown capable of producing large pulsive discharges from the
needle electrodes whose peak values could attain about 5 A, even though
the average corona current was only a few microamperes (2-6.1.1). Ignition
of stoichiometric ethylene in air was reported for positive coronas [39]. The
pulsive discharges could be produced when a conductor, for example a
hand or metal tool, approached the neutralizer needle. Effective ignition
energy depended on the coupling resistance and capacitance of the high
voltage discharge line. Incendive pulsive discharges could be controlled by
increasing the coupling resistance depending on source voltage, and/or
using a thyristor-based switching device.

4-2.2.2. Passive Neutralizers
A variety of passive neutralizers have been used or proposed depending on
the application. All types rely on the creation of ions.

1. Needle, String, and Tinsel Bar Types. These are used to remove
charge from flat surfaces in close proximity to the neutralizer, such as
moving belts. Field intensification by conductors with sharp edges
such as needles creates local corona discharge and ions of opposite
polarity flow to the charged surface until the field at the sharp edges
falls below the corona threshold. Complete neutralization is therefore
impossible and always limited by the corona threshold of 0.5-3 kV. To
improve discharging efficiency, radioactive isotopes have been used
to create ionization below the corona threshold, almost always in
combination with a passive neutralizing system since the practical
size of radioactive source is limited. These devices are described in
NFPA 77. Recently introduced “string” or “ionizing cord” is a low
weight, low cost static neutralizer incorporating thousands of tiny
conductive microfibers such as stainless steel. The string is grounded
at one end. An advantage is that the string is nonabrasive and may be
allowed to contact moving surfaces without damage [225].

2. Silo Inlet Neutralizers. Two types intended to reduce the intensity of
bulking brush discharges in powder silos are described in [73]. The
first is a pointed discharge rod mounted axially inside the filling pipe
outlet so that it points upstream into the filling pipe. The second is a
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plastic-weighted wire mounted axially within the filling pipe so that it
hangs down into the powder heap. Both should be securely
grounded and the diameter of the discharge rod or wire should be
1-3 mm [73]. There is little information on the success of such
devices in large commercial equipment and problems could include
mechanical failure exacerbated by drag from incoming and bulked
powder, plus decreased effectiveness caused by accumulated
powder and coatings on the metal surfaces.

3. Discharging Rods. These have been widely used to dissipate charge
from open powder containers such as drums and tote bins and com-
prise a rigid, grounded rod which is inserted close to the bottom of
the container before starting powder flow [12,15]. It is normally
assumed that rods need to be cylindrical and to encourage corona
discharge it has been recommended that the rod diameter be kept to
less than 3 mm [73]. It is proposed instead that square section rod be
used, giving a smaller effective radius of curvature while allowing a
greater rod thickness and rigidity. For conductive powders in plastic
or plastic-lined containers it is especially important to insert the dis-
charging rod before starting powder flow since delayed insertion can
produce sparks from the powder surface (6-2.2.1).

4-3. Control of Personnel Charging

Personnel shock and spark hazards are discussed in 2-7. The level of percep-
tion for bare skin is approximately 1 mJ while significantly greater energy
levels can be discharged imperceptibly when holding a metal tool; hence,
imperceptible sparks from people may ignite common flammable gas mix-
tures in the work environment. Stored energies up to 10 mJ are commonly
attained by ungrounded people. The maximum effective energy of a spark
from a person is probably in the 30-50 mJ range, although 25 mJ has been
considered as a more practical maximum value [11].

4-3.1. Personnel Grounding

Grounding devices should be selected so that hazardous charge accumula-
tion on people is prevented while the risk of electrocution is not increased.
Even for an ignition sensitive gas such as hydrogen, a ground resistance up to
10 MQ will prevent hazardous charge accumulation even if the charging cur-
rent to the person is as high as 100 A (A-4-1.3). Personnel grounding often
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involves maintaining a resistance of about 10-100 MQ between the skin and
the ground. To prevent the possibility of electrocution via the grounding
device should an electrical power source be contacted, a minimum ground
resistance of at least 100 kQ is usually imposed to limit the current to much
less than the AC “can’t let go” half-percentile level of 6-9 mA [63]. A typical
minimum resistance is 1 MQ, which results in currents less than 1 mA.The
simplest type of commercial device is a grounding bracelet with built-in
resistor, typically giving a resistance to ground of about 1 MQ. This has the
greatest utility at fume hoods and other situations where limited mobility can
be tolerated. A hood might be equipped with two external coiled grounding
cords with removable cuff attachments, the latter being kept by individual
users for hygiene reasons such as the avoidance of scabies transmission.
Volt-ohm meters or commercial testers can be periodically used to check
ground continuity according to the manufacturer’s specified limits. Where
mobility is essential, footwear and flooring must be made sufficiently con-
ductive instead. Antistatic footwear with resistance in the range 1 to 1000 MQ
(typically 10 to 100 MQ) is commercially available, but for personal hygiene
reasons is normally purchased for individuals. Alternatives include conduc-
tive straps and overshoes, which are especially useful for visitors to an area
where antistatic safety shoes are being worn. If the conductive straps fit
around the heel, ground contact may be lost when the wearer is squatting
down; a clean room fire was considered in part to have been caused by loss
of grounding while an operator was replacing a filter element close to floor
level. Whatever is selected must be worn correctly, tested regularly, and be
used in conjunction with housekeeping procedures as required to ensure
the floor does not interfere with continuity. Nonconductive powder, oils, or
lacquers can easily create a nonconductive coating on floors which in some
cases may be difficult to inspect visually. Ground testers for floor resistivity
are commercially available and procedures are described in NFPA 99.

4-3.1.1. Practicalities of Personnel Grounding

Personnel grounding is typically a risk-based decision taking into account
the likelihood of encountering a flammable atmosphere and the conse-
quences of an ignition, which are both affected by the type of operation and
degree of confinement. Sparks from people are most likely during heated
indoor operations owing to low relative humidity. Indoor operations are also
most amenable to providing personnel grounding systems, including main-
taining housekeeping for antistatic or conductive flooring. Conversely, it
might be impractical to provide assurance of personnel grounding for out-
side activities such as equipment maintenance and tank operations. For
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example, antistatic shoes and flooring might become disabled by contami-
nation with nonconductive material. There are few accounts of ignitions
from people in the open air. Operations involving tank openings present a
significant risk although it is difficult to determine whether reported ignitions
were due to static discharges from personnel or from equipment and con-
tainers being used.

4-3.2. Clothing

The use of clothing made from high resistivity synthetic fibers such as polyes-
ter should be avoided more because of their poor fire resistance and ten-
dency to melt into the skin in response to even a small flash fire than
because of static hazards. The use of fire resistant clothing is discussed in
detail in [54]. There is usually a very small likelihood of ignition by grounded
people due to any type of clothing having a reasonable fit, unless the clothing
is removed. The crackling noise when removing overgarments such as
sweaters is common experience, and is due to the production of
corona-brush discharges. If articles of clothing are removed, ignition might
occur as a direct result of separation of charges by the clothing, even if a
person is grounded. Removal of garments such as coats and sweaters
should always be done remote from flammable areas. The likelihood of igni-
tion by ungrounded people can be increased by clothing having high resistiv-
ity. An example is the charging that occurs with respect to seat covers when
getting out of a car or forklift truck. If clothing can be charged by rubbing
there is a greater likelihood of ignition if an ungrounded person is wearing
synthetic, rather than cotton or antistatic clothing. In critical areas such as
clean rooms and explosives manufacturing, the use of antistatic clothing is
frequently used in addition to grounding plus, in extreme cases, the banning
of metal jewelry such as rings and wristwatches that could facilitate spark-
ing. A more common reason for banning these items is where an area is slip-
pery and a fall could result in the item being caught on an adventitious hook.
For example, a finger may be torn off by a ring.

4-3.3. Gloves

These should ideally be conductive or antistatic so that handled items that
are troublesome to individually ground, such as tools, are grounded through
the grounded person. Also, where antistatic shoes are not worn, people have
a high probability of being frequently grounded via the glove. In many cases
suitable gloves are commercially available. However, in some cases indus-
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trial hygiene concerns dictate specific impermeable glove materials that
may not be available in antistatic form. There is no general solution to this
problem. In most cases, small conductive items such as tools have too small
a capacitance to give an incendive spark. An exception is regions of very
large space potential, such as in the vicinity of charged plastic sheet or when
lowering a conductor into a large tank containing charged mist. In these
identifiable cases, items can be individually grounded if suitable gloves are
not available. Similar precautions are needed where gas mixtures of very
small MIE, nominally less than 0.1 mJ, are involved.

4-4. Control of Flammable Atmospheres

General measures for controlling flammable atmospheres inside equipment
are described in NFPA 69 “Explosion Prevention Systems.” These measures
do not necessarily prevent flammable atmospheres in some practical cases,
such as when powders are added to an inerted vessel via an open manway.
Where possible such cases are identified in the relevant sections of Chapters
5 and 6.

4-4.1. Liquid Nitrogen/Liquid Air Hazards

Liquid air has a boiling point less than that of liquid oxygen and high pressure
liquid nitrogen (LN2), but air condenses easily on low pressure LN2 lines and
systems containing liquid hydrogen or helium. Liquid air can, for example,
condense in porous insulation on LN2 systems and form liquid pools. The
first drops that condense and the pool that initially forms both contain about
50% oxygen [131]. As the liquid air evaporates, nitrogen boils off first and the
pool becomes enriched with oxygen, approaching pure oxygen in the final
stages. An explosion occurred in a chewing gum manufacturing process
when LN2 used for equipment cooling caused condensation and enrich-
ment of liquid air in the presence of flammable dust; the explosion involved
a dust-air suspension with local ignition in an oxygen-enriched mixture.
There is also a potential for concentrating liquid mixtures containing liquid
or solid flammable materials, which may be explosive and shock sensitive
[132]. Owing to the very low ignition energies of flammables in oxygen-
enriched atmospheres, measures should be taken both to avoid the hazard
and to mitigate static accumulation in areas where the phenomenon might
occur.
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FLAMMABLE LIQUIDS, VAPORS,
AND GASES

5-1. Ignition Hazards of Liquid Vapor and Mist
5-1.1. Flammable Liquid

Liquids with closed-cup flash points less than 100°F have a recognized ability
to form flammable vapor-air mixtures under ambient conditions and are
commonly known as flammable liquids. While liquids with flash points
=100°F usually require an elevated temperature to form flammable vapor-air
mixtures and are sometimes known as combustible liquids, other effects
such as flash point error, reduced ambient pressure, dispersion into fine drop-
lets or some combination of these should be considered when using the
reported flash point to assess flammability hazard. Some liquids with a low
fire hazard, for example paints comprising mostly water, may be classed by
NFPA 704 as combustible even though they can generate explosive vapor-air
mixtures in closed containers at less than 100°F; the NFPA fire hazard rating
can be as low as 1 which normally indicates a flash point =200°F. Similarly,
some liquids with no measurable flash point may generate flammable vapor
via degassing or slow decomposition in large containers, especially where
the vapor space is small compared with the liquid volume. In such cases the
vapor space may need flammability evaluation under actual use conditions.
The use of a 100°F demarcation between flammable and combustible liquids
is gradually being replaced by the UN/DOT 141°F (60.5°C) demarcation, which
allows for elevated temperatures during transportation. The NFPA and DOT
systems for flammable and combustible liquids can be found in the “Glos-
sary” under “Class.” These systems both assume “round number” demarca-
tions at 140°F and 200°F, although the 140°F breakpoints are not consistent.
NFPA Class IIIA combustible liquids have flash points =140°F while DOT com-
bustible liquids have flash points >141°F.

83



84 5. FLAMMABLE LIQUIDS, VAPORS, AND GASES

5-1.1.1. Flash Point Test Error

Flash point does not in general represent the minimum temperature at
which a pool of liquid will form a flammable atmosphere. Closed cup test
methods involve downward flame propagation, which is more difficult than
upward propagation, and the region where the test flame is introduced is
normally fuel-lean relative to the liquid surface. Also, the volume of the
closed cup test apparatus is too small to allow flame propagation of certain
flammable vapors such as halogenated organics. Limitations of the flash
point test are discussed in the Appendix to ASTM E 502, where it states, “If
process or handling conditions dictate the usage of a flammable material at
temperatures ranging upward from 5-10°C below the closed cup flash point,
then a flammable vapor might be present above the liquid, and the potential
hazard might be more precisely defined by determining such properties as
temperature limit of flammability (Test Method E 1232) or flammable limit
concentrations (Test Method E 681), or both, at the contemplated condi-
tions.” While closed-cup flash points are usually lower than open cup values,
this is not always the case as noted in the Appendix to ASTM E 502.

5-1.1.2. Liquid Temperature Error

The surface temperature of stagnant liquid in a heated or uninsulated tank
may significantly exceed the bulk liquid temperature owing to heat transfer
from the unwetted upper walls. An uninsulated tank might be heated by sun-
light to about 60°C. Since vapor-liquid equilibrium is established at the
vapor-liquid interface, an excessive liquid surface temperature can result in
an elevated vapor concentration relative to the calculated value based on bulk
liquid temperature. Vapor in the tank may be flammable even if the bulk liquid
temperature is less than the reported flash point; an unrecognized hazard
could result if the vapor is assumed to be below the lower flammable limit
(LFL). Conversely, even where the tank vapor space is clearly above the upper
flammable limit (UFL), an ignitable mixture will always exist in the vicinity of
an open vent. Furthermore, vapor vented from large air-breathing field storage
tanks may be at only 30-50% of theoretical saturation based on bulk liquid
temperature. Hence a tank explosion hazard might be overlooked if the entire
vapor space is assumed to be above the UFL (5-1.2).

5-1.1.3. Ambient Pressure Error

The equilibrium vapor pressure above a confined liquid depends only on
temperature. The fraction of the total pressure exerted by vapor pressure
determines the composition of the vapor-air mixture. Thus when the total
pressure is reduced, for example at high elevations or in vacuum trucks, the
vapor concentration in air increases. Since flash points are reported at a
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standard pressure of 760-mmHg an ambient pressure less than this value
depresses the effective flash point. The observed flash point at pressure P
(mmHg) can be estimated from the standard flash point (760 mmHg) using
an adaptation of the correction formula given in ASTM E 502

Observed flash point = standard flash point - N (760 - P)  (5-1.1.3)

where constant NV (0.03 for flash point in degrees Celsius and 0.06 for flash
point in degrees Fahrenheit) should be considered only approximate.

5-1.1.4. Low Concentration Volatiles Error

Small concentrations of volatile components in a liquid mixture may accu-
mulate in the vapor space of a container over time and appreciably reduce
the flash point relative to the reported closed-cup value. This may be the
result of degassing, chemical reaction or other mechanism. An example is
bitumen [162]. Similarly, if a tank truck is not cleaned between deliveries of
gasoline and a high flash point liquid such as kerosene or diesel oil, the mix-
ture might generate a flammable atmosphere both in the truck tank and the
receiving tank. Contamination at the thousand ppm level may create haz-
ards (5-1.4.3 and 5-2.5.4). Solids containing upward of about 0.2 wt% flam-
mable solvent need to be evaluated for flammable vapor formation in
containers (6-1.3.2).

5-1.1.5. Safety Margin for Flash Point Application

In view of the above adverse effects a safety factor should be applied where
flammability is assessed using flash point. For pure liquids in containers the
vapor should be considered potentially flammable if the liquid temperature
is upward of at least 5°C below the reported flash point. For mixtures whose
composition is less certain, such as petroleum mixtures, the safety factor
should be about 15°C relative to the flash point [55]. Where combinations of
adverse effects are identified the safety factors should be increased accord-
ingly. A simple but very conservative approach is to assume that all liquids
having a flash point <141°F may produce a flammable atmosphere under
some ambient conditions, even where no mist or froth production is
involved. A more practical approach is to assume that liquids handled in air
at least 5-15°C below their closed cup flash points will not present ignition
risks unless

e they are handled in a manner that produces mist or froth,

* they contain small concentrations of volatile material that is not pre-
served during flash point sampling and testing, or

* they generate flammable gas via slow reactions.
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5-1.2. Flammable Limits

The flammable range in air lies between the lower flammable limit (LFL)
and upper flammable limit (UFL) as determined by test for the conditions of
interest. Outside this range of compositions the gas or vapor cannot be
ignited. Operation at less than the LFL is often considered to be safer than
operation at above the UFL, particularly for atmospheric storage tanks. Even
if liquid in a tank rapidly generates sufficient vapor for operation above the
UFL, flammable mixtures may occur around tank openings such as sam-
pling ports, and the flammable range may be traversed inside the tank
during start-up or other operational condition. However, there are many
cases where operation above the UFL is essential, such as storage of high
vapor pressure liquids, or has other advantages, such as some vent collec-
tion header applications [168]. Alternatively, vessel atmospheres can be ren-
dered nonflammable using inert gas as described in NFPA 69. This
technique reduces the oxygen concentration below the Limiting Oxygen
Concentration (LOC) which is the minimum oxygen concentration required
to sustain combustion. Inerting is usually ineffective near tank openings,
especially in cases where solids additions occur and entrain air. Also, for
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FIGURE 5-1.2. Flammability triangular diagram for methane + oxygen + nitrogen.
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storage tanks, inert gas supply must be adequate to compensate for air
in-breathing during tank emptying or changes in temperature.

5-1.2.1. Effect of Diluents on Flammability

On the air line shown in Figure 5-1.2 the flammable range of methane in air is
5-15 vol%. On the methane leg of the triangular diagram, the flammable
range in oxygen is read as 5-60 vol%. At the nose of the flammability enve-
lope the minimum oxygen concentration (min O,) that will give a flammable
mixture is 12 vol%. This is the limiting oxygen concentration (LOC), which is
a singularity that occurs at fuel concentrations marginally above the LFL. At
greater fuel concentrations the LOC becomes increasingly conservative in
relation to the actual flammable envelope. A fuel gas such as methane may
be added to increase the total fuel concentration and increase the margin of
safety relative to the flammable envelope [168]. The exact locations of flam-
mable limits depend on conditions such as temperature and pressure, plus
the diluent concerned. The diluent is often nitrogen, but can be any gas that
does not contribute to combustion (carbon dioxide, rare gas, water vapor,
etc.) or some mixture of these. It is usually found that diluents with larger
heat capacities decrease the flammable range and increase the ignition
energy although the effects may be complex [142, 168-171].

5-1.3. Liquid Mist

Provided a flammable or combustible liquid is sufficiently dispersed in air to
propagate a flame, the flash point of the liquid is irrelevant in determining
ignitability of the mist. Even at very low liquid temperatures, frozen liquid
droplets may burn in the same manner as a dust cloud. Ease of ignition and
rate of combustion of a liquid mist both increase as droplet size decreases.
Depending on liquid volatility, droplets with a diameter less than 10-40 um
typically vaporize and ignite ahead of a flame front and their overall combus-
tion behavior is similar to that of a vapor (5-1.4.4). Since liquid mist produc-
tion by shear processes also generates static electricity, it is good
engineering practice to avoid splashing and other operations that generate
mist inside equipment. Charging of ungrounded conductors by charged mist
is discussed in 5-6 and elsewhere.

Apart from deliberate spraying through small orifices, flammable, finely
divided mist is most likely to be created by rapid cooling of hot vapor or rapid
expansion of pressurized vapor. These form the basis of numerous experi-
mental techniques for creating dense, almost monodispersed mists less
than 10 um diameter. Condensation of hot oil vapor has commonly been
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used to produce ~0.6-um mist found optimum for smoke screens [180].
Depending on cloud thickness, droplet size, and illumination, mists typically
become optically dense at much less than their LFLs.

During processes such as splashing, the production of easily ignited
mists of combustible liquids such as diesel oil is unlikely unless a froth layer
is produced. This is because the liquid concentration in the mist will nor-
mally be less than the LFL. The LFL varies with the liquid and decreases as
droplet size is increased. A typical LFL range for an oil is about 50 mg/L at
5 um decreasing to 10 mg/L above 80 um [179]. These concentrations are
optically dense, especially for finer, more easily ignitable mists. However,
there is adequate liquid in a froth layer to create a flammable mist of fine
droplets (5-1.3.1). If ignition occurs, the flame can propagate into coarser
mist above the froth layer. Subsequent combustion may involve all of the
suspended mist in the container, augmented by droplets and vapor derived
from any incoming liquid stream.

5-1.3.1. Froth or Foam

Aeration of a liquid, for example via splashing, forms gas bubbles which
increase the liquid interfacial area at which charging occurs. In addition to
increasing the charge generation rate, aeration may create a relatively long
lasting froth which in turn is a source of very fine mist as it bursts. Burst rate is
greatly increased locally by a static spark and the froth is completely dis-
rupted ahead of any flame. Froths, like mists, can be ignited at less than the
flash point of the liquid. Another feature of froths (see below) is that the
two-phase system has a volume conductivity less than that of the continuous
liquid phase, so may both accumulate a surface charge and hinder charge
dissipation from any isolated conductive object in the froth layer. Such con-
ductive objects are not restricted to obvious items such as soda cans. Other
possibilities include metal debris buoyed up from the bottom of the tank, ice
or hydrates derived from the hose or tank surfaces and isolated patches of
liquid product or water.

If a froth is produced by degassing following a sudden decrease in pres-
sure, previously dissolved gases will determine the combustion behavior of
the froth. Owing to the very high solubility of light aliphatic hydrocarbons in
most oils the appearance of flammable gas is expected in such cases.
Oxygen is typically more soluble than nitrogen (Table 3-8.1.2), so the froth
can additionally be enriched with oxygen during degassing.

In 1965 a powerful explosion and ensuing fire occurred while gravity
loading kerosene to a barge under conditions producing excessive bubbling,
foaming and turbulence [111]. The explosion occurred at much less than the
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liquid flash point of 110-130°F and the only credible mechanism was static
ignition of mist inside the tank compartment. Kerosene is a nonconductive
liquid. Since it was established that free water plus a large quantity of air
flowed into the barge tank from the 10 in. supply line, charge accumulation
was predictable (5-3.1.1). However, liquids do not need to be noncon-
ductive to accumulate charge. In December 1987, semiconductive butyl
acrylate liquid with a flash point of 49°C (120°F) ignited in a properly
grounded tank car at about 15°C [30]. The ester was introduced at high
velocity via a thrust neutralizer comprising four-way horizontal flow diver-
sion at the foot of the filling lance. Flow rate was 1450 gpm through 6-in. pipe
followed by a partly inserted 4-in. dip pipe. When an account of the incident
was published it was believed that flammable vapor had been present due
to a previous lading of methyl methacrylate [30]. However, in January 1989,
an almost identical fire occurred in a dedicated butyl acrylate tank car, sug-
gesting that both incidents were due to ignition of liquid mist at well below
the liquid flash point. A possible explanation for both incidents involves high
charging due to shear in the thrust neutralizer, production of a liquid froth,
and static discharge from charged liquid or other material supported by the
froth layer. While the conductivity of the ester involved is typically about
3000 pS/m the effective conductivity of a froth layer might be 1-2 orders of
magnitude less [UCC unpublished]. The company involved subsequently
changed to 105J cars with fixed dip pipes.

If froth is produced by decomposition of an oxidizing agent such as
hydrogen peroxide, the oxygen-enriched froth may be flammable and burn
rapidly even in a completely inerted vessel (5-9.6.1).

5-1.4. Minimum Ignition Energy (MIE)

While flammability exists throughout the flammable range the energy
required to ignite fuel-air mixtures varies by orders of magnitude as the
composition is changed. At the flammable limits the ignition energy by defi-
nition increases toward infinity. Flammable limit measurement typically
involves electrical energies of the order 10 J. A minimum value known as the
lowest minimum ignition energy (LMIE) or simply as the minimum ignition
energy (MIE) is exhibited approximately half-way between the flammable
limits [8]. The LMIE for most flammable vapors in air is between 0.1 and 1 mJ
(Appendix B). Since the energy available from most electrostatic discharges
is small (typically less than 10 mJ) relative to the energy used to establish
flammable limits, the probability of ignition is usually strongly related to the
probability of generating the most easily ignitable mixture. Liquids close to
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their flash points, or to their flammable limits, are generally not susceptible
to weak static discharges. Brush discharges are particularly ineffective close
to the UFL (Figure 2-6.2.1). The MIE is increased by a reduction in the oxygen
concentration relative to air, for example by partial nitrogen inerting. How-
ever, this effect may not be pronounced until the oxygen concentration in
the oxidant is decreased below about 16 vol%. This is based on pro-
pane-air-nitrogen mixture MIE data in [57]; in order to increase the MIE of
propane from 0.25 to 1.0 mJ, an additional 23 vol% nitrogen needed to be
added to air, corresponding to an oxygen reduction from about 21 to 16 vol%
in the oxidant mixture.

Figure 5-1.4a shows how the MIE varies with composition for ethylene
oxide and benzene mixtures in air. The former has a very low LMIE and
extremely wide flammable range. In the presence of a static ignition source
having an effective energy of 1.0 mJ, ethylene oxide may be ignited over a
very much wider range of compositions than benzene. For an ignition
source of 0.15 mJ energy, no possible benzene—-air mixture can be ignited
while a wide range of ethylene oxide—air mixtures remains susceptible to
ignition. A particularly hazardous feature of gases having a small LMIE and
wide flammable range, including acetylene, hydrogen and ethylene, is that
the MIE remains small over a large range of compositions. There is a corre-
spondingly greater probability of an easily ignitable mixture coinciding in
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FIGURE 5-1.4a. MIE Curves for benzene and ethylene oxide in air.
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time and space with a static ignition source. Appendix B provides a tabula-
tion of LMIE values for a number of flammable gases and vapors.

Elevated temperature, pressure and oxidant concentration relative to air
may significantly reduce MIE (5-9.6 and 5-9.7). Conversely, reduced pressure
elevates MIE. Figure 5-1.4b, developed from data in [142], shows how pro-
pane’s MIE varies with both absolute pressure and oxygen concentration in
an oxygen-nitrogen oxidant mixture. The propane concentration is opti-
mized in the range 5-15 vol% depending on oxygen concentration. In air
(~21% oxygen) a pressure reduction from 1 atm to 0.2 atm increases the MIE
from 0.25 mJ to nearly 6 mJ, a factor of about 25. The significance of this is
that under many vacuum conditions such as in vacuum truck cargo tanks
the MIE of typical hydrocarbons exceeds the maximum effective energy of
brush discharges. As oxygen in the oxidant mixture is increased from 21% to
100% the MIE falls by a factor of about 100 at all pressures in the range exam-
ined.

5-1.4.1. Vapor Pressure

The vapor pressure (VP) can be used in conjunction with a measured LFL to
estimate flash point. When this is done it is usually found that the calculated
flash point is less than the measured value owing to limitations in the flash
point test technique (5-1.1.1). Conversely, the LFL can be estimated only
approximately from the flash point. The VP can also be used to replace the
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concentration axis in Figure 5-1.4a with the corresponding temperatures
required to generate these concentrations. In this way one can determine
the equilibrium liquid temperature at which vapor ignition is most probable,
corresponding to generation of the LMIE composition (5-1.4). For many
aliphatic and aromatic hydrocarbons this composition is approximately
equal to the average of the LFL and UFL, although this rule does not gener-
ally apply to other chemicals [8]. For vapor-liquid equilibrium, benzene gen-
erates its LMIE vapor-air mixture at about 7°C and toluene at about 26°C
(Table 5-1.4.1). For operations conducted close to room temperature, tolu-
ene is more prone to ignition from low energy static discharges than ben-
zene [8]. This is because benzene’s equilibrium vapor concentration
exceeds the UFL at temperatures above about 16°C. However, at colder tem-
peratures of 0-5°C benzene is more prone to ignition, since toluene vapor is
close to or less than its LFL. Included in Table 5-1.4.1 is an example of a
VM&P naphtha (vergaellungsmittel petrolether). Since VM&P is primarily a
mixture of various paraffins and naphthenes, plus minor aromatics such as
xylene, various formulations can be readily characterized only by their
closed-cup flash points (9°C in this case) and flammable limits (1-6% in this
case). However, in the context of Table 5-1.4.1 it can be seen that this
nonconductive liquid should be prone to static ignition at ambient tempera-
ture and pressure. This inference is supported by the incidence of tank truck
loading fires. Petroleum naphthas having elevated flash points compared

TABLE 5-1.4.1 Approximate Vapor-Liquid Equilibrium Temperatures for LFL, LMIE,
and UFL Vapor Concentrations at Atmospheric Pressure

Liquid LFL (%) LFL(°C) LMIE (%) LMIE (°C) UFL (%) UFL (°C)
Diethyl ether 1.9 -46 5.1 -28 36.0 9
n-Hexane 1.1 -25 3.8 -5 7.5 5
Cyclohexane 1.3 -18 3.8 4 8.0 15
Benzene 1.3 -12 4.7 7 7.8 16
n-Heptane 1.0 -4 3.4 14 6.7 26
Methanol 6.0 8 14.7 25 36.0 42
Toluene 1.1 4 4.1 26 7.1 37
(VM&P naphtha) ~1 ~9 3.5-4.0 (est) 20-30 (est) ~6 Unknown
Ethyl benzene 0.8 15 3.8 (est) 48 6.7 58
Styrene, xylene(s) 0.9-1.1  23-28 3.8 (est) ~50 6.7-7.0 60-65
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with motor gasoline are far more likely to be within the flammable range
during tank loading.

The assumption of vapor-liquid equilibrium is an oversimplification for
tank filling. The vapor concentration is maximum near the liquid surface and
concentration gradients exist throughout the vapor space depending on the
rates of diffusive and convective mixing. As discussed in 5-2.3.1, an undesir-
able side-effect of splash filling can be to dilute vapor near the liquid surface
with entrained air. Consider a volatile, nonconductive liquid such as hexane,
whose vapor concentration near the liquid surface normally exceeds the
UFL. Air entrainment and turbulence introduced by splash filling may result
in mixtures close to the liquid surface that are instead close to the LMIE com-
position. If splash filling is due to a partly inserted dip pipe equipped with a
tee, positive brush discharges from the liquid surface to the tee might com-
plete the fire triangle.

5-1.4.2. High, Intermediate, and Low Vapor Pressure Liquids

a. High Vapor Pressure Liquids. These are defined in API 2003 as having
a Reid Vapor pressure exceeding 4.5 psia (31 kPa). At normal han-
dling temperatures, rapid evaporation of such liquids during tank
loading minimizes the duration of a flammable atmosphere above
hydrocarbon fuels and the UFL is soon exceeded. In most cases these
liquids are loaded into grounded tanks without prior inerting of the
vapor space. Inerting might be used in cases where the liquid has an
unusually high UFL. Note that air quality mandates are steadily result-
ing in production of less volatile gasolines with greater associated
flammability hazards (5-2.6).

b. Intermediate Vapor Pressure Liquids. These are defined in API 2003
as having a Reid Vapor Pressure less than 4.5 psia (31 kPa) and a
closed cup flash point less than 100°F (37.8°C). They are most likely to
generate flammable vapor mixtures in vessels at ordinary tempera-
tures. Although graphical methods have been widely used to esti-
mate whether liquids are likely to generate flammable atmospheres
at various temperatures, based on their Reid vapor pressures, these
were originally derived for petroleum fuel mixtures and do not gener-
ally apply to other flammable liquids. Errors at the upper limit are
significant for pure hydrocarbons such as ethyl benzene and cyclo-
hexane, and can be large for oxygen-containing chemicals such as
ethers.

c. Low Vapor Pressure Liquids. These are NFPA Class Il and Il combus-
tible liquids (closed-cup flash point =100°F) and will generate flam-
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mable atmospheres only if handled at elevated temperature,
suspended as a mist or subject to slow vapor evolution. However,
static electricity generated during handling may ignite flammable
vapor present from previous operations (5-1.4.3).

5-1.4.3. Switch Loading

This is the practice of loading liquid, typically a low vapor pressure liquid,
into a vessel containing a flammable or fuel-rich atmosphere from a previ-
ous use. A flammable atmosphere may form during loading or may persist
throughout loading. The worst case is for the atmosphere to remain at its
most easily ignitable composition throughout loading, which might occur if
there is negligible scrubbing of the vapor by the liquid being loaded (3-8.1.2).
The worst case situation is similar to loading a pure liquid such as toluene
whose vapor pressure at normal loading temperatures frequently results in
an easily ignitable composition throughout loading. Thus, switch loading
may be more hazardous than loading an intermediate vapor pressure liquid
whose equilibrium vapor composition either traverses the flammable range
or does not attain the most easily ignitable composition during loading.
Switch loading has been the cause of numerous fires. Since the operation is
no more hazardous than loading a pure liquid such as toluene having the
same electrical propetrties, the root cause of these fires must be either failure
to follow procedures appropriate for flammable liquid loading (such as limi-
tation of flow rates) or unusually long relaxation times associated with the
low vapor pressure liquid. This is the case with viscous nonconductive lig-
uids such as some lubricating oils, which may require inerted conditions for
switch loading (5-2.5.4).

Note: Section A-5-6.3 of the 1996 edition of NFPA 30 (reiterated in NFPA 385)
contains erroneous information about switch loading.

When a tank is emptied of Class I liquid, there is left a mixture of vapor and
air, which can be, and often is, within the flammable range. When such a
tank is refilled with a Class I liquid, any charge that reaches the tank shell
will be bled off by the required bond wire. Also, there will be no flammable
mixture at the surface of the rising oil level because the Class I liquid pro-
duces at its surface a mixture too rich to be ignitable.

Toluene is a Class I liquid (see “Glossary”). Not only is it unlikely to produce a
rich mixture at its surface at ambient temperature, but the mixture produced
is often close to its most easily ignitable composition throughout loading.
This common misconception about switch loading is based on the behavior
of gasoline and does not apply to Class I liquids in general. It is impossible for
switch loading to result in more easily ignitable mixtures than occur when
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loading a pure liquid such as toluene at a temperature corresponding to its
most easily ignitable vapor composition (5-1.4.1). This oversight in NFPA 30
may be traced to its traditional and primary application to storage of hydro-
carbon fuels such as gasoline.

NFPA 30 also fails to recommend flow rate restrictions except a slow
start until the downspout is submerged. Section 5-4 of this book provides for
restricted flow rates throughout filling; this should be applied wherever
charge accumulation is possible due to low liquid conductivity and where
flammable mixtures involving gas, mist or froth may be formed.

5-1.4.4. MIE of Liquid Mists

When a liquid is dispersed into droplets the surface area is increased, which
enhances the rates of heat and mass transfer. For a particular liquid dispersed
at constant concentration in air the MIE varies with approximately the cube of
surface average droplet diameter, hence the MIE decreases by a factor of
about 8 when the surface average diameter D is halved (A-5-1.4.4). Ease of
ignition is greatly enhanced for finely divided mists with D less than about 20
um, whose MIE approaches that of the vapor. Below 10 um a high flash point
liquid mist (tetrahydronaphthalene) was found to behave like vapor while
above about 40 um the droplets tended to burn individually [142]. Since liquid
mists must partially evaporate and mix with air before they ignite, the ease
with which a liquid evaporates also affects MIE (Figure 5-1.4.4).

5-1.5. Explosion Prevention Systems

Prevention of a flammable atmosphere may be accomplished using any of
the alternatives presented in NFPA 69. In cases where fuel concentration
cannot be limited, the most common technique (inerting) is to add a suit-
able inert gas such as nitrogen, so that the residual oxygen concentration is
insufficient to support a flame. A safety factor is then applied. For most flam-
mable gases and vapors this typically involves reducing the oxygen concen-
tration to less than 5-8 vol% (see Chapter 2-7 of NFPA 69).

5-1.5.1. Expanded Metal and Plastic Foam Packing

Various expanded metal and foamed plastic matrices are used as flame
arresters when packed into flammable vapor spaces such as the fuel tanks
of racing cars and military attack aircraft. The techniques are not mentioned
in NFPA 69 and are not used in passenger or cargo transport aircraft.
Advanced packing designs have used flexible polyurethane foams having
very low mass density and void fraction. Following a number of static fueling
fires on military aircraft in the early 1970s, plastic foams were developed
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FIGURE 5-1.4.4. Schematic effect of droplet diameter on MIE of typical petroleum products.

having antistatic properties and various nozzle designs (such as piccolos)
were investigated to minimize charging between the plastic foams and the jet
fuels (notably JP-4) involved. Additionally, the fuel conductivity was increased
to at least 200-600 pS/m. Information on this topic can be found in [112-118],
of which the best introduction is [118]. There are probably valid applications
in the CPI for passive protection systems involving packing and it might be
argued that equipment such as packed columns already has this protection to
some degree. However, packing that was not specifically designed and
installed to prevent flame propagation at the conditions involved cannot be
expected to act as a flame arrester, even though the extent of flame propaga-
tion inside the packed equipment is greatly reduced. Practical considerations
for plastic foams include compatibility of liquids with the plastic foam, general
quality concerns, and the cleaning, inspection and maintenance difficulties
that would be introduced.

5-2. Generation and Relaxation (Loss) of Charge in
Liquid Systems

5-2.1. Charge Generation

lonic species present in liquids undergo adsorption at interfaces such that
predominantly one sign of charge is more strongly bound at the contacted
surface than the other. This results in a bound layer close to the surface far-
ther from which is a diffuse layer having a net countercharge. This two-layer
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system having opposite net charges is referred to as an electrical double
layer. For conductive liquids such as water the diffuse layer is only a few mol-
ecules thick but for nonconductive liquids such as light petroleum distillates
the layer may be many millimeters thick. Processes producing surface shear
separate the weakly held diffuse layer from the bound layer. For example,
during flow of a liquid hydrocarbon through a pipe the diffuse layer is carried
downstream and may result in accumulation of the net charge in a receiving
tank. Charge separation occurs whenever shear effects occur at an interface
so additional examples include splashing, spraying, and stirring. Where a
large contact surface is available per unit volume the rate of charge genera-
tion is increased. Examples are filtration and agitation of two-phase systems
such as liquid-gas, water—oil or powder-solvent suspensions.

5-2.2. Charge Density

The net charge (Coulombs, C) in a specified volume of liquid (cubic meters,
m?®) gives charge per unit volume or charge density (C/m?). Since flow in a
pipe can be described by a flow velocity, and current is defined as the flow of
charge per unit time, the flow of net charge carried along the pipe by flowing
liquid represents a charging current or “streaming” current

Charging current (C/s or Amperes) = Volume flow rate (m®/s)
x Charge density (C/m®) (5-2.2)

5-2.3. Factors Influencing Charge Generation

See 2-1.1 and 2-3.1. The mechanism of charge generation is highly complex.
For flow of liquid in pipes it can be shown that the charging current depends
on liquid dielectric properties (electrical conductivity and dielectric con-
stant), viscosity, and flow characteristics, involving factors such as flow
velocity, pipe diameter and surface roughness. For equal flow characteris-
tics, the electrical conductivity is the dominant factor affecting charging. This
is most pronounced for nonconductive liquids (x <10? pS/m) since the con-
ductivity of such liquids may vary by orders of magnitude depending on the
concentration of trace contaminants. Trace contaminants have negligible
effect on liquid dielectric constant and viscosity but have a dominant effect
on conductivity. Owing to their much greater intrinsic conductivities, trace
contaminants have increasingly less effect on semiconductive (100 < «
<10*pS/m) and conductive (x > 10* pS/m) liquids. In many systems such as
long, grounded metal pipes it is found that the charge density attains a steady
state at which the rate of charge generation is balanced by the rate of charge
relaxation back to ground.



98 5. FLAMMABLE LIQUIDS, VAPORS, AND GASES

5-2.3.1. Splash Filling
This practice has been blamed for numerous fires and explosions, although
often for the wrong reasons. It is frequently stated that static is generated
when a liquid stream falls through the air and breaks into droplets. In prac-
tice this is a minor hazard when filling tanks, even where the liquid is non-
conductive. Charge generated by stream break-up is almost entirely
collected in the continuous liquid phase with negligible net charge accumu-
lation. This has been verified by a large scale study which concluded
“Splashing does not itself generate significant amounts of charge” [221].
Although charged mist forms, it has a very small charge density compared
with the continuous phase and is typically neglected in tank filling models.
The hazards of splash-filling are principally related to effects other than
break-up of the incoming stream. These include the absence of electric field
reduction by a metal dip pipe and the ability to accumulate excessive charge
densities at the liquid surface via stratification. The static hazards of charged
mist are normally significant only where operations such as sampling and
gauging introduce ungrounded components into the tank. To allow dissipa-
tion of charged mist prior to gauging a “wait time” may be needed (5-5.2).
Splash filling may also affect flammability. Froth and mist created by
splashing may be ignited at much less than the flash point of the bulk liquid
(5-1.3.1). An opposite and previously unrecognized effect of splash filling is
the associated dilution of vapor near the liquid surface via air entrainment
and turbulence (5-1.4.1). When a tank is filled with a volatile liquid whose
equilibrium vapor concentration exceeds the UFL, a large fraction of the
vapor space remains flammable until sufficient evaporation has taken place.
However, in the absence of turbulent mixing the UFL is very rapidly
exceeded close to the evaporating liquid surface. Since ignition via brush
discharges typically occurs within 10 cm of the surface, air dilution may
create an ignition hazard above liquids that otherwise would quickly gener-
ate local vapor concentrations close to or above their UFLs. The probability
of ignition of volatile liquids such as naphtha may therefore be increased by
splash filling as opposed to bottom filling. The effect of vapor concentration
on the frequency of ignition by brush discharges is discussed in 2-6.2.1.

5-2.4. Charge Relaxation

See 2-3. Provided « is above ~2 pS/m, charged hydrocarbons such as gaso-
line contained within grounded, conductive containers or pipe lose charge
to ground at a first order (Ohmic) rate governed by the following equations

T=¢ ¢fk (2-3.2)
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dQ/dt= -Q/r (2-3.6)

Q, = Q, exp(-t/r) (2-3.7)

The relaxation time () is a parameter governing the rate at which
charge is lost from a liquid, accounting for both its electrical conductivity («)
and permittivity (¢, &,). The integrated rate equation (2-3.7) shows that 36.7%
of the initial charge remains after one relaxation time (when ¢t = 7), 13.5%
remains after two relaxation times, 5.0% remains after three relaxation times
and 0.67% remains after five relaxation times. By providing three or more
relaxation times between filling a tank and carrying out tank sampling or
other hazardous operation, the charge introduced by the filling process will
usually have decayed 95% or more. As discussed later, certain exceptions to
ideal behavior can occur.

Case 1. Ungrounded Conductive Tank. When an ungrounded tank is
filled, the potential on the tank at any time ¢ is proportional to the total accu-
mulated charge (A-4-1.3)

V= ICRL{I - exp(—t/RLC)} (5-2.4.1)

where [.= charging current (A), R, = leakage resistance from tank to
ground (L2), and C = tank capacitance (F).

The tank potential is independent of the relaxation time of the liquid,
since the tank acts as a Faraday pail (3-5.1.2).

Case 2. Grounded Conductive Tank. It is sometimes possible to accu-
mulate hazardous potentials on nonconductive liquid surfaces in grounded
tanks. Since the ignition hazard depends on surface potential, which is
directly proportional to the charge density in the tank, the relaxation time of
the liquid is a critical parameter when modeling the variation of surface
potential with time. It is typically assumed that the liquid is uniformly
charged and in contact with grounded metal, even at the free surface. It was
shown in 2-3 that the rate of charge loss from charged liquid is proportional
to the charge remaining but is independent of the shape of grounded bound-
ary. A charge balance on the liquid volume can therefore be written

dQudt = I~ Qrc (5-2.4.2)

For constant charging current, and boundary conditions Q = 0 when
t = 0, the total charge is

Q, = I .7 {1-exp(~/r)} (5-2.4.3)
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This equation was originally given for liquid flowing through a large, full
tank such that the liquid level was in contact with grounded walls over the
entire boundary and the current loss via flow out of the tank could be
neglected [55]. If both sides of Eq. (5-2.4.3) are divided by the volume filled
attime ¢, one arrives at the time-dependent equation for charge density Qy(¢)
typically used in tank filling models [22]

QO = (I1£/ V){1 -exp (t/0)} (5-2.4.4)

where V, = volume (m?) filled at time ¢ (s).

The assumption of constant charge density implies a mixing time that is
small compared with the relaxation time. In reality the inlet jet always con-
tains a greater charge density than the surrounding liquid in the tank and the
free surface always contains excess charge. Also, charged liquid entering
tanks with large L/D ratios such as tank trucks and rail cars is unlikely to be
well-mixed at the ends. Conditions such as splash filling or partly inserted dip
pipes during overhead loading, and undeflected jet penetration to the surface
during bottom loading, can cause excessive accumulation of charge at the
free surface resulting in elevated surface potentials and possibly ignition.

5-2.4.1. Hyperbolic Relaxation

If all liquids lost charge according to the Ohmic equations in 5-2.4, those with
very low conductivities would have relaxation times of hours. However in
the 1960s, Bustin showed that nonviscous petroleum distillates with conduc-
tivities less than about 2 pS/m relax charge much faster than predicted using
the Ohmic equations [24]. Later analysis of Bustin’s model showed that the
time taken for high charge densities (100-5000 xC/m?) to decrease to safe
values (<20-30 ©C/m?) is roughly independent of initial charge density [9].
The charge dissipation time is approximately 90 s for oils with dielectric con-
stant of 2 and 180 s for chemicals with a dielectric constant of 4 (A-5-2.4.1).
Where liquid conductivities are less than about 2 pS/m, filters should ideally
be placed at least 100 s residence time upstream (5-2.4.2). In Appendix B,
any nonconductive liquid whose typical conductivity is less than 2 pS/m is
assigned a nominal 100 s dissipation time rather than a relaxation time. For
short filling times, such as drumming, this behavior is comparable to a that of
an Ohmic liquid whose conductivity is 0.5 pS/m [8].

The hyperbolic relaxation equation (A-5-2.4.1a) contains charge carrier
mobility as a variable, which should be sensitive to oil viscosity. This is found
to be the case for some viscous nonconductive liquids. These have much
slower rates of charge dissipation equivalent to an Ohmic liquid whose con-
ductivity is 0.02 pS/m (5-2.5.4).
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There are no available data to establish whether nonconductive, low vis-
cosity chemical products such as ethyl ether similarly display hyperbolic
relaxation below about 2 pS/m, or even whether this phenomenon is a prac-
tical reality for such liquids. Should Ohmic relaxation behavior continue to
much less than 0.5 pS/m the risk of static accumulation would be enhanced
compared with petroleum distillates.

5-2.4.2. Residence Time Requirements

With reference to Figure 5-3.5, a relaxation volume should be provided
between a charge generator such as a microfilter and a tank so that the resi-
dence time is sufficient for charge to relax to safe levels. As discussed in 5-3.5
and A-5-2.4.1, the residence time for nonconductive liquids that relax charge
Ohmically should normally be three relaxation times or a default value of
30 s. This criterion is often applied to all nonconductive liquids. In principle
however, liquids with conductivities less than 2 pS/m that relax charge
hyperbolically require about 100 seconds of residence time to achieve an
equivalent reduction in charge density. Where practical, 100 s of residence
time should therefore be provided for liquids whose conductivity is typically
less than 2 pS/m. An exception is viscous nonconductive liquids, whose
required residence time may be impractically long (5-2.5.4). Unless antista-
tic additives (5-2.6) can be used, inerting may be necessary if flammable
atmospheres are present, for example, if switch loading is carried out.

5-2.5. Classification of Liquids based on Conductivity

The conductivities of flammable and combustible liquids vary from about
10 pS/m to 10" pS/m, that is, by about 14 orders of magnitude. Dielectric
constants usually vary over 1-2 orders of magnitude in the range 2-40; the
higher values are generally exhibited by polar molecules which also have
higher conductivities. Since relaxation behavior is primarily governed by
conductivity this property can be used to assign any of three group classifica-
tions conductive, semiconductive, and nonconductive. These are useful in
classifying the static dissipative characteristics of liquids for different charg-
ing situations. While the rate of charge relaxation generally increases with
increased conductivity, the rate of charge generation such as during flow
through pipes and filters often maximizes at the low end of the semi-
conductive range (about 100 pS/m).

Since conductivity is highly sensitive to sample purity and temperature,
group demarcations can be given only to within an order of magnitude. It
should always be considered that conductivity under practical conditions



102 5. FLAMMABLE LIQUIDS, VAPORS, AND GASES

might be less than measured in the laboratory. Appendix B contains a listing
of conductivities and relaxation times for different liquids. ASTM test meth-
ods are discussed in 3-5.5.

5-2.5.1. Conductive Liquids

Liquids having conductivities greater than 10* pS/m, such as acetone, are
considered conductive. Their relaxation times are typically less than about
1 ms and for this reason they tend not to accumulate charge except where
handling conditions isolate them from ground. These conditions include
complete isolation in the form of a droplet suspension in air, partial isolation
by suspension in another liquid, and containment in plastic or other highly
resistive container. A separated, nonconductive second phase in the form of
a froth (5-1.3.1) or skim layer (5-4.1.5) may isolate supported patches of
charged liquid. Conductive liquids are most prone to induction charging by
plastic containers and are sufficiently conductive to lose much of the
induced charge in the form of a spark.

5-2.5.2. Semiconductive Liquids

Liquids having conductivities between 10* pS/m and 10* pS/m such as butyl
acetate are considered semiconductive. Their relaxation times are usually in
the range 2-500 ms. For this reason they tend not to accumulate charge
except where charging rates are high and/or grounding is impeded, such as
flow through rubber hose or end-of-line polishing filters, or where they are
effectively isolated from ground (5-2.5.1), or where they are partially isolated
by an underlying froth layer (5-1.3.1). Spark discharges may be possible from
the more conductive of these liquids.

5-2.5.3. Nonconductive Liquids

Liquids having conductivities less than 10? pS/m such as purified toluene,
diethyl ether and most low-sulfur diesel oils are nonconductive. Their relax-
ation times are generally above 180 ms and often greater than 1 s. Their dielec-
tric constants are typically 2-6 and they are highly susceptible to conductivity
variation due to trace contamination. In many cases, nonconductive liquids
have negligible intrinsic conductivity and conduction is due principally to con-
taminants. For example, although commercial n-heptane typically has a con-
ductivity of about 1 pS/m or more, after passing the liquid through silica gel to
remove impurities its measured conductivity is less than 0.03 pS/m. This
behavior is used to establish zero for conductivity testing according to ASTM D
3114. It follows that the conductivity of such liquids is extrinsic and may be
drastically reduced by processes such as distillation. Nonconductive liquids
are most prone to accumulate static and in some cases may generate haz-
ardous potentials in grounded metallic containers.
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For many years the petroleum industry has defined nonconductive liquids
as having conductivities less than 50 pS/m. A higher value of 100 pS/m is used
here to address the higher dielectric constants of certain flammable chemi-
cals in relation to petroleum products. For example the dielectric constant of
ethyl ether is 4.6 versus 2.3 for benzene; from Eq. (2-3.2), ethyl ether therefore
has the same relaxation time at a conductivity of 100 pS/m as benzene at a
conductivity of 50 pS/m. It is the relaxation time, not the conductivity alone,
that determines the rate of loss of charge; hence the same logic that makes 50
pS/m appropriate for identifying nonconductive hydrocarbons makes 100
pS/m appropriate for identifying nonconductive chemical products.

Corona and brush discharges are observed from charged nonconduc-
tive liquids rather than sparks. Since only partial discharge is possible, induc-
tion charging from charged plastic containers is not a significant hazard.
Relaxation (or dissipation) times are typically less than 100 s although cer-
tain viscous nonconductive liquids with viscosity above 30-100 ¢S may dis-
play longer relaxation times of the order 1000 s (5-2.5.4). In Appendix B, low
viscosity liquids with very low conductivity are considered to display a
nonohmic dissipation time of 100 s. This is to address the observation that as
conductivity is reduced to less than about 2 pS/m, the rate of charge relax-
ation is governed by a hyperbolic rather than Ohmic law (5-2.4.1). Slow set-
tling of suspended material in tanks may increase the effective relaxation
time by generating a settling potential (5-4.1.2).

5-2.5.4. Viscous Nonconductive Liquids

Some liquids having a kinematic viscosity above 30-100 cS can have very
slow rates of charge dissipation, equivalent to a conductivity of about 0.02
pS/m and a relaxation time of about 1000 s. Up to 5000 s may be needed to
dissipate charge. Filtration charging both in microfilters and strainers is typi-
cally greater than for nonviscous liquids. For viscous oils through 10-um fil-
ters, charge densities up to 5000 ©C/m? are common while values this high
are uncommon for nonviscous oils, even in finer filters. Unusually large con-
centrations of antistatic additive may be required to render the liquids semi-
conductive. Since safe charge dissipation times may be several thousand
seconds, it might be impractical to provide adequate residence time and
inerting should be considered where flammable vapor is present. Fuel oils,
crude oils and lubricating oils containing detergent additives typically have
high conductivities and do not pose this hazard. Conversely, base lubricating
oils, turbine fuels and transformer oils not containing additives can have vis-
cosities upward of about 100 ¢S and conductivities of the order 0.02 pS/m
[189]. Viscous silicon-based oils might have similar properties.
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On February 11, 1999 a 375-m?® atmospheric tank was filled with luboil
product from a barge. The viscous product (3000 cS at 20°C) had a flash
point of 194°C and was trace heated to 90°C to facilitate handling. Follow-
ing transfer, the line was blown down using compressed air at which point
ignition occurred and the tank roof was blown off, landing on the ground
beside the tank. There were no injuries or spills and the fire rapidly extin-
guished itself. It was found that the oil contained an unexpected 0.3 wt%
hexane impurity which boiled off and formed a flammable mixture in the
tank head space. It is predictable that static was generated during high
velocity two-phase flow in the pipe. However, as air bubbles subsequently
rose through liquid in the large tank, they might have convected significant
charge to the surface via shear of the electrical double layer formed at the
air-liquid interface. The charge separation effect of rising air bubbles
should be analogous to that of settling water droplets, which produce a
settling potential (5-4.1.2). Both phenomena may lead to charge separation
in large tanks containing nonconductive liquids. Ignition presumably fol-
lowed the generation of large potentials at the liquid surface, causing
either a surface streamer to the wall (2-6.6) or a positive brush discharge
to a grounded projection (2-6.2). Although hexane vapor ignition caused
this incident, an aerated froth might in principle ignite irrespective of flash
point (5-1.3.1). The incident demonstrates the general hazard of blowing
down lines with air, plus the increased potential for static accumulation in
viscous nonconductive liquids.

5-2.5.5. Changes in Conductivity Caused by Freezing

Liquids may undergo a sudden and dramatic decrease in conductivity at
their freezing points. This might cause unexpected static hazards. For exam-
ple, the conductivity of biphenyl decreases about 4 orders of magnitude
between the liquid phase (above 69°C) and solid phase (Appendix B). A
static ignition occurred when biphenyl at 120°C was loaded into a tank con-
taining a thick layer of solid biphenyl from previous operation [13]. Hot
biphenyl is normally sufficiently conductive to rapidly dissipate charge when
loaded into a grounded metal tank, but owing to the presence of the thick,
insulating layer of solid biphenyl, charge was able to accumulate and a static
discharge occurred from the liquid surface to the filling pipe.

5-2.6. Antistatic Additives

The conductivity of nonconductive liquids can be increased by adding
part-per-million (ppm) quantities of commercial antistatic additives or per-
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centage quantities of a suitable conductive liquid (5-4.5.2). Commercial anti-
static additives were formerly used mostly in aviation fuels but are now being
increasingly used for other distillate fuels such as gasoline, owing to such factors
as fuel injection and clean air regulations. To reduce emissions, the Reid vapor
pressures of gasoline blends are trending downward and the risk of develop-
ing flammable mixtures in tanks is trending upward. Complex formulations
were originally developed by Shell in the late 1950s. These took advantage of
synergistic effects between various additive components [55]. Shell’s addi-
tive ASA-3 has been described as “chromium salts of mono-dialkyl salicylic
acids and calcium aerosol didecyl sulphosuccinate bound in a co-polymer
of lauryl and stearyl methacrylate and methyl vinyl pyridine.” Disadvantages
of antistatic additives containing heavy metals include toxicity and degrada-
tion of performance with time. Metal-free formulations replaced ASA-3 in the
1990s when EPA fuel additive mandates essentially restricted the constitu-
ents to compounds of C,H,O,N and S. Apart from additives used primarily for
benefits other than conductivity enhancement, the only important antistatic
additives are Octel’s Stadis 425 and 450 (sulphonic polymer mixes) and
Baker-Petrolite’s Tolad 3512 (acrylate copolymer mix). It must be ensured
that commercial antistatic additives are present at the required concentra-
tion in target locations such as tanks and are not remmoved by water layers or
equipment such as clay filters.

Commercial antistatic additives are increasingly being used in a wide
variety of chemical operations, the primary use currently being for
nonconductive aromatic solvents such as toluene and xylene. Such solvents
may alternatively be rendered conductive by the addition of a large concen-
tration of conductive liquid, usually described by the paint and coatings
industry as an oxygenated solvent. This practice is common in liquid—solid
mixers (5-4.5.2). Addition of conductive liquid is dependent upon process
constraints and chemical compatibility since the required concentration of
conductive liquid, such as an alcohol or ketone, may be of the order 20 vol%.
Also, the resulting mixture must be evaluated for changes in flammability
characteristics. It should be noted that 1-5 ppm of commercial antistatic
additive might be as effective as 10-20% of conductive liquid additive. If the
primary solvent has a flash point above the process operating temperature,
the addition of a low flash point conductive liquid such as MEK will greatly
increase the flammability hazard. In such cases the operation might be
made inherently safer by using a commercial antistatic additive. It is neces-
sary to thoroughly evaluate the application to ensure that conductivity
remains adequately high during the operation and that there is no impact on
product quality.
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5-2.7. Bonding and Grounding

See Sections 4-1.3 (general), 5-3.1 (pipe), and 5-3.3.1 (hose), which also
address special grounding cases such as swivel joints.

5-3. Flow in Pipe, Hose, and Tubing

5-3.1. Metallic Piping Systems

All-metallic piping systems present minimal static hazards since there
should be no impediment to bonding and grounding. All parts of continuous
all-metallic piping systems should have a resistance to ground of no greater
than 10° Q and in practice a resistance of 10 Q might be adopted as the maxi-
mum expected value. Higher resistances might indicate poor electrical con-
tact although this will depend on the overall system and the expected value
(<10% Q) should be established following installation. For bolted, flanged
pipe neither paint on the flange faces nor thin plastic coatings used on nuts
and bolts normally prevents bonding across the flanged coupling after
proper torque has been applied. Jumper cables and star washers are not
usually needed at flanges; plant operators have reported that star washers
can interfere with application of proper torque. In addition to nonconductive
items, connections in metallic pipelines such as grooved-and-shouldered
joints and swivel joints may however need jumper cables to provide electri-
cal continuity. When painted, slip flanges (lap joints) using nonconductive
gaskets may also cause loss of continuity (Figure 6-3.2). This can be reme-
died using a conductive gasket, such as a flexible, graphite filled, spiral
wound type, or a jumper cable across the joint. It should be ensured that
bonding efforts do not compromise deliberately isolated sections of pipe
such as where insulating flanges are used to avoid stray current arcs or
where cathodic protection systems are employed (4-1.6).

5-3.1.1. Charge Generation in Pipe and Hose

The rate of charge generation in long, conductive pipe and hose is eventually
balanced by the rate of charge dissipation back to ground via the wall. This
results in a steady-state charging current or streaming current which in a
given system varies with the liquid involved and increases with flow velocity.
Charging currents generally increase with flow velocity, pipe diameter and
surface roughness. Turbulence promoters such as elbows, tees, valves, and
orifice plates create a transient increase in charging current which subse-
quently decays toward the steady-state value (5-3.7). Charging currents are



5. FLAMMABLE LIQUIDS, VAPORS, AND GASES 107

greatly increased by any second phase that increases the interfacial surface
area at which charging occurs. Examples include microfilters (5-3.5), fine
strainers (5-3.5.1), suspended immiscible liquids and solids (5-3.6), and gas
bubbles (5-1.3.1). In industrial situations, charging currents generally vary in
the range 0.01-100 A, the high value representing extreme cases such as
microfiltration and the low value to slow flow in pipe. A typical value for pipe
flow during tank truck loading is of the order 1 uA (Figure 5-3.1.1).

Various theoretical and empirical models have been derived expressing
either charge density or charging current in terms of flow characteristics
such as pipe diameter d (m) and flow velocity v (m/s). Liquid dielectric and
physical properties appear in more complex models. The application of the-
oretical models is often limited by the nonavailability or inaccuracy of
parameters needed to solve the equations. Empirical models are adequate
in most cases. For turbulent flow of nonconductive liquid through a given
pipe under conditions where the residence time is long compared with the
relaxation time, it is found that the volumetric charge density Qy, attains a
steady-state value which is directly proportional to flow velocity

Q,=av (5-3.1.1a)

Where this equation is applied to different nonconductive liquids in dif-
ferent pipes, the polarity of the generated charge may change unpredictably
and the proportionality constant & may vary over about an order of magni-
tude depending on conditions. The charging current /- is the product of
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FIGURE 5-3.1.1 Predicted charging current for long pipe flow [Eq. (5-3.1.3)].
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charge density (Q,) and volume flow rate (vzd%/4). If we assume that «
might be a function of pipe diameter

I, = pv'd (5-3.1.1b)

where $, x, and y are constants.

Various proposed values for the constants can be found in the literature
[8]. Despite double-layer model predictions [148,149] that exponents x and y
are both unity, and a dimensional analysis model [204] giving x as 1.88 and y
as 0.88, test work on a practical scale [202,203] has indicated that both expo-
nents are approximately equal to 2. This implies that « is roughly independ-
ent of pipe diameter and that the ratio ¢/ = 4/7 = 1.

The charging current /- is therefore roughly proportional to the square of
(vd), the velocity-diameter product. An important outcome is that the veloc-
ity—diameter product can be used to characterize charging current in pipe
flow and as a basis for setting flow limits when filling tanks (5-4).

For Qyin C/m?, constant « has been reported in the range (4.77-31.8) x
10 Csm™. For I in Amperes, constant $ has been reported in the range
(3.75 = 25) x 10° Csm™; this follows directly from the relation a/f = 4/m.
The low values corresponded to turbulent flow through long, smooth pipe
while the high values corresponded to turbulent flow through spiral-wound
composite hose [8]. An order of magnitude value for both ¢ and § is there-
fore 1 x 10 Csm™. As shown in [55], whatever assumptions are made
concerning the charging current at the pipe wall, steady-state in turbulent
flow is exponentially approached according to the modifying term
{1 - exp[-t/r]}, where the residence time ¢ can be written as the length-
to-velocity ratio L/v. This is reflected in Egs. (5-3.1.2) and (5-3.1.3).

Assuming that the x and y exponents in Eq. (5-3.1.1.b) are indeed 2, it fol-
lows that to within a factor of about +3 the charge density and charging cur-
rent in pipe exponentially approach their long pipe values according to

Q, (uC/m?) = 100{1 - exp[-L/(vr)]} (5-3.1.2)

I (uA) = 10 (vd)* {1~ exp[-L/(vr)]} (5-3.1.3)

where velocity v is given in m/s and the pipe inside diameter d and length L
are given in meters. “Long” pipe has a liquid residence time (L/v) that is large
compared with liquid relaxation time (z), so that the exponential correction
term is small compared with other errors and can be neglected. Figure
5-3.1.1 shows predicted “long” pipe charging currents for a series of pipe
diameters, conveniently expressed in inches.

As discussed in 5-4.2 and 5-4.3, three different maximum velocity—diam-
eter (vd) products can be found in current recommended practices. Values
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of 0.38 (this book) and 0.50 m?%s (API 2003) have been recommended for
road tanker filling. Values of 0.50 (this book) and 0.80 m?/s (API 2003) have
been recommended for rail car filling. From Eq. (5-3.1.3) these vd products
(0.38, 0.50, and 0.80 m?/s) yield predicted “long” pipe charging currents of
1.4, 2.5, and 6.4 uA, respectively. The charging current approximately dou-
bles between these pairs of vd products. The significance of this with respect
to faster loading times versus risk tolerance is discussed in 5-4.

An important practical question is, “what is the representative pipe
diameter in loading circuits comprising different sizes of pipe?” This has a
large effect on the values calculated for velocity and velocity-diameter prod-
uct. As an example, static ignition of ester mist in a rail car (5-1.3.1) involved
1450 gpm through a 6-in. pipe (v = 5m/s andvd = 0.76 m?/s) followed by a
short 4-in. dip pipe assembly (v =11 m/s and vd = 1.15 m%s). Were
nonconductive liquid flow rate restrictions applied to the semiconductive
ester (time constant ~0.01 s) involved in this fire, the flow rate based on the
4-in. pipe would be unacceptably large based either on a 7 m/s maximum
velocity or a 0.80 m%/s maximum vd product. However, based on the 6-in.
pipe upstream the flow velocity is less than 7 m/s and also meets API's
vd < 0.80 m?/s criterion.

The velocity—diameter product should usually be assessed for the pipe
entering or terminating at the tank, neglecting restrictions such as tees or
cruciform outlets on dip pipes. However, in top loading the pipe is often
necked down at the rack to accept a smaller diameter hose followed by the
dip pipe. The total length of smaller diameter hose plus pipe is only a few
meters, which for liquids having time constants of several seconds does not
constitute “long” pipe using Eq. (5-3.1.3). BS 5958 [2] assumes that only
nonconductive liquids having time constants of about 1 s or more can accu-
mulate hazardous charge densities in road and rail tankers. It therefore
allows vd to be assessed on the basis of larger diameter upstream pipe in
cases where the pipe entering the tank is relatively short and presumably
unable to generate its correspondingly greater “long” pipe charging current.
BS 5958 allows credit to be taken provided the smaller pipe is less than 10 m
long and only one pipe size smaller than the larger pipe upstream (diameter
not less than 67% that of the larger pipe).

In reality the charging current increases in the smaller diameter dip pipe.
Also, small diameter spiral-wound hose can in some cases greatly increase
charging current. This effect is presumed due to increased turbulence at the
inner wall [8]. For overhead filling of road and rail tankers the maximum vd
products recommended in this book are respectively 0.38 m?%s and 0.50
m?/s, which are smaller than the maximum recommended values given in
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AP1 2003 and BS 5958. This took into account the possibility that credit might
be taken for larger upstream pipe as described in BS 5958 and that opera-
tional errors such as partial dip pipe insertion might occur.

5-3.1.2. Pro-Static Agents

This concept was introduced to help explain the unexpected occurrence of
“static” fires and explosions during fuel loading operations where there had
been no apparent change in procedure. Should pro-static agents exist, their
principal characteristic would be to increase the charging tendency without
significantly increasing the conductivity. The charging current as governed,
for example, by constant § in Eq. (5-3.1.1b), would be significantly increased
while the rate of charge dissipation in a downstream tank, governed by con-
ductivity, would remain unaffected. Hence, the rate of charge accumulation
and magnitude of surface potential in the tank would increase. An unrecog-
nized and equally important effect of a pro-static agent is to promote nega-
tive as opposed to positive charging. Brush discharges are only likely to
cause ignition if they originate from negatively charged liquid surfaces
(2-6.2).

The charge transfer mechanism in hydrocarbon fuels may be affected
by a wide variety of additives and contaminants (2-3.1). An investigation con-
cluded that certain fuel additives (corrosion inhibitors, thermal stability and
antioxidant additives) can exert a pro-static charging effect [151]. The fuel
components most electrostatically active were sodium sulfonates, particu-
larly those derived from petroleum. The activity was highly dependent on
chemical structure although there was a trend for the highest activity to
occur at the lowest molecular weight in a given homologous series. With
respect to the sulfonate observations, low-sulfur fuels are usually electro-
statically active; it appears that the removal of electrostatically active species
is more than compensated for by the accompanying conductivity reduction.

Suspended water is known to greatly increase charging as discussed in
5-3.6 and 5-3.7. However, it has been shown that dissolved water can be a
highly effective pro-static agent [151]. Under some test conditions, involving
filtration charging, the charging tendency due to dissolved water increased
by about one order of magnitude while the fuel conductivity actually
decreased. In general, dissolved water had a variable effect on conductivity
of different hydrocarbons; the conductivity could increase, decrease or
remain about the same. Since water did not increase the charging tendency
of silica-gel treated n-heptane it was concluded that water is not a pro-static
agent per se but instead interacts with some minor constituent in the fuel
that is removable by silica gel. The effect of additives on conductivity may be
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synergistic (5-2.6) and it appears that synergy might also exist between
pro-static agents, for example between a minor constituent and water. The
possible effects of pro-static agents should be considered if velocity—
diameter products greater than the recommended values (5-4) are used.

5-3.2. Nonconductive Pipe and Linings

Nonconductive plastic surfaces affect the rates of both generation and loss
of charge during flow through pipe. Although the charging current in plastic
pipe has been found to decrease with increased flow time it should be
assumed that the charging rate is similar to that in metal pipe. Also, if the
liquid is not conductive the pipe walls may become strongly charged. For
nonconductive and some semiconductive liquids, insulation by the pipe
wall can result in charge accumulation which may eventually lead to electri-
cal breakdown and “pinhole” punctures either of the plastic lining or (for
all-plastic pipe) the entire wall thickness. This has created problems in flam-
mable liquid (such as xylene) and nonflammable liquid (such as silicon
tetrachloride) service. For all-plastic above-ground pipe, external electric
fields created by the accumulated charge may also cause static discharges
from the external wall to neighboring conductive objects. These effects are
generally not observed for conductive liquids (« > 10* pS/m). During drain-
ing of lined pipe, nonconductive liquids might give rise to internal dis-
charges, for example at metal connections, if the lining has accumulated a
large surface charge density. Such discharges might ignite flammable mix-
tures inside the pipe. The hazard may be mitigated by using a
semiconductive lining, blowing down the line with nitrogen, or providing a
wait time for excessive charge to relax from the lining. The wait time recom-
mended in section 19.8.3 of Part 2 of BS 5958 [2] is the shorter of the two
times

a. t; = 3 relaxation times of the pipe lining material = (3pg, ¢;) where p
= volume resistivity of lining material in Q-m and ¢, = dielectric con-
stant of lining material. Note that dielectric constant is dimensionless
and does not have units of Q-m as given in the 1991 edition of BS 5958.

b. t; = [L2%, ¢,/ (drx)] where L = distance between grounded points
in contact with the liquid at ends of lined pipe section (m),d = lining
thickness (m),r = pipe radius (m) and x = liquid conductivity (S/m).
Note that the 1991 edition of BS 5958 incorrectly expresses the units of
liquid conductivity in pS/m. The equation as given in BS 5958 there-
fore yields results that are one trillion (10'2) times too small.
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Both of these wait times can be impractically long. Using (a) the wait
time is 2.2 hrs for a lining having a resistivity of 10'* Q-m and dielectric con-
stant of 3. Using the corrected equation (b), a 2-mm-thick lining of the same
material in a 10-cm-radius pipe, 10 m between grounded points, being
drained of toluene having a conductivity of 1 pS/m, has an impractical wait
time of 154 days. The wait time given by (b) only achieves reasonable values
for conductive liquids, in which case there should be no static accumulation
problem in the first place. BS 5958 provides no rationale or literature refer-
ence for equation (b), which is evidently useless with or without correction.

Pipe with high resistivity lining that contains semiconductive or
nonconductive flammable liquids should be blown down with nitrogen
rather than air. To avoid pinhole damage, the flow rate during blow-down
should be no higher than normal liquid flow rate. Also, the possible hazards
created in downstream tanks by charged, two-phase flow should be consid-
ered (5-2.5.4).

5-3.2.1. All-Plastic Pipe

Owing to symmetry about the axis, a long plastic pipe whose walls are uni-
formly charged contains zero internal field, because the field contributions
from diametrically opposite charges exactly cancel one another. Internal
fields only exist where the field symmetry is perturbed near the pipe ends, or
by conductive or charged objects external to the pipe. When a plastic pipe
contains charged liquids or powders an internal field will be created, but in
most cases the internal field is small owing to the small pipe diameter. Plas-
tic pipes may create large external fields due to either internal or external
charges. Because the internal field is small, very large internal charge densi-
ties can be accumulated without breakdown taking place; because the field
is exerted radially through the pipe wall, electrical breakdown can only
occur through the pipe wall itself. Since breakdown voltages can exceed
100 kV for a few millimeters of plastic, very large energies can be stored in
plastic pipe walls before a breakdown occurs (2-6.5.3). PBDs may be pro-
duced from plastic pipe following internal charging either via flow of powder
or charged liquid (2-6.5.2). Owing to end effects, a certain minimum
length-to-diameter ratio may be required for PBDs to occur and puncturing is
least likely to occur close to the pipe ends (5-3.2.3).

All-plastic nonconductive pipe such as polyolefin is not recommended
for handling nonconductive or semiconductive liquids except where it can
be shown that the advantages outweigh any risks associated with external
static ignition or leakage via pinholes, or where tests have demonstrated that
the phenomena will not occur. Burying an all-plastic pipe prevents external



5. FLAMMABLE LIQUIDS, VAPORS, AND GASES 113

ignition risk in the buried section but will not necessarily rule out leakage
due to pinholes should large charge densities accumulate. PVC and espe-
cially fiber-reinforced polyester (FRP) pipe should be considered separately
from polyolefin pipe owing to the considerably smaller resistivities typical of
these materials. The characteristics of FRP are highly variable and over time
both the resistivity and breakdown voltage typically decline due to the devel-
opment of minute cracks; this behavior is pronounced when FRP is used
outside and subjected to freezing weather.

Plastic-lined metal pipe poses no external ignition hazard and will nor-
mally provide containment in the event of pinhole puncturing of the lining.
However, the tolerability of pinholes in the lining should be considered. For
example, if the liquid is corrosive to the metal pipe, gradual loss of metal via
the pinholes might lead to unacceptable product contamination and
eventual loss of containment. Conversely, minor pinhole damage may be
acceptable if the lining is intended only to minimize product discoloration
caused by rust and scale.

5-3.2.2. Mitigation for Plastic Pipe Hazards
Where nonconductive and semiconductive liquids must be transferred
through plastic piping systems, mitigating strategies include

* Reduce rate of charging such as by decreasing flow velocity.

¢ Eliminate or relocate microfilters farther upstream.

* Reduce wall resistivity, possibly to less than 10® Q-m.

* Increase breakdown voltage of wall by increasing thickness and/or
changing material of construction.

* Incorporate external grounded conductive layer on pipe.

Combinations of these strategies might be considered. For example, in
many cases the presence of an external conductive layer on a plastic pipe
will not by itself eliminate puncturing of the internal plastic wall, and if the
layer does not provide containment it will not prevent external leakage.

5-3.2.3. Plastic Tubing and Small Bore Hose

In 1959 a number of failures occurred in small bore hose used for aircraft
fueling, which developed pinhole leaks caused by electrostatic puncturing.
All of the hose was extruded Teflon tubing with braided stainless steel rein-
forcing wire [164]. Failures were found on operating aircraft and it was
noted that the condition might go unnoticed for extended periods and then
be misdiagnosed. All of the failures occurred in hose more than 18 in. long,
no punctures occurred within 2 in. of the end fittings, times-to-failure varied
from a few minutes to 2000 hours, multiple punctures could occur, and the
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punctures appeared like fractures when viewed under the microscope. It
was estimated that voltages of about 50 kV were responsible for the electri-
cal breakdowns. Following an extensive investigation, conductive Teflon
was developed having the proper quantity and distribution of carbon black
to dissipate the static while not adversely affecting other material properties.
Later work [205] concluded “considering pipes or hoses through which a
highly charged petroleum liquid may flow, an electrical resistance from
each and any portion of the interior surface of the pipe to ground not exceed-
ing about 107 Q is adequate to limit pipe potentials resulting from static elec-
tricity to less than 1000 V.”

Flexible tubing for high pressure service, equipped with stainless steel
overbraid plus tube adapter end connections, is commonly available with a
carbon black-loaded PTFE core tube to dissipate static. Numerous other
designs of conductive and antistatic tubing are available for low pressure
applications. The utility of conductive tubing in preventing fires during trans-
fer of aromatic hydrocarbon liquids is described in [165].

5-3.3. Flexible Hoses

These are available in all-metal, lined metal, reinforced rubber/plastic, or
composite ply types. Nonconductive hoses should not be used in flammable
liquid service or in flammable vapor atmospheres. Also, if used immediately
downstream of filters in nonconductive or semiconductive liquid service,
hoses should be flexible metal, semiconductive or thick-walled conductive
types. In some cases semiconductive linings might be necessary to prevent
charge accumulation and pinhole puncture damage to conductive hoses.
Conductive hoses should be electrically continuous via the embedded metal
bonding element; the latter should be properly bonded to the end connec-
tors and the continuity should be periodically checked. As shown schemati-
cally in Figure 5-3.5, the type of hose can affect static generation and there is
evidence [8] that internal spiral-wound hoses of small diameter (1.5-2.0 in.)
generate more static than smooth bore hoses, presumably due to greater
turbulence at the wall. For vacuum truck operations, see 5-4.6.

5-3.3.1. Bonding and Grounding of Hoses
The resistance to ground from any point along a flexible metal conductive
hose should be 10 Q or less except where insulating flanges are employed to
avoid stray current arcs.

Conductive hoses containing a continuous wire or braid bonding ele-
ment should have a resistance <1kQ per meter of hose length and the resis-
tance to ground from any metal connector should be less than 1 MQ.
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The resistance to ground through semiconductive hoses, whose cur-
rent-limiting design eliminates a low resistance bonding element, and
through insulating flanges, should be between 10° and 10° Q per meter of
hose length (or intermediate range as specified by a manufacturer) based
on measurement between the end connectors; the total resistance to
ground from a metallic hose connector should not exceed 1 MQ.

Aresistance to ground less than 1 MQ2 will prevent static accumulation in
practical cases. However, if periodic testing reveals a significant increase in
the “as installed” value the hose and/or insulating flange should be evalu-
ated for replacement. This is because the increased resistance could indi-
cate corrosion or other damage that could lead to sudden loss of continuity.
Where conductive hoses have double spirals (one for bonding and the other
for mechanical strength) continuity between the end connectors need only
imply continuity of one spiral. A fire was reported during draining of toluene
from a road tanker through such a hose and after the event it was found that
the inner spiral was not only broken but was not designed to be bonded to
the end connectors. Two post-loading toluene fires occurred with a similar
hose as the disconnected hoses were being handled by operators [166]. For
nonconductive liquid handling especially, hoses should be selected with
care. An option is to use a hose with a semiconductive or conductive lining
so that a broken inner spiral cannot become isolated from ground and form
a spark gap, and static rapidly drains from the hose after use. In any case the
inner spiral should be designed so that it is firmly bonded to both end con-
nectors. It is especially important to ensure continuity with end connectors
(or nozzles) where a hose is used in a flammable atmosphere. In general it is
safer to use a properly designed fixed filling system such as a dip pipe
arrangement than to use a hose in tank filling operations.

5-3.3.2. Utility Hoses

These do not normally create a static hazard. However, where used in flam-
mable vapor atmospheres such as inside tanks, these should be conductive
or semiconductive and in particular it should be ensured that metal connec-
tors and nozzles are grounded. See 5-3.3.1 for grounding requirements.
Ungrounded hose connectors on nonconductive hose may become
charged by a variety of mechanisms, such as by inserting a nitrogen hose
into a tank containing charged liquid or mist. Although clean, dry gases do
not generate charge, a nonconductive hose may become highly charged by
the flow of steam. Typically, special conductive hoses are reserved for steam
service.



116 5. FLAMMABLE LIQUIDS, VAPORS, AND GASES
5-3.4. Dip Pipes

See “Splash Filling” in 5-2.3.1. Dip pipes should be metallic, grounded, and
permanently fixed where possible. Explosions have occurred where plastic
dip pipes were used, both during filling and emptying operations. The ves-
sels involved ranged in size from drums [8] to barge tanks [172]. The pur-
pose of the dip pipe is either to load a vessel with minimal disruption of
bottom sediment and mist production associated with splashing, or to
empty a vessel. The dip pipe should extend close to the bottom of the vessel
without touching it, and might be equipped with either a 45 degree cut or a
tee to divert flow horizontally near the base of the vessel being filled. The
design should prevent upward spraying during the initial stages of filling and
this is typically achieved by using a “slow start” such that inlet velocity is held
at less than 1 m/s until the dip pipe outlet is covered by at least 6 in. or two
pipe diameters of liquid, whichever is greater. To prevent siphoning, a dip
pipe may in some cases need to be equipped with an appropriate vacuum
breaker such as breather holes.

5-3.4.1. Thrust Neutralizers

Sideways ejection of liquid at the foot of a dip pipe, via tees or cruciform out-
lets, can be used to reduce upward thrust forces in addition to the benefits
noted in 5-3.4. However, it is important that the dip pipe not be partly inserted
in a tank since this can exacerbate the static hazards. Sideways ejection of
liquid via a right angle turn increases shear forces and static generation rate
(5-1.3.1). If the pipe outlet is not fully submerged this will be accompanied by
splashing and the production of mist or foam, which may result in a flamma-
ble atmosphere even below the flash point of the liquid being loaded. Also,
the blunt end of a partly inserted dip pipe suspended above a charged liquid
surface can be most effective in generating brush discharges.

5-3.5. Filters and Relaxation Tanks

Microfilters have a nominal pore size ranging from less than 1 um up to
150 um. Owing to the high solid-liquid contact area, large charging currents
are generated in nonconductive and many semiconductive liquids. The
charging current increases as pore size decreases and is frequently about 2
orders of magnitude greater than the charging current developed in the pipe
upstream of the microfilter (Figure 5-3.5). Charge densities in nonviscous
oils such as kerosene can attain 2000-3000 «C/m? with little dependence on
flow rate [8], although charging current is at least proportional to flow rate
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FIGURE 5-3.5. Schematic charge density variation in tanker loading circuit. (Adapted from
API RP 2003.)

(A-5-3.5). Exceptionally large charge densities, up to about 5000 xC/m?, may
be generated by viscous nonconductive liquids (5-2.5.4).

To avoid high charging currents entering a receiving tank the filter must
be placed sufficiently far upstream so that the charge decays to the ordinary
value generated by pipe flow alone. Provision of three relaxation times, or a
default 30-100 s, reduces charge by about 95% (5-2.4). Hence where the
liquid conductivity is known, microfilters should be placed a minimum of 3
relaxation times upstream of a receiving vessel. Common industry practice
is to provide 30-100 s residence time in conductive pipe or hose down-
stream of a microfilter in nonconductive liquid service where the conductiv-
ity is undefined. The higher value is theoretically desirable but might be
impractical to achieve simply by flow rate reduction and/or filter relocation.
Where it is not practical to supply three relaxation times or a default 30-100 s
residence time in conductive pipe or hose, a “relaxation tank” may be used.
This comprises a small, unpacked tank or section of large pipe providing
increased residence time, in which the inlet and outlet pipes are oriented to
avoid straight-through flow and the tank is designed to normally operate full
of liquid. Packing the relaxation tank defeats its purpose (2-3). In the case of
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viscous nonconductive liquids, charge relaxation is too slow for these mea-
sures to be effective. Other mitigation such as inerting should be considered
where a flammable atmosphere is present in the receiving tank (5-2.5.4).

Care should be taken when performing maintenance on microfilter ele-
ments wet with flammable liquid since sparks from ungrounded people or
element parts during disassembly or element disposal have led to numerous
fires. Where plastic bags are used for disposal they should be conductive or
antistatic. In cases where spontaneous combustion might occur, for exam-
ple where numerous filter elements containing combustible liquids are col-
lected together, bags should be sealed after first (if compatible) wetting the
contents with water.

5-3.5.1. Strainers

Mesh strainers finer than 100 mesh/inch (<150 um) should be treated as
microfilters. Coarser strainers up to 50 mesh/inch (300 xm) may generate
significant static when fouled with accumulated debris, so should be treated
as microfilters except in cases where fouling is not expected or may be rap-
idly identified by either periodic inspection or monitored pressure drop.
“Clean” strainers should nevertheless be placed as far upstream as practical
for nonconductive liquid service. A theoretical model for the charging pro-
cess in strainers (screens) is given in [119-120]. Viscous nonconductive lig-
uids (5-2.5.4) may produce unusually high charging currents in strainers.

5-3.5.2. End-of-Line “Polishing” Filters

These filters are sometimes used in cases where an upstream filter fails to
provide adequate quality control, typically because of scale in the line
between the filter location and the tank. Often such a filter is installed on the
end of a hose and the filter element might be directly exposed to vapor in the
tank. During cold weather, static discharges were observed on such a filter
during transfer of semiconductive n-butyl acetate having a conductivity of
about 2000 pS/m. Fortunately the liquid was well below its flash point.
Unhoused polishing filters should not be used in flammable liquid service.
For conductive and semiconductive liquids, the provision for three relax-
ation times (5-3.5) is simple to achieve with a grounded metal lance down-
stream of the filter. However, for nonconductive flammable liquid service a
polishing filter should be used only in inerted atmospheres.

5-3.6. Suspended Material

Aeration of liquids not only increases charging due to the large liquid-bubble
interfacial area but can also produce hazardous conditions in downstream
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equipment. Even if a downstream tank is inerted, the incoming aerated
liquid may produce an ignitable froth (5-1.3.1). Immiscible or poorly soluble
liquids may disperse as droplets or as an emulsion. Where a nonconductive
liquid contains a dispersed phase such as water in oil, the continuous phase
determines the charge relaxation behavior while the charging behavior is
related to the electrical double layer formed at the interface between the
two phases. The total interfacial area of the dispersed material can be very
high compared with the boundary contact area where charging would oth-
erwise occur. Hence, charge generation is generally greater for such suspen-
sions than for a single phase liquid. Double layer shear can occur during
flow, pumping, filtration or settling of suspended liquids or solids to the base
of a tank. For water in oil, the effect of the second phase is appreciable
above about 0.5 wt%. Where a dispersed phase is expected, additional pre-
cautions such as the reduction of flow velocity to about 1 m/s, or inerting,
should be considered. Where lines contain low points that might collect
water, the flow velocity should not be maintained at less than 1 m/s for
extended periods. This is because a large concentration of water previously
collected in the low points could be flushed out when the flow rate is
increased. For mixing operations see 5-4.4.

5-3.7. Valves and Other Line Restrictions

Items such as orifice plates, valves, elbows and tees increase turbulence and
may result in increased charge density downstream. Suspended material
such as water (5-3.6) has been found to greatly increase this effect; for exam-
ple 1-5wt% water in toluene produced 580-620 xC/m downstream of a
partly open 4-in. ball valve [20], which was about 20 times the charge density
observed for pure toluene flow under the same conditions. Where a
nonconductive liquid contains upward of 0.1% by volume of free water and
this type of flow restriction exists immediately upstream of a receiving tank,
flow velocity should be restricted to about 1 m/s or less [20]. This compares
with the more general recommendation (5-3.6) to apply this restriction
above 0.5 wt% free water in unrestricted pipe flow. Smaller charge densities
are generally produced during unrestricted, straight pipe flow. Another
reported effect of ball valve electrification is sparking from valve handles
insulated by the packing; special ball valves have been designed which pro-
vide a resistance less than 10 Q between ball, spindle and outer casing [19].
If electrical continuity with the valve body is not found with the handle in all
possible positions, the handle should be separately bonded.
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5-4. Filling Criteria for Tank Operations

Filling criteria for grounded metal tanks are intended to restrict the maxi-
mum liquid surface potential to less than the threshold value at which
incendive brush discharges can occur to a grounded electrode above the
liquid (A-5-4). As a tank is filled with charged liquid the surface potential
increases and usually passes through a maximum value at the center of the
free liquid surface when the tank is 30-50% filled. It is assumed that the
charged liquid in the tank has a small conductivity and is well mixed so that
the charge density is approximately uniform (5-2.4).

The relationship for liquid surface potential ® during tank filling is of the
form [22]

@ = kQ,f (tank dimensions and liquid depth) (5-4.1)

where & is a constant and Q, is the charge density in the tank, given as a
time-dependent variable by

Qy(©) = Uz /V){1- exp(-t/0)} (5-2.4.4)

The liquid surface potential is proportional to the charge density in the
tank (Qy), which in turn is roughly proportional to the charging current (/).
The charging current is roughly proportional to the square of vd , the veloc-
ity—diameter product (5-3.1.1). The maximum liquid surface potential there-
fore varies approximately with the square of the velocity—-diameter product
of the liquid in the filling pipe. A relatively small increase in velocity can
therefore result in a magnified increase in ignition probability as reflected by
an increased surface potential. Neglecting any slow start, if a 7000-gallon
road tanker is filled through 4-in. pipe, a vd of 0.38 m?/s corresponds to a fill-
ing time of about 14.6 min and a vd of 0.50 m%/s corresponds to a filling time
of 11.1 min. In order to save this 3.5 min of filling time, the vd product has
been increased by a factor of 1.32 and the surface potential in the tank has
been increased approximately by the square of this number, or 1.73. This
simplified analysis shows that there can be a large assumption of risk for
only small benefit in reduced filling time.

Since velocity varies with the inverse square of pipe diameter d, an
important consideration is the selection of pipe diameter. For any given
velocity-diameter product, larger pipe diameters allow larger flow rates.
Since occasional static ignitions in road tankers may occur atvd = 0.38 m?/s,
smaller values might be considered for nonconductive liquid transfer
depending on risk tolerance.

Table 5-4 gives solutions for various tank filling criteria discussed in this
chapter in which either a maximum velocity or a maximum velocity—diame-
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TABLE 5-4. Solutions (Gallons per Minute) for Various Tank Filling Criteria

Diameter

(in.) v=1m/s v="T7m/s vd = 0.38 m?/s vd = 0.50 m?/s vd = 0.80 m?/s
1 8 56 (120) (158) (253)

1.5 18 126 (180) (237) (379)

2 32 225 (240) (316) (506)

2.5 50 351 300 (395) (632)

3 72 506 360 474 (758)

4 128 899 480 632 (1011)

6 289 2023 720 948 1517

8 514 3596 961 1264 2022

ter product is specified. The solutions are in US gallons per minute for a
series of pipe diameters in inches. The 7 m/s maximum velocity criterion
takes precedence over velocity—diameter products; the latter are parenthe-
sized where the corresponding velocity exceeds 7 m/s. To avoid this prob-
lem when applying a velocity-diameter product of <0.8 m%s to rail car
filling, API 2003 now tentatively allows flow velocities up to 10 m/s.

An important consideration for safe tank operation is that conductors
capable of acting as electrodes are not suspended above a highly charged
liquid surface, as demonstrated in the 1950s by full-scale tank ignition tests
[55]. Thus, fill pipes should extend close to the floor of the tank so that they
will be submerged before large surface potentials are generated (5-3.4).
Electrically isolated conducting objects associated with floating debris,
gauge tape flotation devices and suspended sampling containers should be
avoided. Slow velocity starts at less than 3 ft/s or 1 m/s are often employed to
reduce charge density until the fill pipe is submerged to a prescribed depth
varying from about 6 in. for fixed tanks and 2 ft. for marine vessel tanks,
allowing for sloshing. Additional benefits of a slow start are reduction of
splashing, with its attendant froth and liquid mist formation, reduction of tur-
bulence, which might create suspensions of water or other heavy material
from the bottom of the tank, and avoidance of excessive charge accumula-
tion at the liquid surface. It is important to note that submergence of the dip
pipe does not by itself rule out incendive brush discharges at high charging
currents. Several studies have demonstrated either large static discharges or
gas ignitions at submerged electrodes and filling pipes [35, 71, 141].
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Another important consideration is the allowance of a “wait time”
before introducing objects that could act as electrodes, such as sample con-
tainers and gauge rods. The maximum liquid surface potential typically
occurs when the tank is 30-50% filled and is proportional to the charge den-
sity in the tank. As flow to the tank is started or stopped the charge density
rapidly rises to a geometry-dependent maximum value or falls to zero, as
governed by the dimensionless group #/7 in Egs. (5-2.4.4) and (2-3.7). As dis-
cussed in [195] the surface potential on a liquid with a conductivity of 15
pS/mrises to its maximum value or falls close to zero in only a few seconds.
An important consequence is that discharged liquid already in the tank does
not safely “dilute” charged liquid flowing to the tank. If flow is restarted after
being stopped, the surface potential quickly regains or exceeds the value
that previously existed. Owing to charge stratification, multistage loading of
road tankers can result in transient surface potentials that are greater than
those produced by continuous filling; anumber of loading fires have
occurred under such conditions[195]. The worst case relaxation time is
in the range 30-100 s (5-2.4.1), so wait times of 5-10 min. are adequate for
relatively small tanks such as road and rail tankers. In the case of large
storage tanks and ships' tanks a 30-min wait time is recommended to allow
for complicating effects such s settling potential (5-4.1.2).

5-4.1. Storage Tanks

The maximum liquid surface potential attained in tanks depends not only
on the liquid charge density, tank volume and filling rate, but also on the
tank dimensions [69,191]. For commercial tanks of equal volume, the
maximum potential is greater in tanks having smaller cross-sectional areas
since liquid depth is built up faster relative to the rate of charge relaxation.
Smaller potentials are therefore generated in a barge tank than in a vertical
cylindrical tank of equal volume. The competitive rates of charge input and
decay vary with tank dimensions and liquid properties while the loading
rates and pipe diameters used in practice also vary with tank volume.
Hence, no single set of filling recommendations, such as a maximum flow
rate for a specified inlet pipe diameter, can efficiently address all sizes and
shapes of tank. The liquid surface potential is proportional to the charge
density in the tank, which under well-stirred conditions varies with time
according to

Q1) = Uz/V,){1 - exp(t/7)} (5-2.4.4)
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Liquid relaxation times are normally less than 30-100 s while tank filling
times generally exceed 1000 s. The exponential term in Eq. (5-2.4.4) is there-
fore negligible by the time most tanks are 30-50% filled. Hence

Q, (0 =11/V, (5-4.1.1)
or
Q, O =1.1/(F) (5-4.1.2)

where F is the volume flow rate and ¢ the time to accumulate volume V..
From Eq. (5-2.2) the charging current /. can be replaced by FQ,,(0) where
Q,(0) is the charge density entering the tank. Hence

Q, /0, (0) =/t (5-4.1.3)

Equation (5-4.1.3) shows that the fraction of the incoming charge density
remaining in the liquid decreases during filling and achieves very small
values where ¢t >> 7, such as in large tanks that are 30-50% filled. This
decreasing charge density offsets the larger potentials attained in larger
tanks due strictly to their greater cross-sectional areas. Another mitigating
factor in large tanks is that the incoming charge density is proportional to
flow velocity [Eq. (5-3.1.2)] and therefore cannot be indefinitely increased;
apart from practical limitations, it has for many years been common practice
to limit flow velocity to less than 7 m/s. Worst case conditions in terms of
tank size and charge density should develop at some intermediate tank
volume; depending on tank shape and other factors this might be in the
range 103-10* gallons.

Large storage tanks usually present less hazard than those of intermedi-
ate size such as road tankers, since it becomes impractical to fill them
sufficiently fast to offset charge relaxation as liquid level builds. Use of
large-diameter pipe tends to offset charging caused by high flow rates (Table
5-4). Itis sufficient to limit flow velocity to less than 7 m/s for tanks exceeding
about 100 m? or 26,000 gallons; a typical volume for a rail car is 23,000
gallons. For large-diameter lines supplying large tanks this velocity is often
limited by the pump capacity. Because pumping rates can be difficult to con-
trol procedurally, avoidance of excessive flow rates might need to be engi-
neered into the system design.

5-4.1.1. Floating Roof Tanks

These tanks are designed to reduce evaporation and vapor emission. Two
distinct designs are those with and those without an additional fixed roof. Of
the former types, known as internal floating roof tanks, various provisions
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may be made for ventilating the space between the floating roof and the
fixed roof. Fires may occur around the rim of a floating roof, and if adequate
ventilation is not provided flammable vapor may accumulate between the
floating roof and a fixed roof. Apart from lightning, static electricity is an issue
only when a grounded, conductive floating roof is not afloat (that is, when
low liquid level results in the roof settling on its supports) or personnel need
to be on the upper side of the roof. When the roof is not afloat, liquids should
be loaded at 1 m/s or less, after which the velocity can be increased to the
normal design rate. Excessive flow rates and conditions such as aeration
may cause a floating roof to tilt or even sink. In such an event, it may be nec-
essary to apply foam to the liquid surface to suppress evaporation and
reduce fire risk. If this is done, the foam should be applied at, and tangential
to, the wall so that it spreads from the grounded wall toward the tank center
without creating isolated patches. Fires have been sparked by isolated
patches of conductive foam due to residual charge in the underlying liquid.
The floating roof engages the tank wall via special “shoes” which in practice
may fail to provide proper grounding. A separate grounding cable is some-
times used to bond the roof internally to its internal supports. When receiv-
ing flammable liquid such as gasoline into an empty internal floating roof
tank it should be assumed that a flammable vapor space may persist below
the fixed roof for 12-18 h after the floating roof has begun to float [156]. The
area on top of the floating roof is considered a confined space and the atmo-
sphere must be tested for flammable vapor prior to and often during any
activity involving personnel on the roof.

5-4.1.2. Settling Potential

Gravitational separation of nonmiscible phases such as oil-water, solid—
liquid or liquid-air mixtures results in charge separation. In the case of solid
particles in liquids the phenomenon is sometimes known as the “Dorn
effect.” The mechanism involves formation of an electrical double layer
around the dispersed particles comprising an inner layer of charge which is
more tightly bound than an outer “diffuse” layer. Movement of the particles
relative to the continuous phase shears the inner from the outer charge
layer, causing a net charge to be carried by the dispersed phase [55,148].
The best known example is transfer of water-oil mixtures into large tanks,
causing the generation of a “settling potential” as the water droplets settle
out. This is an unlikely ignition mechanism for most chemical operations,
especially if measures are taken to avoid suspended material (5-3.6 and
5-3.7). Settling hazards are increased by decreased conductivity of the con-
tinuous phase, increased concentration of suspended material, increased
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density difference between the phases (causing more rapid separation) and
increased tank capacity, at least 100 m? probably being required. The situa-
tion is less severe than in liquid-solid mixers and other equipment that cre-
ates rapid rates of surface shear between the disparate phases (5-4.5). An
analogous effect may occur due to gas bubbles rising in large tanks, for
example if lines are blown down with air (5-2.5.4).

5-4.1.3. Tanks with Nonconductive Linings

For tanks having liquid recirculation see also 5-4.1.4. For reactors and other
vessels see 5-4.4.1. For cleaning operations see 5-6.1.2. In some cases it is
possible to specify a conductive lining material such as an applied coating
(5-4.4.1). The hazard of filling tanks having nonconductive tank linings
depends on various factors including lining thickness and resistivity, tank
volume, liquid conductivity, operation involved and the ignition sensitivity of
the tank atmosphere. Owing to the large number of variables the precise sit-
uation needs to be evaluated.

The simplest and most usual case is where the liquid is sufficiently con-
ductive to have a constant potential. If it is assumed that the tank is
splash-filled with no grounded internals, the incoming charge accumulates
at the wall and generates a potential governed by the capacitance of the
lining. If the lining is a perfect insulator, the equilibrium voltage across it can
readily be found as illustrated for lined drums in 5-8.2. In most cases how-
ever, charge will be lost through the lining according to Ohm'’s law. This can
be analyzed using Eq. (4-1.3) which treats the liquid as a poorly grounded
capacitor, or parallel RC circuit, capable of producing sparks

R <1 (2w/ie)* (4-1.3)
Leakage resistance
R =dp/A (2-3.4)
Tank capacitance
C=Aeeyd (2-3.5)
Hence
R, <I{2Wd/(Ae £ )}*° (5-4.1.4)

As the tank fills the capacitance increases while the leakage resistance
decreases in proportion to the wetted area. The conservative case is to con-
sider only the floor area. Assume that the charging current /- < 10 4A and
that the gas involved is hydrogen, whose LMIE W = 0.016 mJ. For lining
thickness d = 2 mm, dielectric constant ¢, = 4, and floorarea A = 10 m?, the



126 5. FLAMMABLE LIQUIDS, VAPORS, AND GASES

resistance R} should be less than 1.3 MQ. This corresponds to a lining resis-
tivity p less than 6.5 x 10° Q-m, which might for example be achieved with
glass reinforced polyester. Similar calculations for a less sensitive gas such
as methyl butane (W = 0.21 mJ) give respective values of 4.9 MW and
2.4 x 10'° @-m. From Ohm’s law the maximum liquid potential is about 10
volts per megohm of resistance, allowing a roughly tenfold margin of safety
relative to the minimum ignition voltages of high capacitance sparks given in
A-4-1.3. Also, the assumed charging current should be conservative (5-3.1.1).
A conservative guideline is that the floor resistance should be the order 1 MQ
or less corresponding to a resistivity of 10! Q-m or less. Equation (5-4.1.4)
might be used to justify higher values, for example where a much thinner
lining or smaller charging current are involved. If the tank is equipped with a
compatible grounding system such as a grounded plate, the allowable lining
resistance is much greater as described in 5-4.7.

If the liquid is nonconductive and therefore unable to generate sparks
from its surface, the criterion given by Eq. (5-4.1.4) does not apply. Instead
the lining should be selected to introduce negligible additional impediment
to charge dissipation from the liquid, implying a lining time constant (r = &,
£op) equal to or smaller than that of the liquid. Assuming the liquid has a time
constant of 1 s, this criterion suggests that the resistivity of a lining with
dielectric constant of 4 should be less than about 10'° Q-m. No simple model
is available for maximum potential in the tank, since the effect of a lining is
superimposed on an already complex situation for the unlined tank (5-4).
Painted coatings having a resistivity up to at least 10'> Q-m should introduce
negligible additional hazards. Typical thicknesses of such coatings are less
than 7 mils (0.2 mm). Since charge accumulation on the lining is limited by
its breakdown voltage, breakdown should occur at a small fraction of the
>20 KV liquid surface potential at which brush discharges are observed
(A-5-4).

The probability of a PBD on high resistivity linings should be negligible
unless the incoming stream is directed against the tank wall and the lining
meets the criteria given in 2-6.5. However, pinhole puncturing of the lining is
predicted if the voltage across it exceeds its breakdown voltage V,.
Neglecting imperfections in the lining (5-4.4.1), an order-of-magnitude con-
dition for avoiding pinholes is obtained from Ohm’s law plus Eq. (2-3.4)

V, > I.dp/A (5-4.1.5)
or

E >1p/A (5-4.1.6)



5. FLAMMABLE LIQUIDS, VAPORS, AND GASES 127

Some typical values for breakdown strength E, are tabulated in Appen-
dix B. For example, a resistivity of <10'® Q-m might be required to avoid pin-
holes in a lining whose breakdown strength E, = 20 kV/mm, assuming
I- = 10uA and A = 10 m2 Note that this evaluation does not address ignition
hazards.

5-4.1.4. Tanks with Recirculation

Liquid recirculation may produce combinations of adverse hazardous
effects involving the accumulation of both static electricity and desorbed
gases. The former effect is magnified if the tank contains an internal
nonconductive lining or coating. These points are best illustrated by a case
history. On December 4, 1998 in Texas, a dry crude ethylene dichloride
(EDC) buffer tank exploded. The 18-month-old tank was 40 ft. tall by 60 ft.
diameter and contained a 14-mil-thick polymer coating to prevent the corro-
sion that had been experienced in the old tank. EDC flowed from the reactor
into the nitrogen-padded tank at 450 gpm through an uncoated 6 in. dip pipe
terminating about 18 in. from the floor. EDC was pumped out through a side
mounted 6-in. pipe, centered 16 in. above the floor. While flowing from the
reactor to the tank the EDC experienced a drop in pressure from 20 to 0 psig,
causing degassing. Degassing was probably exacerbated by a low (~5%)
liquid level in the tank, causing intermittent splash filling and creating a
vortex at the exposed outlet pipe. Evidently sufficient degassed oxygen accu-
mulated over a period of several days to defeat the nitrogen padding and
produce a flammable atmosphere. Subsequent investigation showed that
oxygen derived from the reactor chlorine feed was unexpectedly soluble
(~40 ppmw) in EDC. Ethylene co-reactant at an estimated 5 ppmw also dis-
solved in the EDC. Hence, ignition might have involved a local accumulation
of degassed ethylene plus oxygen. A primary explosion in the base of the
tank was followed by a secondary explosion as additional air entered the
tank. Since EDC is a semiconductive liquid (~4000 pS/m) the accumulation
of static was related to the combined effects of recirculation, low liquid level
causing splash filling, and a nonconductive coating. The static discharge
most likely occurred from charged liquid in the base of the tank to the end of
the dip pipe. Alternatively a discharge might have occurred to an uncoated
part of the outlet pipe, either from the liquid vortex or from a region of coated
wall that was intermittently washed with charged liquid.

5-4.1.5. “Skim Layer” Hazards

In some cases a conductive liquid contains a small quantity of lighter, immis-
cible nonconductive liquid contaminant. An example is an inorganic acid
containing a small quantity of oil which forms a nonconductive “skim layer”
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after transfer to a tank. To explain fires during the filling of unlined tanks it
was theorized that during splash-filling the skim layer acts as the dielectric in
a capacitor formed between the underlying acid and small, unstable pools of
charged acid floating on the oil layer. The charge density of the acid is magni-
fied if the inlet line is blown down with air at the end of the acid unloading
cycle, as was typical for these operations in the 1950s; this plus a presumably
thicker oil layer and greater vapor concentration may explain the timing of
the ignitions. The proposed ignition mechanism was production of sparks
during the collapse of unstable supported acid pools into the main grounded
body of acid [175]. The source of a flammable atmosphere was typically light
hydrocarbons derived from the oil. Hydrogen generated via acid reactions
might explain ignitions in other cases. To avoid skim layer hazards, bottom
filling should be considered.

5-4.2. Road Tankers

See 5-4. Road tankers have volumes less than 50 m?. A typical volume is 7,000
gallons (26 m?), corresponding to a cylinder roughly 5.4 ft. diameter by 42 ft.
long. Single compartment tanks have a typical L/D ratio of about 7.8,
although multicompartmented tanks have much smaller individual L/D ratios.
More than 60 static ignition incidents were cited in a 1967 API survey, of which
roughly 90% involved a static discharge within the truck compartment as a
result of charge carried by the oil during loading [108]. An extensive theoreti-
cal evaluation of road tanker electrostatic hazards is given in [190-194]. The
analysis is based on a model that assumes that liquids are sufficiently
well-stirred to give uniform bulk charge density inside the tank and that a sur-
face potential of at least 60 kV is needed for ignition in the presence of an ideal
electrode (see A-5-4). Brush discharges are produced above 20-25 kV. Unless
such discharges are seen as a tolerable risk the charge density thresholds
should be 2-3 times smaller than those adopted in the analysis.

The tanker should be inspected for ungrounded components or foreign
objects, and bonding components such as clips should be periodically
examined. Bonding and grounding should be in place prior to starting opera-
tions; for example bonding of a dip pipe to the tank shell should be done
before inserting the dip pipe in the tank. The use of alarmed or interlocked
ground indicators can be used to ensure bonding is in place. Hatches should
be closed on tank compartments except those that need to be open, and
operators should be kept off trucks during loading [108]. However, even
with proper bonding and grounding in place, excessive charge densities
entering the truck may cause brush discharges from the liquid surface.
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Microfilters should be grounded and placed a minimum distance
upstream corresponding to three relaxation times of the liquid at maximum
loading rate (Figure 5-3.5). This typically requires at least 30 s residence time
in the line between filter and tanker for nonconductive liquids although the
required residence time is negligible for conductive liquids in conductive
pipe or hose. For semiconductive liquids having conductivities in the range
1000-5000 pS/m, static problems have been experienced in cases where
nonconductive hoses or end-of-line polishing filters have been used
(5-3.5.2); such problems are easily corrected since only about 0.3 s resi-
dence time in conductive pipe or hose is required to provide three relaxation
times. For semiconductive liquids of lower conductivity (100-1000 pS/m) the
required residence time for filter placement may need to be increased to 3 s.
Avoidance of excessive flow rates should be ensured either procedurally or,
preferably, by system design. For two-phase systems such as a hydrocarbon
containing undissolved water see 5-3.6.

For road tankers with nonconductive coatings or linings the possibility of
static accumulation on the inner surface causing pinhole damage or even a
PBD should be considered (2-6.5, 5-4.1.3, and 5-4.4.1). However, no case his-
tory of a PBD is available for lined liquid tanks.

a. Top Filling. Splash filling with attendant production of charged mist
and foam should be avoided using a dip pipe (5-3.4). To minimize
splashing a slow start (less than 1 m/s) should be employed for
nonconductive liquids until the fill pipe outlet is covered to a depth of
either two pipe diameters or 6 in. of liquid, whichever is larger. A slow
start should be considered for semiconductive liquids where partial
insertion of the fill pipe cannot be ruled out, especially where a tee or
thrust neutralizer is used (5-3.4.1). Transition from slow start to
normal pumping rate might be achieved automatically using a spe-
cial loading regulator tip, which shifts rate when submerged to a pre-
scribed depth. The product of flow velocity and inside diameter of the
filling pipe may then be increased to vd =< 0.38 m%/s for pure liquids
such as toluene, whose vapor will normally be in the flammable
range throughout filling. Equation (5-3.1.3) predicts that within a
factor of about +3, a vd product of 0.38 m?%/s yields a charging current
of 1.4 uA in long pipe. This same velocity—diameter product should be
used for switch loading operations except where the liquid being
loaded has an unusually large relaxation time such as some viscous
nonconductive liquids (5-2.5.4). Unless antistatic additives can be
used to decrease the relaxation times of these liquids, switch loading
should be done only under inerted conditions. In no case should the
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flow velocity exceed 23 ft./s (7 m/s). A wait period of at least 5 min
should be observed before removing the dip pipe and no sampling or
gauging should be performed for at least 10 min after cessation of
flow. However, sampling via a sample well or “gauge well” can be
done at any time.

Note 1. When loading volatile products such as gasoline, whose
vapor concentration can be shown to rapidly exceed the upper flam-
mable limit during tank filling, the velocity—-diameter product may be
increased to 0.50 m?/s- This is consistent with API RP2003 [3]. Simi-
larly, shorter wait periods of 1-2 min can be used.

Note 2. A fixed dip pipe avoids possible hazards of partial dip
pipe insertion (5-1.3.1).

Note 3. Concerning the adequacy of recommended vd products,
there have been no realistic studies using pure liquids at tempera-
tures producing their most easily ignitable vapor concentrations, for
example toluene at 26°C (5-1.4.1). As discussed in 5-4 and elsewhere,
recommended tank filling criteria combine theoretical modeling
with limited experimental studies, augmented by loss statistics avail-
able to those formulating the criteria. Static discharges are most likely
to occur when tanks are 30-50% full, at which point vapor from
petroleum distillates such as gasoline will normally be too rich to burn.
When considering the statistics of tank truck fires, pure liquids should
always be considered separately because switch loading is always less
hazardous than loading a pure liquid at a temperature corresponding
to the most easily ignitable vapor concentration (5-1.4.3).

. Bottom Connection Filling. The bottom loading inlet “footvalve”

should be designed with appropriate deflectors such as caps to direct
incoming liquid sideways toward the tank walls rather than upward,
which will create spraying and mist production. The practical effect
of an upward-directed jet may be to increase the charge density at
the liquid surface by directing unrelaxed liquid there and possibly
encouraging static discharges. The recommended maximum veloc-
ity—diameter product is 0.38 m%/s and, owing to the absence of the
grounded dip pipe, the value adopted should theoretically be about
25% smaller than would be used for top filling the same container
through a centrally located dip pipe.

. Combustible Liquids. Bonding and grounding should be considered

for Class I and Class IlI liquids loaded at racks even where no Class |
flammable liquids are handled. If switch loading (5-1.4.3) is a possi-
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bility the vapor space of a tanker and connected tank may be flamma-
ble even if the liquid transferred has a high flash point. Also, unless
measures are taken to prevent splashing and attendant production of
foam and mist, a flammable atmosphere may be produced irrespec-
tive of flash point (5-1.3).

d. Closed Connection Transfers. A closed connection is where a hose is
connected before start of flow and valved off before connection is
broken. Hence there is normally no flammable atmosphere created
external to the tanker or hose. Where vehicles are loaded or
unloaded through closed connections a static hazard may exist if the
tanker is drained of a nonconductive liquid, since as air is sucked in, a
flammable vapor—air mixture may be created in a hose previously
charged by liquid flow (5-3.3.1). Also, the potential for leaks and spills
always exists for hose transfers. It is therefore recommended that the
tanker be grounded and that nonconductive hose not be used for
Class I liquids.

e. Highway Transport. As noted in APl RP2003, road tankers normally
create no static hazard during transport provided they are either full,
compartmented or contain baffles. This minimizes sloshing of the
liquid in the tanker due to changes in acceleration, which might
result in charge accumulation. Nonconductive liquid fires in partly
filled, unbaffled tankers have been reported, although instances are
very rare. Unbaffled, single compartment tankers used for noncon-
ductive liquids capable of generating flammable atmospheres should
preferably employ tanks that are full or have small outage. While API
RP2003 limits this restriction to intermediate vapor pressure prod-
ucts, consideration should be given to possible mist ignition and
other factors that might reduce the assumed flash point of combusti-
ble liquids such as kerosene (5-1.1).

5-4.2.1. Effect of Road Tires

Large potentials up to about 100 kV can accumulate on moving trucks due
to contact-separation of tires with the pavement (A-5-4.2.1). On stopping,
charge drains rapidly through the tires to ground and potentials typically
decrease to a nonhazardous level in about 10 s. There is negligible practical
hazard from charging via carbon-loaded road tires and for this reason the
requirement for drag chains was deleted from NFPA 385 in 1953. This concern
is entirely separate from charging during liquid transfer, which requires
bonding and grounding.
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5-4.3. Rail Cars

See 5-4.2. Rail cars have volumes of the order 100 m?®. A typical volume is
23,500 gallons (89 m?), corresponding to a cylinder approximately 9 ft. diame-
ter by 49 ft. long. Single compartmented tanks are typically unbaffled with L/D
ratio about 5.4. Of the roughly 220,000 cars in North America, less than about
2% are compartmented; these mostly have two compartments although
some have three (four is rare). The larger typical volume of single compart-
ment rail cars (23,000 gallon) compared with road tankers (7000 gallon)
allows greater filling rates to be used. A variety of velocity—diameter (vd) limits
have been recommended; the largest current value being API's vd < 0.80
m?/s for petroleum products [3]. In this book the recommended value is vd
< 0.50 m?s for filling nonconductive flammable chemicals, especially in the
case of compartmented cars. Semiconductive chemicals should also be sub-
ject to filling rate restrictions; at a minimum the flow velocity should not
exceed 7 m/s. These restrictions reflect in part that fires involving fine chemi-
cals typically have greater consequence than those involving commodity
products such as fuels. If filling time is an important economic factor, a larger
diameter loading line might be considered to allow faster loading rates with-
out increasing the vd product. Also, the use of a fixed dip pipe should be con-
sidered so that splash filling via operational error cannot occur.

Bonding between the wheels and rails can be assumed to be inherently
present by direct contact, but car components might be isolated from each
other by nonconductive bearings and wear pads. Where required these com-
ponents should be bonded together and grounded to the loading rack ground
with an electrical continuity of less than 1MQ. Additional measures may be
required if stray current protection is provided [1,3]. If insulating flanges are
present in the loading line or vapor recovery line, grounding on the rack side of
the flange should be permanently installed and bonding to the car on the car
side of the flange should be made before commencement of filling. If present,
insulating flanges must not be jumpered or otherwise short circuited.

As in the case of road tankers there are no available case histories of
PBDs in lined rail cars for liquids. However, owing to the large charge densi-
ties developed in some powder transfers the effect of linings may need seri-
ous consideration for rail cars in powder service (6-4.3).

5-4.4. Liquid Phase Mixers, Blenders, and Reactors

Where possible, agitators should be covered with sufficient depth of liquid
to minimize splashing, or operated at a reduced speed until sufficient depth
has been built up. In cases where hazardous static accumulation in the
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liquid cannot be avoided using the measures discussed here, ignition haz-
ards can be mitigated by inerting plus avoidance of metal projections from
the vessel head such as thermowells that could act as discharge electrodes
above charged liquid surfaces.

Static accumulation may result from stirring, splash-blending or
recirculation, disruption of the liquid interface by a jet from below, or loading
practices covered previously under “Tanks.” Where a conductive and
nonconductive liquid are to be blended, the conductive liquid should be
added first where possible, so that the resulting stirred blend is semi-
conductive or conductive. Recirculation loop reentry should be designed
not to cause splashing or surface disruption, for example, by using sub-
surface jets that do not break the liquid surface. It can be assumed that liquid
entering a tank has a greater charge density than liquid already in the tank,
which has had time to relax its charge. Therefore, when introducing two or
more nonconductive liquids to a blending tank, the less dense liquid should
where possible be loaded first to avoid a surface layer comprising the lighter,
more highly charged component. Splash recirculation of nonconductive lig-
uids should normally be done only if the vessel is effectively inerted. Under
normal conditions many operations involving gasoline blending are non-
flammable since volatile fuel components result in mixtures above the UFL.
Prior to establishment of vapor-liquid equilibrium a slow start procedure
can be followed.

5-4.4.1. Vessels with Nonconductive Linings

The use of conductive linings and coatings should be considered where lig-
uids are handled in potentially flammable atmospheres, especially where
the liquids are semiconductive or nonconductive. Although conductive
coatings are available these might be ruled out by noncompatibility. There
are additional difficulties finding suitable conductive enamels for reactors.
For vessels already in service with nonconductive coatings or linings, the
possible risks due to static accumulation should be assessed and mitigation
measures such as nitrogen inerting should be considered.

Static charge accumulation on linings may result in “pinhole” lining
damage in equipment such as enamel or glass-lined reactors [157,159]. In
addition to replacement costs and possible quality problems, a major hazard
could result if iron is catalytic to the process, especially if subsequent reactor
conditions such as low pH allow rapid enlargement of pinholes [157]. In
1981 a runaway reaction and ensuing major fire occurred via this mecha-
nism during the production of vinyltrimethoxysilane. A contributing factor
might have been pinhole formation caused by the stirring of poorly conduct-
ing mixtures, possibly during the hexane solvent addition step.
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Since static discharges frequently occur at the liquid interface as liquid
drains from the wetted wall, a vapor ignition hazard may also exist [157,159].
These discharges may be either brush types or PBDs (2-6.2 and 2-6.5). In
1997 it was concluded that “Manufacturers have so far not paid attention to
requests by the operators of enamel apparatus for a coating which is com-
pletely or partially capable of dissipation” [159]. However, this situation is
believed to be changing and it might now be possible to specify special static
dissipative coatings for the vessel and stirrer.

High quality lined vessels, which typically have glass coatings in the
range 40-90 mil including a 20 mil groundcoat, may be successively
coated with 5-7 layers of glass with intermediate exposures to 20 kV
sparks followed by refirings to reduce the number of trapped microscopic
bubbles, a likely precursor to pinholes. It is common practice to repair pin-
holes with special tantalum plugs of various sizes which may range from
about 3/16 to 4 in. diameter. These plugs may not be effective in dissipat-
ing static, especially where liquid conductivity is very low and the charge is
strongly held in an electrical double layer with the wall. Thus, the number
of plugs can multiply with continued operation until it is necessary to
recoat. Also, plugs are of limited use on impeller tips and leading/trailing
edges (where pinholes are frequently observed) particularly where a solid
phase is involved (5-4.5.1). Sometimes a sacrificial PTFE boot is used in
such cases although if metal contamination is intolerable a spare impeller
should be available for anticipated repair downtime. Typically after a batch
campaign, the presence of pinholes can be manually determined using
commercially available “holiday detectors” comprising either high voltage
spark testers (adjustable from 0-30 kV depending on breakdown voltage
of coating) or, for coatings less than about 0.5 mm thick, low voltage “wet
sponge” testers (typically 9-90 V). Use of the testers requires a clean and
dry vessel suitable for vessel entry. An alternative nonentry technique uses
an “enamel tester” comprising a conductivity probe to detect metal con-
tacts. In this case the liquid in the vessel must be conductive so the tech-
nique may not be suitable for continuous monitoring. Where applicable
and practical, the more conductive liquid should be added prior to stirring
or other measures taken to increase liquid conductivity (5-2.6 and 5-4.5.2).
Where nonconductive flammable liquids or slurries are splash-mixed or
stirred, and in recrystallization operations involving nonconductive solvent,
the vapor space should be inerted owing to the possibility of static dis-
charges at the vapor-liquid interface. Slower stirring speeds may help
reduce pinhole damage but might not be effective without additional mea-
sures.
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5-4.5. Liquid-Solid Mixers, Blenders and Reactors

Agitators should be covered with sufficient depth of liquid to minimize
splashing, or operated at a reduced speed until sufficient depth has been
built up. In cases where hazardous static accumulation in the liquid cannot
be avoided using the measures discussed here, ignition hazards can be miti-
gated by inerting plus avoidance of metal projections from the vessel head
such as thermowells that could act as discharge electrodes above the
charged liquid surface.

While it is rarely possible to add solids first, in certain cases it might be
possible to reduce flammability hazards by planned sequential additions of
solids and liquids, the objective being to avoid additions of easily ignitable
powders where the solvent vapor exceeds about 50% LFL. Hybrid mixtures
are discussed in 6-1.3.

Ball mills are sometimes used to simultaneously grind powders and mix
them with flammable liquids. Fires have been reported in porcelain ball
mills where the flammable liquid was nonconductive, such as toluene or
xylene. Charge accumulation is easily predictable in such cases owing to the
high surface area of the balls, rapid separation of surfaces, and very small
rate of charge dissipation. Since all internal mill surfaces (porcelain) are
nonconductive, brush discharges from the surfaces of the balls are to be
expected. Although liquid conductivity might be increased as described in
5-4.5.2, adverse conditions such as accumulation of isolated conductive
patches on the ball surfaces could offset this mitigation. Inerting should be
considered for these operations.

5-4.5.1. Control of Static During Solids Additions

The most frequent cause of static ignitions in these operations is addition of
solids to the container. Even if the container is inerted, a sudden large addi-
tion of solids may entrain air into the container while expelling flammable
vapor from it; a specific example is the Flexible Intermediate Bulk Container
(6-7). Also, the sudden addition of a large volume of solids might result in
static discharge from a floating pile of charged powder. It is recommended
that direct addition of solids be done only in 50-1b (25-kg) batches from effec-
tively groundable bags or fiber drums. Larger batch additions should be
done via an intermediate hopper with rotary valve, or its equivalent. This
hopper can be separately inerted to reduce air entrainment into the mixing
vessel while expulsion of flammable vapor into the operating area can be
avoided using a vessel vent line to a safe location. Solids additions from
nonconductive plastic bags can be hazardous even if the solids are
noncombustible, such as silica. Many fires have resulted from bringing
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plastic into the vicinity of a vessel opening. Bags should be constructed of
paper, plied paper—plastic in which the nonconductive plastic film is cov-
ered by paper on both sides, or antistatic plastic (see also 6-6). Since ground-
ing clips may be impractical, such bags may be effectively grounded by
contact with a grounded conductive vessel or skin/conductive glove contact
with a grounded operator. Fiber drums should not have a loose
nonconductive plastic liner which might leave the fiber drum and behave as
a plastic bag. The metal chimes should be grounded. Personnel in the vicin-
ity of an opening on a vessel containing flammable liquid should be
grounded and special attention should be paid to housekeeping, since accu-
mulation of nonconductive resin or lacquer on the floor or items such as
grounding clips may destroy electrical continuity.

5-4.5.2. Control of Static during Stirring

While solids are being dissolved or emulsified in nonconductive liquids the
rate of charge generation can be large depending on factors such as solids
loading, particle size and agitation rate. Dissipation of the charge is fre-
quently achieved by raising the conductivity of the continuous phase with
addition of a large fraction of conductive liquid, for example, 20 vol% of a
ketone might be added to a hydrocarbon (Figure 5-4.5.2). The liquid conduc-
tivity should be greater than 5000 pS/m and up to 10,000 pS/m if possible.
Suitable conductive liquids are typically referred to as “oxygenated sol-
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FIGURE 5-4.5.2. Effect of added methyl ethyl ketone on conductivity of a toluene sample.
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vents.” Note that esters may be “semiconductive” and less effective than
alcohols or ketones. Changes in flammability hazard of the resulting mixture
must be evaluated. For example, the addition of MEK to xylene may greatly
increase the ignition hazard owing to the lowering of flash point. An alterna-
tive method of increasing conductivity is to use a few ppm of antistatic addi-
tive, which has no effect on flash point. This approach may require
conductivity evaluation in the process to ensure that the additive is not
removed by suspended or emulsified solids. The process change may also
require reapproval of the product by regulatory agencies. Metal-free antista-
tic additives are discussed in 5-2.6. Although ignition hazards can alterna-
tively be controlled by inerting, charge accumulation may result in “pinhole”
lining damage to equipment such as enamel or glass-lined reactors (5-4.4.1).

5-4.6. Vacuum Trucks

Under vacuum conditions the flash point of liquid in the cargo tank is
reduced (5-1.1.3) although vapor accumulation in the truck tank is offset by
air throughput. Single component volatile liquids having a vapor pressure
exceeding about 80 mmHg at 20°C should not be picked up using a vacuum
truck because they might boil, creating downwind air pollution and possibly
a vapor cloud hazard. Boiling is an obvious hazard for Class 1A liquids but
has also been found to be a problem for Class 1B liquids, the more volatile of
which (such as acetone) may be substantially lost by evaporation. In the
case of mixtures, the listed vapor pressure may be due to components repre-
senting only a small fraction of the bulk liquid and a small amount of boiling
may be acceptable provided the vapors are discharged to a safe location;
also, the more volatile fractions may have weathered off by the time pick-up
is scheduled.

Most “static” incidents appear to have been due to improper hose selec-
tion and fires/explosions typically do not involve cargo tanks. Two mitigating
factors during vacuum truck loading result from the low pressure inside the
cargo tank, which can run as low as 50-80 mmHg. The first is that gas MIE
increases as pressure decreases (Figure 5-1.4b). The MIE of a typical
aliphatic hydrocarbon at pressures less than 0.2 atm (150 mmHg) exceeds
the effective energy of brush discharges. Therefore, while loading flamma-
ble liquids, there is unlikely to be any static ignition source inside the cargo
tank provided all metal components are properly bonded together. Also,
small metal items that are inadvertently sucked up should have too small a
capacitance to cause ignition. Low MIE vapors such as carbon disulfide may
be exceptions since a fire was reported involving a carbon disulfide-water
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emulsion. The second mitigating factor is the small overpressure that will
result even if a deflagration does occur during loading. If a typical maximum
9:1 pressure ratio is developed, the maximum pressure starting at 80 mmHg
will be roughly the same as the ambient pressure outside the tank. Owing to
these mitigating factors plus practical considerations, flow rates do not need
to be restricted to those recommended for road tanker operations (5-4.6.1).

Hoses must be chemically compatible with all materials that may be
picked up. For static control, hoses should be conductive or semiconductive
so that metal wands and hose connectors are bonded to the grounded truck
via the hose. For grounding requirements see 5-3.3.1. In no case should plas-
tic wands be used. If a metal clamp is used to hold a wand in place it should
be bonded or otherwise electrically continuous with the grounded hose. A
drum explosion due to the use of a plastic dip tube and connected rubber
hose is described in [8]. A conductive hose should preferably be a 100% flex-
ible metal type. An alternative is to select a semiconductive hose so that loss
of continuity in a bonding spiral does not isolate a wand or create spark
sources along the hose (5-3.3.1). However, owing to the possibility of suck-
ing up abrasive solids a thin semiconductive hose lining might be unsuitable.
Where practical, the truck should be grounded either by bonding to
grounded equipment or via a grounding rod (4-1.5). A fire in a toluene sump
was caused by a spark from a spiral-wound conductive hose which pene-
trated about 2 mm of rubber hose material to the metal rim of the sump;
although the spiral was bonded to the truck, the latter was not grounded
[33]. Ideally, the electrical continuity or individual grounding of all conduc-
tive components (truck tank, conductive hose, metal connectors, wand,
containers being emptied) should be established by test. During loading or
offloading flammable materials, personnel should not stand in front of or
behind rear open-dome type trucks. These are designed so that the rear of
the truck tank is the weak point and this may act as a relief vent if deflagra-
tion occurs inside the truck. Personnel wearing conductive or antistatic
gloves will normally be grounded via the metal wand, but special consider-
ation should be given to personnel grounding where vacuuming is done
from opened equipment or other confined area where flammable atmo-
spheres may rapidly accumulate.

5-4.6.1. Additional Precautions and Alternatives

Some liquids might create an ignitable froth layer (5-1.3.1), although mist
accumulation will be offset under conditions where there is periodic suction
of air through the hose. It is possible to specify a vacuum truck tank with
MAWP > 50 psig, sufficient to contain a deflagration beginning at up to
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atmospheric pressure. This will not necessarily prevent hazards due to flame
or hot gas venting from the tank vent or via the hose, but will prevent explo-
sion of the truck tank.

Where “flammable” liquid spills (5-1.1) are to be collected, the use of a
suitable pump (diaphragm or gear pump) and tank truck might be consid-
ered as an alternative to the vacuum truck. This allows better control of oper-
ational variables; where nonconductive flammable liquids are to be picked
up, excessive flow velocity, and the presence of a second phase such as
undissolved water or entrained air can all lead to high rates of charging in the
hose. Pumping to “rear open dome” vacuum trucks should be avoided since
owing to the large dome area, even a small positive pressure in the cargo
tank can cause the latches to fail. Another alternative to direct loading to the
cargo tank of a vacuum truck is a cyclone separator attachment which loads
to steel drums. Drums and associated conductive equipment should all be
electrically bonded to the grounded truck.

At the time of writing, API Publication 2219 “Safe Operation of Vacuum
Trucks in Petroleum Service” was in preparation.

5-4.7. Plastic Tanks

For portable tanks see 5-7. Where possible nonconductive plastic tanks
should be avoided for flammable liquids. Unburied plastic tanks present

external ignition risks if their outer surfaces become charged. Also there is no
Faraday cage shielding of internal flammable vapors from the effects of light-

ning as in the case of metal tanks. Where lightning and other risks are un-
acceptable a lined metal tank should be considered. An intermediate

remedy is to use a plastic tank that has a grounded, conductive mesh buried
in all external tank walls, although this might not be adequate for direct
Ightning strikes. In 1997, a plastic tank containing HCl accumulated a

hydrogen-air atmosphere which ignited during an electrical storm, causing
the tank to travel 300 ft. laterally and to reach an elevation of about 250 ft.
From inspection of tank heat damage, a direct lightning strike to the tank
probably did not occur. However, a lightning strike map (using the
National Lightning Detection Network) showing probable strike zones dur-
ing the storm indicated several strikes whose 97% confidence ellpses
included the tank.

5-4.7.1. General Mitigation Measures

The use of fixed plastic tanks is especially problematic for nonconductive
flammable liquids because the efficiency of grounding aids (such as a con-
ductive dip pipe or a submerged grounded metal plate) decreases as liquid
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conductivity decreases. At very low conductivities of around 1 pS/m or less
such measures may become less effective owing to the slow rate of charge
migration to the grounding system. Also, since charged liquid inside tanks
may induce charge on conductive objects either inside or outside the tank,
inerting will not remove external ignition hazards from the area. Where plas-
tic tanks must be used for such liquids, careful attention to grounding around
the tank should be carried out and inerting should be used where possible.

Where plastic tanks are used for conductive or semiconductive liquids
in the presence of flammable gases, bottom filling using a conductive dip
pipe will greatly assist charge relaxation inside the tank. A slow start (5-3.4)
should be used until the dip pipe is submerged. A slow start can be avoided
using an internal grounding plate on the tank floor (5-4.7.2). Where corrosive
liquids such as acids are involved it is important to consider long-term com-
patibility with the grounding system. An explosion of a waste acid tank
occurred after a broken dip pipe caused splash filling, which in turn led to
static accumulation in the tank and a spark which ignited hydrogen gas. In
this case the potential for hydrogen generation was previously unrecog-
nized. Following the event the cause was immediately obvious and a quali-
tative hazard analysis should have prevented the incident.

5-4.7.2. Use of Internal Grounding Plates

It was theorized that the charge flowing into a plastic tank resting on the
ground, or other external grounded surface, would predominantly reside in
the capacitor formed across the tank floor [173]. In the absence of large con-
ductive surfaces external to the tank sidewalls, their capacitances would be
small compared with the floor and only a small fraction of the total charge
flowing to the tank would reside there. It followed that a sufficiently large
grounded plate situated on the tank floor should be effective in dissipating
charge even though only a small fraction of the internal wall area would be
grounded. Tests were conducted using a 12 m?® fiber-reinforced polyester
(FRP) tank having a 2x 2 m floor area. A 1.0 x 0.5 m steel plate or heavy
steel mesh was found to be capable of removing a large fraction of the
charge from flowing low-sulfur diesel oil having a conductivity of about
20 pS/m. The oil was charged using a high voltage diode injector device. For
charge densities of up to 185 #C/m® and flow rates up to about 300 gpm, the
current collected by the plate or mesh at a given liquid depth was directly
proportional to the current flowing to the tank. Observed current collection
efficiencies were 30-70% during filling. The highest values occurred at small
liquid depths (about 0.4 m) prior to submergence of the side-entry filling
pipe. After complete submergence of the filling pipe at about 1 m depth, the
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collection efficiency was about 50%. The efficiency gradually decreased at
larger depths due to the increasing capacitive effects of countercharges on the
external tank walls [206]. The basic experimental arrangement plus a discus-
sion of finite element computer modeling of the results is given in [174].

For flat-bottomed plastic tanks resting on the ground the plate or mesh
can be placed directly beneath, and bonded directly to, the grounded metal
dip pipe. However, the distribution of charge in an isolated plastic tank
depends on the relative location of all external conducting objects, not only
the ground. Where a plastic tank is elevated and significant capacitance due
to adjacent conductors appears at side walls, the use of additional ground-
ing plates on the walls concerned might be considered. The effect of wall
capacitance is most severe if the tank is equipped with a grounded, conduc-
tive grid buried in the side walls. However, this is only of importance regard-
ing internal grounding measures and the principal effect of such grids is
beneficial. The grounded grid is a barrier to electric fields, so that charge
inside the tank cannot cause hazardous induction outside the tank.

Exxon carried out test work in a horizontal, cylindrical FRP tank roughly
3.1 mlong and 1.2 m diameter [207]. Tank volume was 3.6 m> (nominally 1000
gallon). Kerosene jet fuel with a conductivity of 6-15 pS/m was charged using
a microfilter and flowed into the tank via a 3-in. metal pipe positioned 0.6 m
from one end. It was found that 50-90% of the current generated in the filter
was removed by the fill pipe assembly, although external discharges occurred
frequently to conductive objects around the outside of the tank. Two sizes of
grounded plate (25 X 90 cm and 25 X 168 cm) on the tank floor were then
tested. It was found that essentially all of the generated current was collected
by the fill pipe plus plate. The outside of the tank was then completely covered
with metal foil to simulate the effect of a buried, conductive grid in the tank
walls. Such a grid prevents external discharges but maximizes the effect of
wall capacitance. Most of the incoming current flowed to the walls, as indi-
cated by the flow of countercharge to the external foil. The currents flowing to
the filling pipe, foil and grounded plate were compared as fractions of the cur-
rent generated by the filter. It was found that the external foil reduced the cur-
rent collected by the fill pipe and plates to 50-65%, with the larger plate
showing slightly greater charge removal. The charge attracted to the walls
slowly decayed over a period of the order 1 h. However, static discharges from
the liquid surface ceased to be produced a few minutes after filling the tank.
The tests showed that grounding plates are effective for plain tanks, tanks with
grounded metal grids in the walls and (by inference) buried tanks.

Based directly on conclusions given in the Exxon study [207], API 2003
[3] recommends that the area of metal grounding plates should be not less
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than 30 in.? per 100 gallons or 500 cm?/m?3. BS 5958 [2] recommends that for
tank volumes up to 5 m?, the plate area should be 400 cm?m? and that the
liquid should at no point be more than 2 m from the grounded plate. The
language in BS 5958 implies that the tank volume and liquid distance restric-
tions are simply cautionary statements based on the size limits of experi-
mental tests.

5-5. Sampling, Gauging, and Analysis

For all manual operations see 4-3.1 “Personnel Grounding.”

5-5.1. Sample Container Cord

Grounded stainless steel cord or its equivalent is recommended for sam-
pling and gauging operations. Chains are not electrically continuous and
should not be used in flammable atmospheres owing to possible creation of
spark gaps. Cord made from synthetic material or cellulosic fiber has the dis-
advantages that (1) it does not allow proper bonding of conductive sample
containers and (2) there is a possibility of charging if the cord slips rapidly
through gloved hands. Although natural cellulosic fiber cord will not charge
significantly via the second mechanism and should in principle give a small
enough RC time constant [Eq. (2-3.8)] to allow charge to dissipate from a
sample container, commercial cellulosic cord is frequently composed of a
natural- synthetic mix. In practice the risk of static discharges from charged,
nonconductive cord is low unless ignition sensitive gases such as hydrogen
are present. Tests using charged plastic tubes showed that the ignition prob-
ability of atmospheres having a MIE above 0.17 mJ only becomes negligible
for tube diameters 5 mm or less [26], suggesting that a greater and usually
unrecognized risk is due to nonconductive gas sampling tubes that are rap-
idly lowered into tanks through gloved hands. Antistatic tubing is available
for these applications (5-5.4).

5-5.2. Sampling

Sample containers are discussed in 5-8.4.2. For tanks containing a flamma-
ble atmosphere this is most safely accomplished using a sampling well, also
known as a gauge well. This is a metal pipe, sometimes perforated, through
which a sample container or gauging device is lowered into the liquid. The
metal pipe is permanently fixed and electrically bonded to the top and
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bottom of the tank. Since the pipe acts as a Faraday cage, the sample con-
tainer cannot intensify the electric field inside the tank and create static dis-
charges. Sampling can therefore be done at any time. Where sampling wells
are not used, sample containers should not be lowered into tanks while any
energy is being added to the liquid, such as by pumping. Unless a sampling
well is used, a wait time should be allowed for charge to dissipate (5-4). For
stationary nonconductive liquids in large fixed tanks and ship compartments
the wait time should be at least 30 min for nonconductive liquids and at least
10 min for semiconductive liquids. Shorter wait times are adequate for road
tankers and rail cars (5-4.2). Since charged mist may persist in the tank long
after charge has relaxed from the liquid, even conductive liquids may
require a wait time if splash-filling or other mist-generating factor is present.
The sample thief, or other device such as a sample bottle cage, should be
bonded to the grounded tank or other established grounding point. Where
atmospheres contain ignition sensitive gases such as hydrogen, metal com-
binations capable of producing Galvanic sparks, such as copper wire on a
galvanized steel tank, should be avoided.

Manual sampling should be carried out by grounded personnel, prefera-
bly using grounded metal equipment such as a metal sample thief bonded to
the tank via metal cord. A satisfactory alternative is to place one or more
glass sample bottles in a grounded metal cage (5-8.4.2).

5-5.3. Gauging

An option is to use noncontact ultrasonic gauges, or electromagnetic radia-
tion devices such as radar gauges, avoiding moving parts and possible loss of
electrical continuity. Electronic gauges with data-averaging features can be
especially useful where the liquid surface sloshes around, as in ships’ tanks
or stirred tanks. Gauge wells (5-5.2) are recommended for manual gauging
operations; if these are unavailable an alternative to retrofitting is to use a
wait time equal to that used for sampling (5-5.2). Manual gauging should be
carried out by grounded personnel using grounded metal equipment.

Flotation devices for automatic gauge tapes should be antistatic or con-
ductive with electrical continuity via the tape device to a proper ground. Iso-
lated conductive components must be avoided. Consideration was given to
possible ignition hazards of automatic tank gauges comprising a conductive
float held between two grounded metal guide wires and suspended by a
perforated metal gauge tape [47]. It was concluded that properly con-
structed and maintained devices are unlikely to lose ground continuity and,
further, the grounded metal guide wires greatly depress the electric field
acting on the float.
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5-5.4. Portable Flammable Gas Analyzers

Even if the device has been properly calibrated for the particular gas in air,
some analyzers such as catalytic bead types will not function in oxygen defi-
cient atmospheres containing less than about 10 vol% oxygen. Some porta-
ble analyzers are supplied with antistatic tubing but others are supplied with
nonconductive tubing such as Tygon.

If a metal wand plus a short length of tubing is used for manual sampling
inside tanks or other enclosures, the tubing should be antistatic or conduc-
tive to avoid isolating the metal wand, and the analyzer should be either
grounded or hand-held by a grounded operator. The hazard of long,
nonconductive sample lines charged by slipping through gloved hands is
analogous to that of synthetic cord, except that owing to the larger typical
diameter of sample tubing the ignition risk is greater (5-5.1). When sampling
large tanks for gas-free status, it may be required to sample near the base of
the tank. In this case it is especially important that if a metal object is used to
create a plumb bob it is not isolated from ground by a nonconductive sample
line. In both these cases, antistatic or conductive sample tubing should be
used; tubing approved by the American Bureau of Shipping and the US Coast
Guard is commercially available. ABS/CG requirements are based on a
“Safety of Life at Sea” (SOLAS) regulation calling for “Anti-Static, Electrically
Conductive” tubing. However, for portable analyzer applications the tubing
does not need to be conductive. Antistatic tubing is sufficient to dissipate
charge accumulated on the tubing itself. When using antistatic tubing with a
molded-in wire, the wire should be bonded to the analyzer and to any metal
probe (wand or plumb bob) inserted into a potentially flammable atmo-
sphere.

5-6. Tank Cleaning

5-6.1. Water Washing

During rapid shear of water—air interfaces such as during spray washing, thin
films and filaments are produced from the interfacial layer which coalesce
to form fine mist. The interfacial layer contains a net charge owing to the
presence of ions, which in pure water are negatively charged (OH") ions
held by the preferential orientation of water dipoles at the surface. Farther
beneath the interface, positive ions do not form a surface bound layer since
they are thermally randomized, so coarser droplets formed from the body of
the water jet carry a net positive charge. The coarser droplets settle out faster
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leaving behind fine mist containing net negative charge [85]. As washing
progresses, a steady-state is eventually reached in which the mist tends to
achieve a constant charge density, the rate of production being countered by
mist removal and charge neutralization by corona. If salt water, detergents or
other contaminants are present, the fine mist may instead be charged posi-
tively owing to a reversal of the initial interfacial polarization. Hot and/or cold
washing cycles using portable or fixed washing equipment therefore results
in a cloud of charged water droplets which creates an electric field inside
the tank. Hot washing creates higher charge densities and potentials than
the cold wash.

5-6.1.1. Conductive Tanks

Provided all conductive components in the tank are grounded the only
source of a static spark is charged, isolated slugs of water. These may form
during breakup of a jet, drainage from an overhanging tank component, or
sloshing of water heels inside a vessel at sea. In the absence of steam, test
work and calculations (A-5-6.1) suggest significant hazards only occur in
tanks exceeding 1000 m®. Precautions for washing large tanks such as
marine center tanks are given in ISGOTT [5]. Analyses (A-5-6.1) suggest that
the hazard can be neglected for tanks less than 100 m?, although more con-
servative guidelines have been published for industrial tank applications
[127] as noted below.

There is negligible “isolated water slug” hazard for barge tanks owing to
their size and geometry, provided steam is not injected directly to the tank
during any hot wash, for example during start-up of a steam assisted hot
wash system [186]. Consideration might be given to a cold wash prior to hot
water washing, since this may in some cases reduce the flammable vapor
concentration with associated benefits in controlling air emissions.

Conservative guidelines for industrial tanks containing flammable atmo-
spheres have been published by a group of four major European companies
[127]. Washing is restricted to continuously drained metal or enameled
metal tanks having a volume no greater than 30 m? (or diameter no greater
than 3 m) with all conductive parts grounded. The sprayed water has a maxi-
mum feed rate of 300 L/min and pressure does not exceed 500 bar. These
guidelines are based on the assumption that incendive brush discharges
occur in tanks where the breakdown field of air is exceeded at the grounded
spray head, the latter being modeled as a 4-cm-diameter grounded elec-
trode placed in the center of a charged cloud of droplets with a volumetric
charge density of 240 nC/m3. The requirement for a water slug is omitted.
The tendency of wet surfaces to produce corona rather than brush dis-
charges is not considered (A-5-6.1).
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On June 3, 1998, in Rotterdam a 165-m® cone roof tank containing
methyl tertiary butyl ether (MTBE) exploded while being washed, causing a
fatality and launching the 1.4 tonne roof a distance of 100 m. The tank was 10
m high by 4.5 m diameter. Initially the tank contained 27% MTBE vapor with
the balance nitrogen. However, as washing proceeded a vacuum truck was
used to suck sludge, water, and residual MTBE out of the tank bottom. As the
vacuum hose lost contact with the liquid layer, the resulting negative pres-
sure intermittently sucked air into the tank via the top manway, which held a
high pressure washing device. Turbulent mixing by the washing jets helped
form a flammable mixture in the tank. The explosion occurred during the
fourth cleaning cycle and the fatally injured man was blown from the roof
shortly after adjusting the washing device. Two “static” mechanisms consid-
ered were a static discharge involving the water mist and a static discharge
from an ungrounded vacuum hose. The latter would have to be ruled out
before attributing this incident to a charged mist mechanism involving brush
discharges or charged water slugs. The company involved had previously
ventilated their tanks to the air to reduce flammable vapor concentrations to
a safe level, but this approach had been abandoned owing to local emission
constraints.

5-6.1.2. Nonconductive Plastic and Plastic Lined Tanks

Where flammable gas/vapor is present or may be generated during cleaning
it is recommended that these tanks be inerted. For example, a deflagration
occurred during water washing of a lined internal floating roof tank and all
causes other than a spark from charged water in the tank were ruled out by
the oil company concerned. Where sensitive gases such as hydrogen may
be generated the risk of static ignition increases (5-6.4).

5-6.2. Solvent Washing

The charge densities of mists created by flammable and combustible sol-
vents are similar to those from water washing and similar precautions
should be taken regarding grounding of conductive components. Where
possible the tank should be inerted. Since it is not usually possible to control
the flammable atmosphere by operating below the LFL, solvent washing
should only be used in noninerted tanks if water washing with added clean-
ing agents such as detergents, or water washing followed by steam cleaning,
are not practical alternatives. If possible the solvent used should have a flash
point above the maximum temperature expected for the operation (5-1.1.5).
Although this will not prevent the formation of flammable mist in the tank
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(5-1.3), it will be less hazardous than using a solvent that creates a continu-
ously flammable vapor atmosphere (5-1.4.4). Solvents having flash points
greater than 200°F can often be used in these operations and in general the
solvent should be selected at least in part on the basis of high flash point.

If the solvent is nonconductive, additional precautions are needed.
These are (1) continuous draining to prevent build-up of charged liquid in
the tank and (2) measures to avoid accumulation of solids if the solvent is
recirculated. Measures to separate solids before recirculation, such as filtra-
tion, may increase static generation (5-3.5).

Expert review should be made of any procedure requiring personnel in
the tank during solvent cleaning operations. In 1998, a flash fire fatality
occurred in England during manual cleaning of a tank using xylene at less
than its flash point. The operation involved an ungrounded metal bucket
hanging in the tank from which xylene was taken with sponges. The wring-
ing out of the sponges is believed to have charged the bucket which subse-
quently sparked to the tank internals, igniting a mixture of xylene plus a
previously unrecognized but significant concentration of residual MEK vapor
in the tank. The incident was especially serious as fire resistant clothing was
not worn and a container of xylene was spilled during emergency egress
from the tank.

Where inerting is not used, one guideline restricts operations to metal or
enameled metal tanks having a volume no greater than 5 m?, a diameter no
greater than 3 m and all conductive parts grounded. The liquid should con-
tain a maximum of 1 wt% insoluble solids, have a maximum feed rate of
60 L/min and the delivery pressure should not exceed 50 bar. The vessel
should be continuously drained to prevent liquid accumulation [127].

5-6.3. Steam Cleaning

Steaming creates high charging currents in the hose, primarily as a result of
expansion at the nozzle. All components of the steaming system must be
conductive and grounded to prevent sparks. The expansion of wet steam
also produces a charged jet whose charge density depends on orifice geom-
etry plus steam temperature and pressure. Ignition tests have been per-
formed to address brush discharge hazards from steam jets. However, these
have typically failed to demonstrate ignition even of stoichiometric hydro-
gen—air mixtures [46, 85]. The mist created by steaming has a large charge
density resulting in a correspondingly large space potential which increases
with the diameter of the tank (A-5-6.1). Large fields and potentials might
result in corona and brush discharges from tank internals or spark dis-
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charges from isolated slugs of water. Although steam is usually a more effec-
tive inerting gas than nitrogen, this is only true to the extent that the oxygen
concentration is reduced to less than the LOC. Credit cannot be taken for
condensed mist. Until the tank temperature exceeds 80°C, corresponding to
a steam partial pressure =0.47 bar, the residual concentration of oxygen
derived from air can exceed 10%. Therefore, a flammable mixture may per-
sist long into the steaming process.

As discussed in 5-6.1.1, a conservative guideline for water washing tanks
containing flammable atmospheres limits the maximum tank size to 30 m?.
The basis for this provision is to avoid brush discharges at the washing head.
If a similar analysis is carried out for steam cleaning, the maximum allow-
able tank size will be smaller owing to the greater charge densities produced
in steam mist. Recommended practices such as [1,2] limit the tank size to
100 m? instead. No rationale is given for this round number. In principle,
steam cleaning should be most hazardous if charged slugs of condensate
are ejected into a large, roughly cubic or squat cylindrical tank containing an
easily ignitable atmosphere. If there are no conductive water slugs and all
metal components are grounded, the only source of ignition during steam-
ing is the brush discharge. There is no direct evidence that brush discharges
are a hazard during steaming although the probability of their occurrence
increases with tank volume. The user should consider risk tolerance where
tanks up to 100 m? are steamed while containing a flammable atmosphere.

Where steam cleaning of large tanks is carried out, gas freeing or
inerting should be considered. Gases initially present in the tank can be
removed by ventilation or water displacement. During steaming, flammable
vapors may be released from liquid heels or deposits. An option is to periodi-
cally test for flammable vapor and either ventilate or (if the vapors are water
soluble) perform water washing until the vapor concentration is less than
25% LFL. Alternatively, steaming may be carried out using inert gas to stay
below the LOC. Unless a tank is designed for vacuum, vent capacity must be
sufficient to prevent underpressure damage as steam condenses.

5-6.4. Acid Washing

These operations often generate hydrogen and other flammable gases.
Hydrogen is commonly produced and is a special hazard owing to its very

low MIE, wide flammable range and fast burning velocity. Further, hydrogen
flames can be practically invisible in daylight, creating an additional injury
hazard. Static has caused numerous explosions. In one case, a reactor con-
taining a cobalt catalyst residue was cleaned and the acid wash was trans-
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ferred to a polypropylene portable tank via a conductive hose. Hydrogen was
generated via acid—catalyst reaction. The portable tank was splash-filled,
which allowed the waste liquid to accumulate static charge. When the
charged liquid surface reached the conductive hose hanging inside the por-
table tank a spark was generated, igniting the hydrogen-air mixture. An
operator was injured by the subsequent explosion. Hydrogen continued to
be generated in the reactor and burned for some time afterward as it exited
the hose. Where possible these operations should be inerted (NFPA 69) and
careful attention should be paid to grounding. Plastic tanks and tanks with
nonconductive linings require particular care since in the absence of a suit-
able grounding system even very conductive liquids such as water or acid
rinses can accumulate charge. Conductive liquids typically produce sparks
instead of brush discharges; hydrogen may be ignited by spark at a potential
as low as 100-300 V (Table A-1-4.1.3b). To put this in perspective, ignition of
gasoline vapor in air via brush discharge from a nonconductive liquid
requires a minimum surface potential of about 25,000 V (A-5-4).

5-6.5. Grit Blasting

Where possible tanks should be gas free or inerted. Conductive or semicon-
ductive hose should be used and attention given to personnel grounding
where flammable atmospheres might exist. All conductive components,
especially the hose nozzle, should be grounded to avoid static sparks. In addi-
tion to static hazards, the possibility of uncovering pyrophoric iron sulfide
deposits should be evaluated. It is highly improbable that ignitable dust clouds
can be produced as a direct result of using organic grit such as walnut shells.

5-7. Portable Tanks

As defined in NFPA 30 portable tanks have capacities above 60 gallons
(227 L) and usually below 660 gallons (2498 L).

5-7.1. Metal Portable Tanks

Bottom filling should be used for nonconductive flammable liquids and fil-
ters should be placed at least three relaxation times upstream (5-3.4 and
5-3.5). The container should be grounded prior to opening and sealed prior
to removing the grounding system. Filling rates should be similar to those
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used for drumming (about 60 gpm or less) unless the container is inerted. If
the dip pipe does not extend close to the bottom and the vessel is not
inerted, a slow start of 1 m/s or less should be used until the dip pipe is sub-
merged to about 6 in. Conductive and semiconductive liquids present minor
static hazards except during operations such as sampling and gauging
where equipment or operators in the vicinity of a tank opening are not
grounded. Tanks with nonconductive linings present hazards somewhat
more severe than the case of drums (5-8.2.2) owing to their larger volumes
and hence larger potentials that may be generated for equal charge densi-
ties.

5-7.2. Plastic Portable Tanks

See NFPA 30 for general restrictions. This category of tanks includes Inter-
mediate Bulk Containers (IBCs) comprising plastic jugs within metal support
frames, and composite IBCs comprising plastic jugs independent from their
external metal shells. Although IBCs might be bottom-unloaded, avoiding
hazards associated with manual insertion of unloading lines, manual
removal and replacement of vent caps should be carried out by grounded
personnel. Attention should be given to ensuring safe handling of “empty”
plastic jugs containing flammable vapor—air mixtures following unloading,
including cleaning and/or disposal.

Tanks manufactured from nonconductive plastic should not be used for
flammable liquids unless the tank is inerted prior to filling, and the operation
is subject to expert hazard analysis. Such an analysis should include the eval-
uation of emergency response both for a leak and an external fire. Highly
charged, nonconductive liquid might give rise to propagating brush dis-
charges from the plastic in addition to brush discharges from either the plas-
tic or liquid surface. Additional measures for liquids capable of generating
flammable vapor atmospheres might include inerting and personnel
grounding during unloading. A case history of an explosion in a plastic porta-
ble container used for collecting an acid wash is given in 5-6.4.

5-8. Portable Containers Less Than 60 Gallons Capacity

Drums comprise metal, lined metal or plastic containers with capacity up to
60 gallons (227 L) and are the largest containers considered in the following
sections. Metal and plastic-lined metal drums can have either fixed or
removable heads. It should always be ensured that drums are sealed prior to
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handling and that when opened they are properly grounded. Since plastic
drums cannot be grounded they should not be used for flammable liquids or
handled in flammable atmospheres without expert review of the hazards.
Although drum explosions due to static have low probability, the large
number of operations means that incidents are not rare. Furthermore, the
consequences are often serious. Although the volume of a drum is relatively
small, a flammable mixture that ignites via static is likely to be close to its
most easily ignitable composition. The “most easily ignitable” mixture also
creates the highest pressure when it deflagrates inside a drum. Static ignition
can result in fire and/or explosion, with potential for impact injury. If a steel
drum fails at the bottom chime due to an internal explosion it can rocket for
tens of feet, spilling its contents and creating a serious risk via mechanical
impact and fire [8]. Missile hazards can result from detached drum heads
even if the drum remains in place. As an example, an “open-head” drum
containing MEK being rolled on its lower chime exploded and the
clamped-on head detached, cutting off the operator’s nose. Although full
details were unavailable, it appeared that a spark from the operator ignited
MEK vapor in the vicinity of an opening in the drum head. For manual load-
ing/unloading operations involving flammable vapor, it is recommended
that personnel are grounded so they are not a source of ignition (4-3.1), and
the bungs and/or drum lid are tightly closed prior to moving the drum.

5-8.1. All-Steel Drums

a. Filling. See 4-1 for general grounding requirements. Drums should be
grounded and bonded to associated conductive equipment such as
weigh-scales and filling lances. Simple frictional contact between a filling
nozzle and the drum port might not give a satisfactory bond especially if a
plastic bushing or paint layer is present at the drum port. Proper bond con-
nections should be made using clamps capable of penetrating any paint
layers on the drum, typically screw types or spring clamps employing hard-
ened metal points. Bond connections on the upper chime should be located
away from the drum ports prior to bung removal and the connections should
not be removed until the bungs have been replaced. Braided and uninsulat-
ed stainless steel bonding cable is preferred. If insulated cable is used with-
out a ground indicator, a broken cable can go unobserved between
scheduled tests. Any filter in the filling line should be grounded and where
possible placed at least three relaxation times upstream of the filling pipe
outlet unless the drum is inerted prior to filling. If neither option is practical
for nonconductive liquids, the filter should be placed as far upstream as pos-
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sible and reduced flow rates should be used [8]. For conductive liquids
either splash filling or bottom filling is acceptable. The filling rate for
noninerted drums should be such that the drum takes 1-2 min to fill (for
example, <30 gpm with a 1-in. filling pipe and <60 gpm with a 2-in. filling
pipe); as a reference, gasoline pumps typically dispense at 10-12 gpm. Fill-
ing/emptying lances should be conductive and grounded, and when used
for nonconductive liquids should preferably have pointed tips such as a 45
degree cut to minimize the probability of a brush discharge [8]. Unless
inerting is used, automated filling devices should not be programmed to sus-
pend blunt lances above nonconductive liquids as a solution to dripping
from the wetted lance between fills, since this practice may result in brush
discharges from the liquid [8].

b. Dispensing. Pressurized gas should not be used to dispense liquid.
Drums should be grounded and the use of a ground indicator, possibly inter-
locked, should be considered for drums not dispensed from racks. For grav-
ity dispensing from racks, drums should be fitted with spring loaded metal
valves which shut automatically when hand pressure is released. Each drum
should be equipped with a drum vent, typically at the larger bung; 2-in.
dual-action safety drum vents incorporating a flame arrester are commer-
cially available. Dispensing should normally be via the smaller (% in.) bung
unless viscosity considerations do not allow this. Small conductive contain-
ers such as cans should be bonded to the rack. For vertical dispensing, drum
pumps and dip pipes should be conductive and grounded. The pump must
be suitable for the service. For flammable liquids, plastic hand pumps
should not be used and instead these should be of groundable metal con-
struction. Hand pump designs incorporating an internal flame arrester are
preferred. Hoses should either be semiconductive or conductive and
grounded (5-3.3). To reduce vapor emission the dip pipe should fit closely
into the 2-in. dispensing opening. As liquid is dispensed, air will be sucked
into the drum primarily through the vent opening. Use of a flame arrester
might be considered for drums used for occasional dispensing over a long
period. If vacuum unloading is done, additional measures such as anti-
siphon devices and pressure interlock with any inert gas supply might be
needed.

c. Cleaning. Drums should be grounded prior to opening for cleaning oper-
ations such as steaming. Cleaning equipment should be grounded. Until cer-
tified gas-free, drums should be assumed to contain flammable vapor and
be grounded unless closed. An explosion occurred while discharging steam
via Ys-in. nipples into an “empty” inverted styrene drum on a wooden plat-
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form, tossing the drum 10 ft. in the air and causing a fire [31]. Even a new,
unused drum might contain vapor following solvent wiping during manufac-
ture and a drum explosion has been reported due to a label being welded
onto such a drum [8].

5-8.2. Plastic Lined Drums

Linings inside metal drums hinder the flow of charge to the grounded metal
shell and present a more hazardous case than all-steel drums; in principle,
even conductive liquids can accumulate charge. However, the lining has a
relatively large capacitance which provides considerable mitigation com-
pared with an all-plastic drum. If the lining is assumed to be a perfect insula-
tor over the timescale of loading, and the liquid is splash-filled so no charge
is lost via a dip pipe, the charge must flow to the insulated wall and reside
there forming one plate of a large capacitor. The external grounded drum
wall provides the other capacitor plate. Given the reasonable assumption
that most of the charge migrates from the bulk liquid to its surfaces, the sur-
face potential of the liquid in the drum V is approximately equal to Q, /C,
where Q, is the total charge and C the capacitance of the floor and the walls.
The equilibrium potential V at any time is directly proportional to the charge
density entering the drum Q, and the thickness a of the lining [8]

V = Q Ftab/le g (ab® + 2F1)] (5-8.2)

where F =volume flow rate (m?s), ¢ = elapsed filling time (s), and
b = drum radius (m)

Static effects of thin internal coatings such as phenolic paints can be
neglected even if they are applied so that there are no pinholes. Their
resistivities are orders of magnitude less than polyolefin lining materials, plus
the coatings are typically so thin (0.5-1 mil) that the associated high capaci-
tance and small breakdown voltage prevents large surface potentials from
being attained (5-4.1.3). Liquid surface potentials of 10-15 kV were devel-
oped when nonconductive kerosene was charged to about 570 £C/m? by a
bag filter and directly splash-filled into “poly steel” drums containing molded
polyethylene liners 1.8-2.8 mm thick [8]. This is less than the threshold
potential for incendive brush discharges. However, since sparks from more
conductive liquids can be incendive above about 1 kV it is recommended
that bottom filling using a grounded metal dip-pipe be used for all drums
containing molded nonconductive liners. Drum grounding requirements
and filling rates are otherwise the same as for all-steel drums.
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The probability of a propagating brush discharge (PBD) in a plastic lined
drum is negligible. A typical 55 gallon drum has a diameter of 0.572 m and
filled height of 0.811 m, so the wetted area is 1.71 m?. In order for a PBD to
occur, a minimum surface charge density of 2.5 x 10 C/m? is required
(2-6.5) corresponding to a total charge of 4.29 x 10~ C over the internal
drum area. If the drum is splash-filled and the liner is a perfect insulator, so
that no charge can dissipate, the liquid entering the drum would require a
volume charge density of 2060 xC/m?. Such a large charge density is not
credible unless the drum is splash-filled directly from a filter, disregarding
recommendations concerning dip-pipes and filter placement. Additional
mitigating factors are that PBDs are only an ignition hazard above the liquid
surface and the assumed PBD charge density threshold of 2.5 x 10 C/m?is
probably conservative (2-6.2.3).

5-8.3. Plastic Drums

See NFPA 30 for storage restrictions. Since plastic drums cannot be
grounded they pose inherent static hazards in flammable atmospheres. The
use of plastic drums for Class I flammable liquids is discouraged and this
should be considered only in special cases where plastic is essential for
quality purposes, such as an intolerance for metal contamination. Where
such a case is identified, expert review of the hazards is recommended.
Although drums could be inerted prior to loading or filled at a temperature
less than the liquid flash point, similar precautions are more difficult to apply
to the unloading operation. If the operation is not under the control of the
supplier, for example at a customer site, it is difficult to enforce recommen-
dations from the expert hazard review. For Class Il combustible liquids,
static should be addressed where (1) the liquid may exceed its flash point
during filling or emptying or, (2) the drum could be stored or handled in a
flammable vapor atmosphere. In case 1, options include bottom filling and
cool-down provisions prior to unloading, especially if the drum has been in
direct sunlight or in a hot storage area. In case 2, plastic drums should where
possible be stored away from drums containing flammable liquids so that
the ignition hazard of discharges from the external drum surfaces is avoided
(Figure 5-8.4b).

5-8.4. Hand-Held Containers

The fire risk from static ignition increases with the volume and volatility of
flammable liquid handled. Hence, the smallest volume container capable of
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FIGURE 5-8.4. Static discharges associated with plastic containers. (a) Charged container
induces charge on conductive liquid which sparks to ground. (b) Charged container exterior
discharges to ground via brush discharge

fulfilling a particular need should normally be selected and this should not
exceed 5 gallons. Groundable, listed metal safety cans with incorporated
flame arresters are preferred, especially those types equipped with a flexible
metal dispensing hose enabling the can to be used without a funnel. In the
case of nonconductive containers, which cannot be grounded, the maxi-
mum quantity should normally be about 5 L (1.32 gallons) for Class IB and IC
liquids, and 2 L for Class IA liquids. An exception is gasoline, where approved
5-gallon plastic safety cans have been widely used for many years with no
reported increase in static ignition relative to metal cans (5-9.8.2). This is in
part due to the rapid establishment of rich (>UFL) gasoline vapor inside the
can; these plastic containers should not be used for other flammable liquids
without expert review of the hazards. Unlike gasoline, conductive liquids
such as alcohols may become inductively charged [9,16] by a charged plas-
tic container and give rise to sparks (Figure 5-8.4a), and the container may in
some cases contain an ignitable atmosphere whenever it contains any flam-
mable liquid.

5-8.4.1. Filling and Emptying Small Nonconductive Containers

Subject to capacity limitations described in 5-8.4 it is common to handle
flammable liquids in small glass or plastic containers. The following should
be considered for frequent indoor liquid transfers of about 0.5 L (approxi-
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mately 1 pint) or more, such as a small-scale solvent blending operation.
Where possible the operation should be conducted in a well ventilated area
such as a hood, using a grounded metal catch tray capable of containing the
entire inventory of liquid. When filling a container, a grounded metal funnel
whose spout extends to the bottom of the container is preferred. This
ensures that if charge is induced on the liquid by a previously charged con-
tainer (Figure 5-8.4a), it will flow to ground via the immersed funnel instead
of sparking to the funnel as the liquid level rises. Plastic or glass funnels
should be used only where essential for compatibility reasons. Personnel
should be grounded.

5-8.4.2. Containers for Sampling
Ignition risk is greatly increased when a flammable atmosphere is present
outside the small container, for example when sampling directly from a tank
or transferring a sample near a manway, since this might precipitate a large
fire or explosion. A grounded metal sample thief, or glass bottle in a
grounded metal sample cage (5-5) might be selected in such cases.
Nonconductive plastic bottles should be avoided except where used in well
ventilated areas, since they are more easily charged than glass and numer-
ous incidents can be traced to their use. In general they should not be carried
in coat pockets or otherwise wrapped in fabric since upon withdrawal a
large surface charge can be placed on the bottle. This can cause induction
charging and possible ignition when sampling a conductive liquid. To
address breakage concerns, alternatives to glass bottles include antistatic
plastic bottles and plastic coated glass bottles. In the latter case the plastic
coating should be antistatic, which may well be the case owing to the large
quantity of plasticizer normally required for PVC coatings. If outdoor sam-
pling is carried out at sample spigots away from tank openings and in freely
ventilated areas, and sampled quantities are 1 L (1 gt.) or less, the fire risk is
insufficient to require any special procedures other than ensuring that a
grounded metal dip tube, extending close to the bottom of the container, is
used for filling.

In a demonstration experiment the author placed about 1 in. of water in
a 1 pint glass bottle. After drying the outside of the bottle using warm air it
was rubbed with a dry paper towel. An induced voltage of 3 kV was mea-
sured on the water using a field-mill voltmeter, whose shared capacitance
caused roughly a factor-of-two underestimation of the maximum voltage
(3-4.1). Glass bottles are relatively difficult to charge by rubbing unless the
humidity is very low. It is far easier for plastic bottles to become charged and
induce hazardous voltages on conductive liquids inside them.
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In 1985, ethylene oxide (EO) ignited in a 1 pint “clip top” glass sample
bottle during sampling from a tank car. The Y-in. stainless steel liquid
sample line from the car entered a sampling hood and EO flowed at rela-
tively high velocity (4 m/s) into the bottle through a Teflon tube. The Teflon
tube was used to prevent water condensation on the cold sample line, since
if water dripped into the sample bottle it would affect turbidity evaluation.
EO has a very small ignition energy in air and it was not possible to absolutely
rule out ignition by a charged operator. Plausible mechanisms involved (1)
EO charging during flow through the Teflon tube, or (2) induced charge on
EO liquid from an externally charged sample bottle, or (3) induced charging
of the wire clip on the bottle stopper by charged Teflon tube. All of these
mechanisms could be avoided by bottom filling with a grounded stainless
steel dip tube. The water condensation problem was avoided by fitting the
dip tube with a thermally insulating Teflon sleeve, leaving a few millimeters
of exposed metal at the outlet. Subsequent to this fire, operators were
grounded using wrist bracelets.

5-8.5. Wet-Dry Vacuum Cleaners

If used for flammable liquid spills, which might involve a second phase such
as spill control granules or debris, these pose numerous design problems
including static, electrical classification, chemical compatibility and indus-
trial hygiene relative to the exhaust. Commercial designs for Class [ Group D
gas and Class Il Groups E-G dust atmospheres are typically air operated via a
venturi, so contain no electrical drives. Hoses both for air supply from a
grounded air supply outlet, and for liquid recovery, are conductive with addi-
tionally static dissipative hose fabric (about 10° Q-m). Filters are also static
dissipative. The design is such that all parts are continuously bonded and
grounded. Normally the ground continuity is established at prescribed check
points before each use. Float or similar mechanisms are employed to cut off
suction once the recovery tank has reached capacity level, although addi-
tional precautions may be needed to avoid overflow via either siphoning (if
the recovery hose is completely submerged in liquid) or if defoaming agents
are not used where appropriate. For flammable liquid spills in particular, mea-
sures should be taken to ensure personnel are not a source of ignition (4-3.1).

5-9. Miscellaneous Flammable Atmospheres

5-9.1. Clean Rooms

For health care facilities see NFPA 99. Clean rooms require superior static
control measures where flammable liquids are handled. Smoke may be
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intolerable for quality reasons even if a fire is minor. The relative humidity in
clean rooms is often controlled at a low value which can decrease the resis-
tivity of surfaces and hence increase static accumulation. Grounded metal
safety cans and steel cabinet storage are recommended, taking care to mini-
mize the quantity of flammable liquid in the clean area. Measures include
antistatic floors and personnel grounding, including the use of antistatic lab
coats. It should be ensured that floor grounding is not compromised by any
nonconductive film either from operations or cleaning agents such as floor
wax. Careful attention to equipment grounding is required. Plastic equip-
ment should be avoided wherever possible and even small metal transfer
containers should be grounded. Items such as cartridge filters require spe-
cial attention during replacement and if possible the casing should be
purged until the element is dry. Disposal of solvent-wet material such as filter
elements and towels should be via conductive containers. Such containers
should be grounded when in the clean area and sealed before removal. If
plastic disposal bags are used they should be conductive or antistatic. Tear
sheets generate significant static when they are taken up (5-9.5).

5-9.2. Water and Steam Curtains

These do not pose a recognized static hazard if the curtain device and all
equipment that could be electrically charged during operation is bonded
and grounded [45,46].

5-9.3. Static Electrification in Gas Flow

The presence of solids such as pipe scale, or suspended liquids such as
water or condensate, creates charged particles carried by the gas phase.
Condensate may be created by sudden cooling or expansion of gas through
an orifice. An example is sudden release of a pressurized hydrocarbon.
Impact of the charged stream on ungrounded objects can create spark haz-
ards. A special case is carbon dioxide, which when discharged under pres-
sure will form charged solid “snow.” This can create an ignition hazard if
sudden discharge of carbon dioxide is used to inert flammable atmo-
spheres. Static ignition is not a problem with portable carbon dioxide
extinguishers used to put out fires. However in some fixed nozzle systems a
new flame front could in principle be initiated remote from a flame sensor
location, compromising the “barrier” effect of a flame suppression system.
Distribution nozzle designs are discussed in [52].
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In some cases, gas flow rates are restricted to avoid mechanical ignition
via adiabatic compression and frictional impact of small particles with sur-
faces; examples include oxygen and acetylene. In oxygen systems, ignition
associated with particle impact is especially likely just downstream of a loca-
tion where there is atleasta 2:1 absolute pressure drop, and may occur
at velocities above about 50 m/s. Usually there is negligible static generation
in single phase gas flow, although flowing hydrogen has been postulated to
react at pipe walls producing an accumulation of dihydrogen cations in the
boundary layer, which react rapidly with neutral molecules to give active
radical-initiated combustion [43]. This rather speculative mechanism is yet
another possible factor in otherwise unexplained ignitions of hydrogen
during venting (5-9.4). It is sometimes stated that hydrogen vent ignitions are
caused by the inverse Joule-Thomson effect as the gas expands. This is
incorrect and calculations show that at 38°C the temperature increase is only
about 5°C for an atmospheric release at an initial pressure of 210 bar [212].
Hydrogen and syngas ignition in air might alternatively be explained by shock
effects or entrainment of finely divided, reduced metal oxides, which can be
pyrophoric in air. These gases typically ignite when they are vented or leak at
pressures above a few hundred pounds per square inch, although the expla-
nation is unclear (5-9.4).

5-9.4. Ignition of Vented Gas

Gases with very low ignition energies (such as acetylene and hydrogen) con-
taining suspended material might be ignited by corona-brush discharges
when escaping from stacks at high velocity. This phenomenon is associated
with electrical breakdown at the periphery of the charged dust stream being
vented, although as noted in 5-9.3, mechanical ignition via friction or com-
pression might occur if air is present in the vent pipe. Static discharges at
vent outlets can occur even if the equipment is properly grounded. Atmo-
spheric electricity might also cause “spontaneous” vent fires since the
breakdown field of some gases (such as hydrogen) is less than that of air.
Hence, the presence of the gas enables atmospheric electric fields to cause
gas breakdown and static discharges at lower values than would be
required in air. The discharge may be corona-brush type or an upward
streamer from the stack that fails to connect with a stepped leader from a
thundercloud. Atmospheric electricity can be sufficient to cause static dis-
charges from elevated vents such as stacks even where lightning is not
observed locally. Mitigating measures for stacks have consisted of two oppo-
site approaches. In the first (possibly obsolete) method the stack is designed
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to prevent discharges by using surfaces having large radius of curvature; in
[135] a doughnut-like device (“NASA toroidal ring”) is discussed for place-
ment on the top of the stack. In the second, the stack is designed to encour-
age corona discharges by using sharp edges and/or commercially available
lightning protection equipment. Where stacks cannot be vented to
combustors or flares, they should be equipped with snuffing devices to blow
out the flame. Nitrogen or steam at mass fractions above about 0.3 can be
used for acetylene, while helium is often preferred for hydrogen vent fires.
Snuffing is particularly important for acetylene, which can slowly burn down
the stack and, additionally, through any metal flame arrester in the base of
the stack. Alternatively, a burn pond can be used to safely dispose of large
vented quantities of hydrogen. Other mitigation is discussed in [157].

5-9.4.1. Ball Valve Stem Leaks

The packing in some designs of ball valve can isolate the valve stem or
handle from the valve body (5-3.7). Packing leaks may result in ignition via
sparks from charged, isolated metal. A particular example is ignition of acet-
ylene. Ball valves are frequently used in acetylene service owing to the seal-
ing action of the packing should a deflagration occur in the line; other types
of valve may be sufficiently distorted by the pressure transient to allow flame
propagation past the valve even when fully shut. It should be ensured that
ball valves have no electrically isolated components, since the vented acety-
lene has a very small ignition energy and may easily be ignited in air; should
acetylene pipework become hot in an ensuing fire, a deflagration or detona-
tion might result from autodecomposition of acetylene inside the pipe.

5-9.4.2. Pressurized Gas Leaks under Insulation

The gas jet may cause impact of loosened insulation material on
ungrounded metal weather barriers resulting in charge accumulation and
sparking. This mechanism was blamed for ignition of a high pressure ethyl-
ene leak from a HPPE product receiver [185]. Isolated metal weather barri-
ers can also create spark sources due to atmospheric electricity. Barriers are
most likely to become isolated around line diameter changes such as
flanges or valves. Where this is seen as a problem, for example if a decom-
posable gas is handled, attention should be given to electrical continuity of
the barrier. Bonding using separate cables is impractical compared with
overlapping and banding of the metal covers.

5-9.5. Hazards of Plastic Sheet and Wrap

Nonconductive plastic sheet and wrap such as pallet wrap present similar
hazards to plastic bags. All of these may give rise to brush discharges from
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their surfaces (Figure 5-8.4b) following rubbing or separation of surfaces.
Isolated wet patches may also create spark hazards. An additional problem
is charging of personnel during handling. It is recommended that plastic
sheet and wrap not be brought into areas that may contain flammable atmo-
spheres. For example, plastic pallet wrap may be removed outside the area
and if necessary replaced by a suitable tarpaulin or other temporary cover.
Antistatic wrap is available but is usually not an economic alternative. Tear
sheets, which are used outside many clean areas, usually generate signifi-
cant static when they are taken up and precautions are similar to those for
plastic sheet.

5-9.6. Oxidant Enriched Atmospheres

The MIE of flammable mixtures containing more oxygen than is available
from the air may attain very small values (Appendix B). The MIEs are in some
cases so small that normally nonincendive discharges such as corona might
cause ignition under process conditions. For most flammable gases and
vapors having MIE above 0.2 mJ, corona currents of 200-300 uA have been
reported necessary for ignition in air [27,28] and this exceeds most practical
rates of charging. However, in oxygen enriched atmospheres, heating of
electrode tips by the corona might result in oxidation and additional heating
of the metal, possibly forming a hot spot. Such effects might result in ignition
at a relatively small corona current, depending on the metal involved and
geometrical factors. Ignition under such conditions is difficult to assess since
a heat balance for the electrode tip involves losses via convection caused by
ionic wind from the corona. Stringent grounding procedures are required to
avoid charge accumulation; for general practices involving gases refer to
NFPA 53 and 99. Other oxidants such as nitrous oxide and chlorine may simi-
larly reduce the MIE of fuel gases relative to the values measured in air. How-
ever, few ignition energy data have been published for such systems.

5-9.6.1. Undesired Oxygen Enrichment

For cryogenic systems see 4-4.1. Where undesired oxygen enriched flamma-
ble atmospheres might exist in processes it is common practice to control
the flammable atmosphere using procedures given in NFPA 69 in addition to
taking measures to control static electricity. Process Hazard Analysis may be
required. As an example consider a waste treatment tank using hydrogen
peroxide, which normally does not contain a flammable atmosphere. A pro-
cess upset might be addition of too much peroxide, possibly in the presence
of a decomposition catalyst, causing rapid oxygen bubbling. As a reference,
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complete decomposition of 40 wt% hydrogen peroxide produces 164 times its
volume of oxygen at atmospheric conditions. In addition to metal ion sources
such as rust, soluble organic decomposition catalysts including enzymes
should be considered. In a reactor, an additional factor might be inadequate
agitation allowing peroxide to accumulate in the base of the reactor. Another
process upset might be introduction of too much organic component in an
aqueous feed stream. In this case, bubbling of oxygen through a surface oil
layer could result in charged conductive patches which could act as spark
sources for oil froth, mist or vapor (5-1.3.1). In such cases numerous ignition
sources might exist; for example, organic peroxides might form, concentrate
locally and decompose explosively. Mitigation should rely heavily on identifi-
cation and control of potential upset conditions. Note that vapor space
inerting will not prevent combustion of an oxygenated, combustible froth
layer created by peroxide decomposition. Also, in some cases sufficient vapor
space oxygen enrichment might occur either to defeat vapor space inerting or
bring a normally fuel-rich (>UFL) vapor into the flammable region.

5-9.6.2. Ozonization

Silent electrical discharge at up to 15 kV may be used to create concentra-
tions of about 5% ozone in an oxygen stream, which may then be reacted
with a flammable or combustible substance for chemical synthesis. Labora-
tory preparations in (nonconductive) glass reactors have resulted in occa-
sional explosions via static discharges in the oxygen enriched atmosphere,
possibly exacerbated by residual vapor space ozone. An alternative to
predilution with nitrogen, which forms nitrogen oxides in the ozonizer, is to
add nitrogen downstream of the ozonizer. Other measures are to operate
well below the flashpoint of any flammable liquid, typically at approximately
—70°C using dry ice mixtures, and to select a more conductive solvent, as
opposed to a hydrocarbon such as heptane. During shutdown of the system,
a suitable inert gas such as argon should be used to thoroughly purge the
system. Precautions should be taken to minimize the vapor space volume,
avoid tightly closed containers that will not contain the pressure from an
internal deflagration/detonation, and take appropriate measures for person-
nel protection if a flammable mixture might occur during operation. The
hazards of unstable peroxides and ozonides, plus materials of construction
suitable for oxygen service should be separately evaluated.

5-9.7. Elevated Temperature and Pressure

These conditions generally reduce the MIE of flammable mixtures relative to
those measured at or close to ambient temperature and pressure (Appendix
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B). They also increase the flammable range, particularly the UFL. An addi-
tional effect of elevated pressure is to suppress static discharges (2-6.4.1).

5-9.8. Automotive and Marine

Automobile and marine fuel handling is covered in NFPA 30A. This section
addresses specific operations in which static electricity has caused fires and
injury. Relevance to the CPI includes employee safety programs and com-
pany-owned gasoline fueling depots.

5-9.8.1. Plastic Surfaces

The use of flammable solvents for cleaning can be hazardous. Numerous
fires have occurred when using nonconductive solvents such as gasoline to
clean surfaces such as fiber reinforced plastic car bodies, resulting in brush
discharges. Plastic gasoline cans may also be charged by rubbing, in which
case a flammable vapor atmosphere might already be present due to gaso-
line spillage or an opening on the container.

5-9.8.2. Portable Gasoline Container Filling
These cans have typical capacities up to about 5 gallons. Where practical,
metal cans should be grounded during filling and where this is not practical
they should be filled when placed on a relatively conductive surface such as
concrete rather than asphalt. In no case should they be filled when isolated
from ground. Numerous fires have occurred when opened metal cans were
placed on fixed or loose plastic bed liners in pick-up trucks prior to filling or
moving. Gasoline normally forms a rich, nonflammable mixture inside the
can which persists while the can contains a liquid heel, preventing the can
from exploding even if it is not fitted with a flash arrester. Hence, fires are
generally external to the can. An exception is where a can previously con-
taining gasoline is filled with a high flash point liquid such as kerosene or
diesel oil. This is a small-scale example of switch-loading (5-1.4.3). If the can
is not fitted with a flash arrester, a flame might flash back and ignite the mix-
ture inside the can, since this may be within the flammable range.
Charging may occur when cans are filled with gasoline or dragged
across a rough, nonconductive surface such as carpeting in a car trunk.
Sparking may occur between the can and the filling nozzle, a person or the
vehicle body. Plastic cans may become charged by rubbing or cleaning but
cannot give rise to sparks unless they have metal parts. If the outer surfaces
are charged by rubbing, ignition of an external flammable atmosphere (e.g.,
spilled gasoline) might occur via brush discharge (5-9.8.1). Although plastic
containers might not be deliberately rubbed, they can become charged by
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rubbing against clothing as they are carried. There is no evidence that 100%
plastic gasoline cans have a greater incidence of static ignition than metal
cans. However, the cans should not be used for conductive flammable lig-
uids such as denatured alcohol (methylated spirits), since the hazards are
different. If the can is externally charged, sparks may be possible from induc-
tively charged liquid inside the can. Also, if the liquid has a smaller vapor
pressure than gasoline a flammable mixture may form inside the can (5-8.4).

5-9.8.3. Filling Nozzles with Hold-Open Clip

In some US states, gasoline dispensers known as “latch open devices” may
be found that do not require operator pressure to hold the valve open at the
nozzle. In these instances the operator may leave gasoline flowing to a tank
without holding down the lever on the grounded nozzle. While ungrounded,
the operator may develop a large static charge by walking on carpet in the
station, getting in and out of the car or removing an item of clothing. Several
fires have occurred due to a spark from the charged operator returning to the
grounded nozzle. In one case the victim was seriously burned after with-
drawing the nozzle in response to observing a small fire on the filling port,
forgetting that gasoline was still flowing.

5-9.9. Aerosol Spray Cans

Propellants such as propane and butane are typically used in these cans;
nonflammable halocarbons have been almost totally replaced due to the
ozone layer depletion problem. The propellants are therefore usually flam-
mable and may create flammable atmospheres when used carelessly in
enclosed spaces. After six cans of insecticide had been sprayed a fatal explo-
sion occurred in a ship’s small galley after a spark from a refrigerator ignited
the propane propellant [49]. Tests were conducted to explain a separate
explosion which occurred during a can filling operation [49]. An equipment
malfunction caused two cans to empty after the valves had been torn off. It
was shown that only cans filled with powder + propellant charged suffi-
ciently to cause a static ignition; cans filled with liquid + propellant pro-
duced only moderate charging. In this particular case, the cans had
contained dry shampoo. It appeared that one or both cans, being isolated
from ground by the plastic transport system, charged to about 35 kV and
sparked to a nearby conductive object, perhaps another can. The can’s 8.2
pF capacitance gave the maximum stored spark energy as 5 mJ, which will
ignite propane-air mixtures over a wide range of flammable compositions. It
was considered noncredible that an aerosol spray can could pose an ignition
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hazard when hand-held in normal use, although this could not be ruled out
should highly resistive gloves be worn.

5-10. Cathode Ray Tube Video Display Screens

5-10.1. Cleaning

A static electric charge is commonly present on the face of cathode ray tube
(CRT) screens, particularly on larger color monitors and color TV screens.
This charge is the result of “writing” images on the phosphor-coated inside
surface of the screen using an electron beam. The external electric field cre-
ated by charge on the nonconductive screen can lead to brush discharges
that may ignite flammable atmospheres. Also, if the screen is rendered partly
conductive by application of conductive cleaning liquid while charge is still
present, spark discharges capable of producing both ignition and unpleasant
shocks can be produced. The application of cleaning fluids can in some
cases supply both a flammable atmosphere and a means of producing ener-
getic sparks. For example, commercial cleaners frequently contain conduc-
tive, flammable components such as isopropanol that are insufficiently
diluted with water to prevent flammable vapor mixtures from forming. Also,
some spray-on aerosol cleaners use a flammable gas propellant. It is recom-
mended that CRT screens only be cleaned with the display screen switched
off and after allowing time for the charge to dissipate. Where possible, non-
flammable or high flash point combustible cleaners should be selected,
especially if a charged CRT screen must be cleaned. Touch-screens may
require the use of special cleaning agents. For hazardous locations, addi-
tional precautions are required (5-10.2).

5-10.2. Sereens in Hazardous Locations

While some video display screens such as liquid crystal, gas plasma or
vacuum fluorescent displays do not present the same charged screen haz-
ards as CRTs, this does not imply that they are safe for use in hazardous loca-
tions. This requires special design and certification for use with a given
flammable atmosphere. Non-certified equipment used in locations classi-
fied as hazardous under Article 500 of NFPA 70 “National Electrical Code”
require a purged or pressurized enclosure to control ignition hazards as
described in NFPA 496 “Standard for Purged and Pressurized Enclosures for
Electrical Equipment.” The screen in this case is located behind a window in
the enclosure.
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5-10.3. Static Dissipating Screen Overlays

Commercial conductive overlays may be used to drain CRT screen static in
nonhazardous locations. The ground connection on such overlays must be

made secure to prevent shocks.
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POWDERS AND SOLIDS

Note: “Powder” is a generic term for subdivided solid material, comprising
pellets, granules and dust. Pellets have a diameter greater than 2 mm (U.S.
No.10 Standard Sieve) and typically above 3 mm. Granules have a diameter
between 0.42 and 2 mm, although granular powders typically contain dust.
Dusts have a diameter less than 0.42 mm and as low as I um. Suspensions of
particles smaller than 1 um are known as fumes.

6-1. Flammability of Dust Suspensions

See NFPA 654 for general requirements. Combustible dust is defined in
NFPA 654 as “any finely divided solid material 420 um or smaller in diameter
(material passing through a U.S. No. 40 Standard Sieve) that presents a fire or
deflagration hazard.” Excluding explosives and hybrid mixtures, it has been
shown that this definition encompasses all powder suspensions that have
produced deflagrations when tested according to ASTM E-1226 “Standard
Test Method for Pressure and Rate of Pressure Rise for Combustible Dusts.”
Owing to the large increase of MIE, the static ignition hazards of powders are
generally reduced by increasing the particle size (6-1.2).

Dust suspensions tend to accumulate increasingly finer material wher-
ever there is an ongoing source of turbulence, such as when filling a storage
container. This is because coarser particles entering the container settle out
more rapidly, leading to an increasing concentration of fine dust in the sus-
pension. In most cases, dust suspensions contain particles with a wide
range of sizes and in order to assess flammability hazards, it is necessary to
characterize the size of particles in different items of equipment. For exam-
ple, during pneumatic conveying, powders tend to break up forming finer
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material which may accumulate either as a suspension or as a settled dust
layer in bag houses or storage bins. Also, an additive added upstream at a
low concentration may accumulate in the bulk dust fines; the probability of
ignition downstream increases if the additive is more easily ignited than the
bulk dust fines. Where the size distribution of particles is not known it should
be assumed that suspended material is less than 75 um (material passing
through a U.S. No. 200 Standard Sieve). Samples sieved to sub-200 mesh are
the largest normally tested for explosibility and minimum ignition energy
(MIE). Where finer material is normally present in significant quantity or
might accumulate, it might be necessary to take samples from equipment
such as bag houses to estimate the “worst credible case” size distribution.
Tests using sub-325 mesh or even sub-400 mesh may be required to assess
explosibility and MIE. The following practicalities should be noted

a. Soft Materials. Some powders such as high molecular weight glycols
and waxes may need to be frozen using dry ice or liquid nitrogen
before they can be ground to a suitable size for testing. In some cases
this problem can be avoided by obtaining samples from fines collec-
tion points in the production unit such as bag houses.

b. Demnixing. Where mixtures of different powders need to be tested,
precautions should be taken to ensure the relative concentration of
the components remains the same in all size fractions tested. Other-
wise, grinding and/or sieving may lead to concentration of individual
components. An option is to grind and sieve the components sepa-
rately then make up a mixture representing the size fraction and com-
position of interest.

c. Residual Volatiles. Samples are usually stored in a desiccator or in a
sealed sample bottle under a suitable dry gas to remove moisture
(see 6-1.6) and avoid degradation prior to testing. However, if the
sample contains a volatile flammable component, such as the case
with solvent-wet powders, the volatile material will diminish in stor-
age. To evaluate such materials the techniques in 3-5.4.3 and 6-1.3.1
should be considered. If the flammable volatile concentration on a
water free basis exceeds 0.2-0.5 wt% of the powder, the potential for
hybrid mixture formation should be evaluated. If the concentration
exceeds 1-2 wt%, it might be possible to exceed the vapor LFL, espe-
cially in hot, unventilated containers (6-1.3.2).

d. Freshly Milled Metals. The ignition energy of finely divided metals is
unusually low when freshly milled, although it is difficult to conduct
tests using typical MIE equipment, since dust surfaces rapidly oxidize
on exposure to air. In some cases the reaction with air is so fast that
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spontaneous combustion occurs. Special handling hazards are
addressed in NFPA 651 (aluminum), NFPA 480 (magnesium), NFPA
481 (titanium), NFPA 482 (zirconium) and NFPA 485 (lithium). Sev-
eral metals (Mg, Th, Ti, U, Zr) can burn in carbon dioxide, which is
often used for inerting nonmetallic dusts, and metals such as Mg and
Zr can even burn in nitrogen. Argon is sometimes used for blanketing.
Provided the limiting oxygen concentration (LOC) is greater than
zero, such as aluminum, milling operations may be deliberately con-
ducted in the presence of oxygen below the LOC so that surface oxi-
dation takes place at a controllable rate.

6-1.1. Flammable Limits

Powders can be assessed as “nonignitable” if they meet any of the following
criteria

a. material is intrinsically noncombustible such as silica, or will not burn
in air when exposed to a temperature of 1500°F (815.5°C) for a period
of 5 min (that is, NFPA 704 criterion for Flammability Rating of “0”). In
rare cases the NFPA 704 criterion does not identify powders that can
deflagrate in air under criterion (c), such as steel dust. However, the
ignition energy of such exceptional powders is too high for them to be
a “static” ignition hazard.

b. material is handled so that >95wt% is larger than 40 mesh (425 um)
and there is no potential for accumulation of finer material (unless
the finer material is itself noncombustible, such as silicate talc).

c. material will not deflagrate when sub-200 mesh sample is tested
according to ASTM E-1226

Powders should otherwise be considered ignitable/flammable/explosible.
In the context of this book, these three terms are considered equivalent. If a
flammable dust cloud may be formed during handling, or by suspension of
an accumulated dust layer, tests may be required to characterize
explosibility and ignition energy. There is often an advantage in conducting
ignition energy tests first, since if the MIE is very high, as with carbon blacks,
it might be concluded that the likelihood of ignition is negligible. Unless a
design basis is required for deflagration venting, explosibility test data
(6-1.1.3) might have no application. The combustion rate of dust clouds is
faster for smaller particles. Explosibility tests (ASTM E-1226) should be per-
formed on a sample representing the finest material that would credibly
govern the overall combustion rate of the dust cloud. This depends on the
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application but might be considered as the sieve size through which the
smallest 5 wt% of the dust passes. By subjecting a series of dust concentra-
tions to a suitably energetic ignition source under standard test conditions,
the following data can be found

6-1.1.2. Minimum Explosible Concentration (MEC)

This is the smallest concentration (mass/unit volume) that will support defla-
gration and is analogous to the lower flammable limit of gases. MEC values
are typically in the range 15-60 gm/m?. Minimum explosible concentration
measurement should use the test apparatus described in ASTM E-1515 and
not the Hartmann test apparatus. The latter is a less severe test and is likely to
overestimate the MEC. Even when the ASTM E-1515 method is used, it is
important not to overdrive the flame using a 10 kJ igniter in a 20-L test cham-
ber. Either a 2.5 J igniter or a larger test chamber should preferably be used
to avoid underestimating the MEC [184]. While in principle a “maximum
explosible concentration” exists, this is not possible to measure accurately
and has little practical application except perhaps to explain the lack of
flame propagation through pipes during dense phase conveying. Values in
the range 2000-6000 gm/m?® have been reported.

6-1.1.3. Maximum Pressure and Rate of Pressure Rise (P, and K,
These explosibility parameters are used in assessing whether equipment
will contain the maximum pressure developed during deflagration, or to
design deflagration relief vents and other explosion prevention systems (see
NFPA 68 and 69). The test method is given in ASTM E 1226.

If it is assumed that explosible dust will be present above the MEC, and
equipment design data are not required, explosibility testing for P, and K,
usually has no direct application. However, minimum ignition energy (MIE)
testing should be considered to help determine the likelihood of ignition.
Since MIE is extremely sensitive to particle size it is especially important to
test a sample that is sufficiently fine to represent the worst credible case.

6-1.2. Minimum Ignition Energy (MIE) of Dust Suspensions

The maximum effective energy of a static discharge can be compared with
the MIE of a dust to determine whether ignition is probable, as discussed in
Chapters 2 and 3. MIE test methods are described in 3-5.4.2 and special con-
siderations discussed in 6-1.3 through 6-1.5. At the time of writing, ASTM was
close to development of a standard for dust MIE measurement.

Appendix A-6-1.2 shows that MIE increases with approximately the 2nd
or 3rd power of representative particle diameter. This emphasizes the need
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to test samples that adequately represent worst credible case conditions. As
previously discussed, samples are normally tested at sub-200 mesh and
even finer samples may need to be tested according to the size of dust being
handled. Owing to size classification during handling, the fine dust present in
bag houses, on the walls of storage hoppers, and emitted from equipment
open to the air may determine the representative particle size of dust that is
in practice subjected to a static ignition source. The possible accumulation
of ignition sensitive additives should be addressed; even though an additive
is added at the 1000 ppm level, the fraction might be very significant in the
bulk powder fines even if the correct concentration is added upstream of an
accumulation point, such as a bag house. Human error can result in abnor-
mally large additive additions.

6-1.2.1. Use of Narrow Particle Size Ranges
The flammability characteristics of powders depend on patrticle size distribu-
tion (PSD) with the most pronounced effect being on MIE (A-6-1.2). Particle
shape also affects flammability owing to its influence on surface area. A vari-
ety of techniques are available to determine the PSD from which statistical
quantities such as the surface or volume average particle diameter can be
found; similarly, a particle shape factor may be assigned [197]. If sub-200
mesh samples are tested, this could represent any PSD with a maximum of
75 um. Such a wide size range means that unless the powder is approxi-
mately monodispersed in the first place, such as Lycopodium, test samples
are most unlikely to have similar PSDs. Consequently, MIEs determined for
sub-200 mesh samples of the same powder can yield completely different
results even in the same test apparatus. Also, MIE values obtained for a series
of different materials might give an erroneous or possibly even an inverted
hazard ranking. These problems can be minimized by testing samples
having narrow size ranges. (See sieve size table in Appendix B, page 235.)
Minimum ignition energy hazards of different materials can be directly
compared by collecting samples from the smaller of two sieves whose sizes
differ by only a few microns. This eliminates most of the MIE variation due to
size and shape. It also avoids disparities found in the literature due to the
reporting of various statistical average diameters; if the PSD is very narrow,
all of the commonly used averages converge to a single value. As an exten-
sion of this technique, the powder can be fractionated into a series of parti-
cle ranges by cascade sieving, enabling MIE to be found for a series of
average particle sizes. Provided the sieves differ only incrementally in size
from 200 down to (say) 400 mesh, there is no need to consider the PSD for
each size fraction. For large capacity production especially, the MIE might be
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of interest for a wide range of particle sizes depending on the operation
involved. The fractions must be carefully stored to avoid clumping and pref-
erably tested as soon as possible.

In addition to the great dependence of MIE on particle size distribution
and the possible accumulation of additives, complicating factors in measur-
ing and applying MIE data include the presence of flammable gas (6-1.3.1)
plus the effects of moisture (6-1.6) and possibly increased temperature
(6-1.5) relative to the test temperature.

6-1.3. Hybrid Mixtures

Hybrid mixtures are mixtures of suspended flammable dust and flammable
gas that together are flammable, although either the dust or gas component
alone might be at a nonflammable concentration. Hybrid mixtures are espe-
cially hazardous since they combine the large charge densities of powder
handling operations with the small ignition energy of most flammable gases.
The effect of added flammable gas on the “static” ignition sensitivity of most
dusts is usually small at gas concentrations less than 50% of the LFL [11].
However, in most practical situations, suspended dust containing flamma-
ble gas at a concentration exceeding about 10% of its LFL should be consid-
ered a hybrid mixture. This criterion allows for measurement errors,
including the sensitivity of typical hand-held flammable gas analyzers.

6-1.3.1. Ignition Energy of Hybrid Mixtures

As a flammable gas is added to a dust suspension, the MIE usually decreases
since gases usually have smaller MIEs than dusts. Direct measurement of
MIEs for dust-gas hybrid mixtures is discussed in 3-5.4.3. However, since
there is no standard test method and the composition of a hybrid mixture is
difficult to define in many practical situations, it is often sufficient to estimate
the value based on worst credible case assumptions. Figure 6-1.3.1 shows
the hypothetical effect of adding diethyl ether to three different dust suspen-
sions in air [11]. The general behavior is based on observations for dust—pro-
pane hybrid mixtures reviewed in [59]. The curve corresponds to the MIE of
ether alone in air, whose lowest MIE value (LMIE) of 0.19 mJ is attained at an
“optimum” concentration of 5.1 vol% ether. The sloped lines show the MIEs
of hybrid mixtures of ether with three hypothetical dusts A-C whose MIEs in
air are respectively 1000, 100, and 10 mJ. The MIE of each hybrid mixture
(HMIE) decreases linearly on the semilogarithmic graph as ether is added.
When the optimum concentration of ether has been added the HMIEs con-
verge to the lowest minimum ignition energy (LMIE) of ether alone in air.
This behavior can be modeled (A-6-1.3.1).
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FIGURE 6-1.3.1. Hypothetical effect of adding ether to different dust—air mixtures.

The change of HMIE as flammable gas is added can be estimated using
the HMIE equation [11]

HMIE = exp[InD - (C/C)) In(D/G)] mJ (6-1.3.1)

where

D = MIE of dust alone in air (mJ)

G = LMIE of gas alone in air (m.J)

C = Gas concentration in hybrid mixture (vol%)

C <LFL

C, = Gas concentration at LMIE composition (vol%)
This approach has not been tested for any dusts that burn heterogeneously
(A-6-1.2), such as some metal dusts. The equation should not be applied for
gas concentrations greater than the LFL [11] otherwise extrapolation might
be made into region Q shown on Figure 6-1.3.1, where the predicted HMIE is
greater than the gas MIE. The MIE of dust, D, must be determined by test
using a conservatively fine dust sample to represent particles in the hybrid
mixture. Values for G and C, can be found in Appendix B. Where G is not
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known it should be assumed to be 0.2 mJ unless sensitive gases such as
hydrogen are present [11]. Where C is not known or where a mixture of
flammable gases is involved, it should be assumed equal to the
stoichiometric concentration, which can readily be calculated for any gas
mixture. The LFL of gas mixtures can be estimated using the Le Chatelier
rule as described in NFPA 69.

6-1.3.2. Powders Evolving Flammable Gas

While it is relatively easy to remove volatile solvents such as ethyl ether and
acetone during a drying process, less volatile solvents may persist at about 1
wt% or more in the product. The rate of evolution of solvents may be a slow
process and difficult to estimate without practical testing. The worst case
can be determined for a closed container at the highest anticipated temper-
ature. For example, the temperature in a shipping container can be mea-
sured using a maximum-minimum thermometer so that the maximum
transit temperature is found. This might exceed 50°C. Closed container evo-
lution tests on a fresh powder sample can then be done to determine the
maximum gas concentration that can develop. If this exceeds about 50% of
the gas LFL, there is the potential for sensitized hybrid dust-gas mixtures. A
separate problem would arise should the maximum gas concentration
approach the LFL, which could indicate a gas ignition risk in the container.
Tests have shown that powders containing upward of 0.2-0.5wt% solvent
should be evaluated for these hazards. A possible solution, short of higher
efficiency drying or extended powder storage in a ventilated area prior to
shipment, is to use a high ventilation shipping container or ventilated hopper
car. Special attention should be given to avoiding flammable gas evolution
from powder packages that might be air shipped. A separate issue is pow-
ders that evolve flammable gas via ongoing reaction such as with atmo-
spheric moisture (eg some metal alkoxides) or degradation of peroxides in
the formulation. While the hybrid mixture hazards are similar to those with
solvent-containing products, the source of flammable gas is in such cases
renewable, and precautions need to be taken throughout the handling
process. In all cases attention should be given to the possibility of gas concen-
trations markedly increasing with increased time and temperature. For exam-
ple, a gas sample taken from a hopper car might underestimate the gas
concentration that develops after shipment to a customer. Similarly, the gas
concentration might increase after transfer to a powder silo heated in sunlight.

6-1.3.3. Powders Added to Flammable Liquids
See 5-4.5.1. Manual operations are particularly hazardous in terms of both
frequency and consequence. If possible, direct introduction of powder to a
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vessel containing flammable liquid should be avoided by using an interme-
diate hopper plus rotary feed valve, or an equivalent arrangement isolating
the flammable gas from the operator and powder package. Both the vessel
and charging hopper can be inerted to achieve effective isolation; positive
inert gas pressure on the hopper may reduce solvent-powder interaction
problems. If this type of arrangement is not used, the vessel should where
possible be inerted according to NFPA 69. This will not always prevent igni-
tion where powder is introduced via an opening such as a manway, since
air will be entrained with the powder while expelling flammable gas
toward the operator. Where powder additions are from FIBCs, these prob-
lems become pronounced owing to the large volume of powder and high
rate of transfer (6-7).

6-1.3.4. Drum Flakers

Numerous fires have occurred during flaking operations involving molten
nonconductive material such as biphenyl poured onto rotating drums. As
solidified material is flaked away by the doctor blade, the charged flake
becomes separated from its counter-charge on the drum. Charge separation
produces static discharges which may ignite flammable vapor or hybrid mix-
tures. The mechanism is similar to static discharges produced in web pro-
cesses as the web separates from a roller. Since the molten solid may be as
hot as 150-200°C a hybrid mixture may be formed by residual combustible
solvent with a high flash point, or the vapor pressure of molten solid under
the drum. Since the metal drum represents a grounded substrate the charge
density of the solidified material may be unusually high prior to flaking and it
is possible that ignition sensitive dusts might be vulnerable to ignition even
with no significant vapor present. However, this is only possible if significant
dust generation occurs. Ignition in flaker systems may also occur in the asso-
ciated hopper collecting the charged, flaked material. Brush and bulking
brush discharges in the hopper may cause ignition and the flame may subse-
quently propagate back to the flaker. This possibility should be evaluated
before attributing the ignition to an event in the flaker itself.

6-1.4. Unstable or Energetic Powders

While this book does not cover shock-sensitive powders, such as primary
explosives, UN-DOT Class 4.1 “Flammable Solids” are within its scope.
These include thermally unstable powders that can both deflagrate in an oxi-
dant and decompose in bulk. Examples include some nitrogen blowing
agents. Should ignition occur at any point, a propagating decomposition
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front might travel through the bulk material. Because air is not needed to
sustain decomposition, inerting and extinguishing techniques suitable for
ordinary combustible powders may be ineffective. Also, because of the ini-
tially high packing density, very large pressures might rapidly be generated.
Where such powders are handled in air, special attention should be paid to
MIE testing and avoidance of static discharges capable of igniting the sus-
pension and possibly initiating decomposition of the bulk powder. Tests
should also be considered to evaluate ignition of powder layers and bulk
material, with or without an air atmosphere.

Azodicarbonamide blowing agent ignited in the base of a conical orbit-
ing screw mixer of volume 3.7 m? [163]. The “bottom initiated” confined
decomposition led to a damaging explosion. The cause of ignition could not
be determined with certainty. The possibility of a bulking brush discharge
was not considered although it has been established that these may occur
inside bulked heaps of powder to the container walls and floor (2-6.3.3). Ini-
tiation of bulk decomposition via a bulking brush discharge might be possi-
ble; in this case the mixer was heated by an 80°C water jacket and the
powder had been vacuum dried, both of which would have decreased the
powder MIE (6-1.5 and 6-1.6). However, the relatively small volume and
inverted cone shape of the mixer are more supportive of a frictional initiating
mechanism as advanced in [163].

6-1.5. Effect of Temperature on Ignition Energy

Dust MIE decreases with increased temperature, hence MIE values obtained
at room temperature may not apply to operations conducted at elevated
temperature, such as in dryers. Test work reviewed in [59] showed that the
effect of temperature is more pronounced for dusts having larger MIEs.
When MIE was measured at increasing temperatures for a series of dusts
having different MIEs, a double logarithmic plot of MIE (mJ) against tempera-
ture (°C) yielded straight lines which appeared to converge at 0.088 mJ and
1000°C. Dusts with larger MIEs measured at room temperature therefore had
steeper slopes on the log-log graph. While there is considerable room for
error when generalizing this approach, a rough guide to temperature effects
could be obtained by constructing a double-log plot of MIE versus tempera-
ture and extrapolating the MIE measured at room temperature to this con-
vergence point (0.088 mJ and 1000°C). The MIE at any intermediate
temperature could then be estimated by interpolation.

An analytical expression [unpublished] describing this behavior is
derived in A-6-1.5
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MIE at temperature T (Celsius)
=exp{In M - In(7/20) * In (M/0.088)/3.912} (6-1.5)

where
M = MIE measured at room temperature (assumed to be 20°C)

For example, a dust with MIE of 1000 mJ at 20°C has a predicted MIE of 21
mJ at T = 100°C. Based on the test results reviewed in [59] the effect of tem-
perature on powder MIE might be major and should always be considered
where powder is heated.

This approach has not been tested for any dusts that burn heteroge-
neously such as some metal dusts (A-6-1.2). Also, this large an effect of tem-
perature has not been found by some other workers. It has yet to be
confirmed that the effect is not due in part to loss of moisture (6-1.6) or evo-
lution of flammable gas (6-1.3), both of which can have large effects on MIE.

6-1.6. Effect of Moisture on Ignition Energy

It has been shown that in the case of agricultural products (corn, tapioca,
flour) at least, the MIE is increased significantly by increased moisture con-
tent of the dust [59]. The effect may be significant above about 1 wt% water,
depending on the dust, and the dependence of MIE on water content may be
comparable to its dependence on patticle size (6-1.2). Where extraneous
moisture might influence the MIE of a dust, the test should where possible be
carried out on dried material. Where removal of moisture presents difficul-
ties due to the nature of the material (for example, low melting point or ther-
mal instability) the MIE test can be repeated after attempts to remove
moisture have been made, such as extended storage in a desiccator or
vacuum drying at a suitably low temperature. If the MIE decreases signifi-
cantly, additional drying should be considered at least to the point where the
material will normally exist under the conditions for which the MIE data will
be applied. Moisture is not a problem with hydrophobic materials such as
most plastic products, where storage in a desiccator prior to testing is all that
is needed.

6-2. Charging Mechanisms

Powders can be charged by contact and separation between patrticles, or
between particles and other surfaces such as bags or pipe walls. Upon con-
tact, an electronic rearrangement occurs at the surfaces to minimize the free
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energy. Charge exchange occurs via electron transfer, based on the differ-
ence of effective work function, and, if ions are present, via ion transfer. The
latter may occur, for example, due to the presence of water molecules at the
surface. Separation of the surfaces after contact results in a net charge
exchange, depending on the speed of separation. Charging may also occur
when particles break apart or exchange matter with other surfaces. The pro-
cess is enhanced by electric fields acting on the particles. In principle, even
chemically identical particles may charge on contact, with the smaller parti-
cles tending to charge negatively. This is theoretically due to a decrease in
work function with increased particle diameter [18]. In practice the surfaces
of particles contain disparate chemical groups which affect the minimi-
zation of free energy and hence the charging that occurs.

When particles charge exclusively via contact with other particles, the
change in net charge is zero since the suspension contains a mixture of posi-
tively and negatively charged particles whose total charge is the same as it
was initially. This is complete bipolar charging. However, there is always a
preponderance of one sign of charge on the coarser particles and an oppo-
site sign of charge on finer particles. When powder is transferred into a large
container the coarser particles settle out first carrying a net charge to the
powder heap. The remaining suspension of fines carries an equal and oppo-
site net charge. Both the powder heap and the suspension also contain a dis-
tribution of bipolar charge.

Charging between particles and boundary surfaces such as pipe walls
creates net charge. A single sign of charge might be carried downstream by
the particles (unipolar charging) while the countercharge remains on the
boundary surface. If the boundary surface is conductive the countercharge
flows to ground. If the boundary surface is nonconductive the countercharge
accumulates, further modifying the charging process and possibly giving rise
to energetic static discharges such as the propagating brush. Interparticle
charging and particle-boundary charging usually occur simultaneously. The
overall effect is therefore complicated and can change radically if some
parameter is changed. Relevant parameters include materials of construc-
tion, humidity and flow conditions. Parameters affecting charging during
powder conveying in pipes include flow velocity and mass flow density.
Increased flow velocity usually increases charge-to-mass ratio by increasing
the rate of particle contact-separation with pipe walls. Increased mass flow
density usually decreases charge-to-mass ratio since the average collision
rate between particles and pipe walls is decreased.

The charging process is affected by atmospheric moisture only to the
extent that the moisture comes to equilibrium with the contacting surfaces.
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The effects on suspended particles are complex. In a full-scale study it was
observed that changing the relative humidity changed the net polarity of
polyethylene particles being transferred to a silo [44]. The net charge at rela-
tive humidities less than 35% was positive, whereas above 35% humidity the
net charge was negative. Above 50% humidity the magnitude of net negative
charging current exceeded that of the net positive charging current observed
at low humidity. This suggests that bipolar charging of polyethylene dimin-
ishes at high humidity in favor of negative charging. The significance of this
with respect to static discharges on a compacting powder bed is discussed
in 6-3.1.1.

6-2.1. Charge Density

The charge density of a powder can be described either on a volume or mass
basis. The volume basis refers to the total volume occupied by the powder
plus gas, whereas the mass basis refers to the mass of powder alone, so is
equivalent to the charge-to-mass ratio. Typical charge-to-mass ratios [1] for
nonconductive powders are given in Table 6-2.1, where these relate to the
suspended powder prior to compaction. The table shows that a large range of
charge densities is possible for a particular operation and values observed in
practice will depend on both the particular powder and process used.
Increased charge density corresponds to operations involving larger energy
input and relative velocity between particles and equipment (6-3.1).

6-2.1.1. Effect of Particle Size on Charge Density
The maximum charge density on a flat, nonconductive surface is limited by
the geometry with respect to conductive surfaces (C-2.5.3 through C-2.5.5)

TABLE 6-2.1. Typical Mass Charge Densities

Operation Charge Density (nC/kg)
Sieving 0.01-1

Pouring 0.1-100

Scroll feed transfer 10 -1000

Grinding 100 -1000
Micronizing 100 -100,000
Pneumatic conveying 100 -1,000,000
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and the breakdown strength of the surrounding medium. For the uniform
field between a charged surface and a parallel grounded surface

Q,=¢e E (6-2.1.1a)
Where in the case of atmospheric air, E ~ 3 MV/m at breakdown, hence
Q=265 x 107 C/m’ (6-2.1.1b)

For particles, the maximum field intensity occurs at the particle surface
and decays inversely with distance. This highly nonuniform field allows
greater surface charge densities before breakdown takes place, depending
on the curvature of the particle surface. Empirical studies reviewed in [18]
give the relationship as

E=9.3x 107" V/m (6-2.1.1¢c)
Fore, =1
Q =¢ek =823 x10% " ¢/m’ (6-2.1.1d)
For spherical particles the total charge
Qqop = Qsdr” (6-2.1.1e)

The charge-to-mass ratio
O/m = 2.47 x 10%/(pr'®) C/kg (6-2.1.1f)

where p = density (kg/m?)

As an example, the maximum predicted charge-to-mass ratio of 20
micron spherical particles of density 1300 kg/m? is 0.0244 C/kg or 2.4 x 107
nC/kg. This is 24 times the peak value given in Table 6-2.1 for pneumatic con-
veying. In practice, contact charging such as during powder flow will pro-
duce nonuniform charge and possibly bipolar charging, making the
predictions increasingly conservative for smaller particle sizes. Also, this
simple analysis neglects the field effects of surrounding particles. In any
case, the maximum mass or volume charge density is larger for smaller par-
ticles. This usually results in a greater ignition hazard since not only is the
maximum allowable charge-to-mass ratio increased, but the MIE of particles
decreases rapidly as patrticle size decreases (6-1.2).

6-2.2. Classification of Powders Based on Conductivity

As in the case of liquids (5-2.5), the tendency of powders to lose charge can
be simplified by classifying them into the three groups: (1) conductive, (2)
semiconductive, and (3) nonconductive. The situation with powders is
somewhat different from liquids because powders exist as heterogeneous
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mixtures with gas and their conductivities may be quite different from those
of the pure solids; well-known examples are metal powders whose surfaces
are oxidized. Powder conductivity depends on particle size, surface contam-
ination and packing density. The conductivity of some powders can sud-
denly change once some threshold voltage has been applied that
overcomes surface resistance between the particles. Hence it is found that
some powders such as carbon blacks do not obey Ohm’s law. Unless very
low resistivities are measured at small voltages, such an effect might be
present. When assessing the potential for electrical short-circuits and fires
caused by resistance heating of powder, it is recommended that the voltage
used exceeds the maximum source voltage in the electrical equipment
involved. This plus attention to powder packing density will help mitigate
surface resistance effects. When assessing static hazards due to
semiconductive or nonconductive powders, the source voltage is typically
1-10 kV.

Demarcations between powders based on conductivity give only a
guide to charge accumulation tendency. For example, dielectric constant is
neglected even though Section 2-3 shows that relaxation time is proportional
to this quantity. Other complicating factors such as impurities, surface con-
duction and effects of moisture are also neglected. The distinctions between
the groups based on the type of test described in 3-5.1.1 become increasingly
blurred at high volume resistivities owing to such extraneous effects.

6-2.2.1. Conductive Powders

These have a conductivity greater than 10* pS/m or a resistivity less than 10°
Q-m as determined using the type of test described in 3-5.6.1. Such powders,
for example aluminum, become charged during flow but almost immedi-
ately lose this charge when transferred into grounded, conductive contain-
ers. Bulking brush discharges (6-4.2) do not occur on heaps of conductive
powder. Provided the powder does not adhere, flow over nonconductive
surfaces such as plastic bags might lead to brush discharges from the bag
surface, which could ignite flammable vapor. If there is long term powder
impact on a nonconductive surface, propagating brush discharges (6-4.3)
might be produced; these have been observed on aircraft windshields fol-
lowing ice particle impact [167].

Charge may accumulate if conductive powder is transferred into a
nonconductive container or a container with nonconductive lining. If charge
accumulates, the powder may lose its charge in the form of a spark, allowing
a large fraction of the stored energy to be dissipated instantaneously. For
example, a fire might occur as a fiber drum with plastic liner is filled with a
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conductive powder. To dissipate charge a grounded metal rod is sometimes
placed in nonconductive containers prior to the transfer. In one case, owing
to an operational error, the rod was inserted when a plastic-lined fiber drum
was partly filled with aluminum powder, leading to a spark from the powder
surface to the rod which ignited the powder suspension. Although carbon
blacks are conductive they are not a static ignition risk when handled in air
owing to their very high MIE. Ignition would require the presence of a flam-
mable gas at close to its LFL or the presence of volatile oils on the carbon
black.

6-2.2.2. Semiconductive Powders

These have a conductivity between 10* and 10* pS/m or a resistivity between
10% and 10" Q-m as determined using the type of test described in 3-5.6.1.
The special significance of powders in this range is that they are believed not
to produce bulking brush discharges (6-4.2) while at the same time being
too resistive to produce sparks. This is based in part on observations using
sugar powder whose volume resistivity was in the semiconductive range
[32]. Propane-air mixtures permeating from spherical probes lowered to
the surface of sugar heaps in the test silo could not be ignited, although static
discharges were detected electronically. This result suggests that only brush
discharges were occurring. Bulking brush discharges or sparks terminating
at the probe should have ignited the propane-air mixture (MIE ~ 1 mJ)
despite some uncertainty in mixture composition (3-8.1.1). Pneumatic con-
veying of the sugar produced positive charging and brush discharges there-
fore originated from a positively charged powder surface. As discussed in
2-6.2 and reference [8], this polarity produces negative brush discharges
whose effective energy is less than 1 mJ. This helps explain why no ignitions
were produced.

6-2.2.3. Nonconductive Powders

These have a conductivity less than 10? pS/m or a resistivity greater than 10"
Q-m as determined using the type of test described in 3-5.6.1. They do not
give rise to spark discharges, but are more likely to produce other types of
discharge (corona, brush, bulking brush and propagating brush) than pow-
ders in the other two groups. Owing to their high resistivity, these powders
lose their charge at a slow rate and tend to accumulate charge even in prop-
erly grounded equipment such as powder silos. The degree of hazard due to
charge accumulation rises significantly at resistivities above 10'' Q-m. The
least conductive powders, such as thermoplastic resins, have resistivities up
to about 10" Q-m.



6. POWDERS AND SOLIDS 183

6-3. Pneumatic Conveying

This is the practice of conveying powders under positive gas pressure, which
can lead to very high rates of charging (Table 6-2.1). The two modes are (1)
dilute phase, which has lower powder/gas mass ratios in the range 3-9 and
(2) more recently introduced dense phase conveying, which has higher
powder/gas mass ratios in the range 10-60. Dilute phase uses higher gas
velocities, typically 23-28 m/s, and lower pressures, typically 1-15 psig posi-
tive and 25-380 mmHg negative. Dense phase uses lower gas velocities, typi-
cally 5-10 m/s, and higher pressures, typically 10-50 psig positive and
240-600 mmHg negative [177]. Although the concept of “maximum
explosible concentration” does not strictly apply, dense phase transfers may
occur above the effective upper flammability limit of the powder while the
dense phase transfer is in operation (6-1.1.2). Ignition hazards follow disper-
sion of the powder in equipment such as hoppers and dust collectors.
Charge concentration as powder bulks in a container may lead to static dis-
charges on the bed. If all metal equipment is bonded and grounded to elimi-
nate sparks, “static” ignition sources are brush, bulking brush and
propagating brush discharges as described in 2-6 and 6-4. An inert gas such
as nitrogen is often used for pneumatic conveying where ignition sensitive
dust suspensions are present (6-5). For general requirements see NFPA 654.

6-3.1. Charging in Pipeline Flow

General observations are that charge-to-mass ratio increases with increased
flow velocity and decreases with increased mass flow density and increased
particle size. This can be explained in terms of the collision frequency of par-
ticles with the wall, which produces net charge, versus interparticle collision
which produces zero net charge. The frequency of particle-wall collisions per

unit mass is increased as mass flow density is decreased. The charge trans-
fer efficiency increases with velocity of separation, hence with flow velocity.
Smaller particles can sustain a larger charge-to-mass ratio before ionization
of the surrounding gas occurs (6-2.1.1). It follows that the largest charge-
to-mass ratios are observed with small particles conveyed at high velocity
and low mass flow density. This suggests dilute phase transfer. However, the
charging current going to a receiving container is the product of charge-
to-mass ratio and mass flow rate. High values of mass flow rate, typical of
dense phase transfer, tend to reduce the charge-to-mass ratio by reducing
particle-wall collision frequency. Therefore, the highest charging currents
should occur at some intermediate mass flow density which might corre-
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spond either to dilute or dense phase transfer, depending on the conditions.
There is no clear-cut demarcation between dilute and dense phase transfer
in terms of mass flow rate and the velocity ratio between the two may be as
small as about 2.

A complicating factor is that the inner pipe walls may become coated
with the material being transferred and so change the nature of the charging
process. Changes of polarity can occur. Plastic powders are notable exam-
ples. When plastic powders slide along pipe walls the frictional heat melts
and deposits the plastic as a surface film. The film later breaks up into
threads, commonly known as “streamers.” In some cases the threads can
lead to blockage. Studies with PVC showed that the charge density of the
transferred powder decreased with the total mass of powder transferred,
owing to continuous deposition of a surface film. Cleaning the pipe wall
restored the original charge density with a high degree of reproducibility.
The phenomenon could be avoided by roughening the wall surface to pre-
vent sliding friction and in practice a threading machine was used to groove
the walls [178]. The grooving technique might have application in avoiding
plugging in small diameter pipe, but for large-scale systems, shot blasting is
typically used to score the pipe surface and avoid streamer formation. The
small scale studies showed that the cleaning procedure increased the
charge-to-mass ratio by an order of magnitude [178]. In practical systems
this phenomenon could be important during start-up of a new unit or after
pipe cleaning since the cleaned pipe might increase the charging current or
change the polarity of powder conveyed downstream.

6-3.1.1. Downstream Effects of Powder Charging

The ignition hazard in receiving containers depends on the ignition energy of
the suspended powder and the effective energy of static discharges. The
latter depends on the charge density and polarity generated on the powder
during flow through the pipe. In addition to powder characteristics the polar-
ity can depend on pipe material, surface deposits such as a plastic film and
the humidity of the conveying air. A complicating effect is bipolar charging
during pipeline flow. When this occurs the suspended patrticles in the con-
tainer usually carry the opposite charge from heavier particles that predomi-
nate in the settled powder. The polarity may vary with position across the
powder bed. This is due to various effects including local bipolar charging as
powder impacts the heap and slides toward the wall, convection of smaller
particles, and electrophoretic migration of charged fines in the ambient
electric field. Reversals of polarity have been observed near the powder
cone during periods of bulking brush formation [121].
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During steady mass flow, low energy corona or brush discharges occur
at high frequency on beds of nonconductive powder in receiving containers.
Such discharges are incapable of igniting dust suspensions in air. Granular
polyethylene was gravity-fed into an 11-ft.-diameter silo and the bed was
video-photographed using an image intensifier. Corona or brush-type dis-
charges occurred at the powder surface adjacent to the silo wall at very high
frequency (>100 per minute). Discharge frequency maximized when the
silo was 0.3-0.5 filled, at which time the discharges appeared randomly all
over the bed surface [12]. Only a few bulking brush discharges were
observed during several hours of observation. lonization created by thou-
sands of low energy discharges could be expected to suppress the formation
of bulking brushes, which presumably requires transient accumulation of an
unusually large charge density. It has been found that ionization is an impor-
tant factor in neutralizing surface charge on powder beds. Polyethylene was
artificially charged using a corona charge injection device and gravity-fed to
a 0.5-m-diameter container. It was found that high negative charging cur-
rents resulted in smaller charge densities on the bed than were found at
smaller charging currents. Owing to charge neutralization the probability of
gas ignition was actually reduced when charging current was increased
beyond a certain level [211]. This was demonstrated by bringing a gas-
emitting probe to the surface of the charged bed. Ignition occurred most fre-
quently for a moderate charging current and a high mass flow rate.

Since charge-to-mass ratios are typically larger for smaller particles
(6-2.1.1 and 6-3.1) it follows that smaller particles should release charge via
ionization at a faster rate as they bulk in a container. This helps explain why
bulking brushes are more commonly observed during pellet transfers than
during granular or dust transfers. Since pellet transfers are unlikely to gener-
ate flammable dust suspensions this explains why ignition is rare even
though bulking brushes are commonplace in large, pelleted resin bins. Even
if fine particles are present, mitigation is provided by bipolar charging
effects. Large scale silo tests were made in which polyethylene dust was dis-
persed above positively charged pellets immediately before bulking brushes
were anticipated. It was expected that this would constitute a realistic igni-
tion test. However, the added polyethylene fines became oppositely
charged and suppressed formation of bulking brushes [160]. As discussed
later, ignition of polydispersed dust via bulking brushes might require pre-
dominantly negative charging so that charged fines have the same polarity
as the coarse powder falling directly into the bed.

Consider first a dilute phase pneumatic transfer system operating at high
velocity and relatively low mass flow density. As discussed in 6-3.1 this
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results in a high charging rate with minimal bipolar charging. Higher
charge-to-mass ratios occur with smaller particles. As the powder bulks in
the receiving container, excess charge is lost as soon as the electric field
exceeds the breakdown field of air. If frequent discharges occur at wide-
spread locations over the bed, the resulting ionization rate is sufficient to pre-
vent large surface charge densities from accumulating. This prevents the
generation of energetic discharges such as the bulking brush and limits the
energy of brush-type discharges. Indeed, at very high charging rates the only
significant discharge mechanism might be corona.

Consider instead an unsteady powder transfer operation in which slugs
of highly charged powder are intermittently transferred at high mass flow
rate to a receiver. The absence of an ionized layer during flow interruption
could allow bulking brush discharge formation when powder flow resumes
or increases. Bulking brush discharges are a recognized ignition hazard for
some fine dusts in air (6-4.2.1). The ignition probability might be increased
should unsteady transfer be accompanied by introduction of an easily ignit-
able additive, especially if operational error creates an unusually high con-
centration of suspended additive fines.

An “unsettled” question is whether bulking brush discharges are
affected by bed polarity or might require large areas of oppositely charged
powder to accumulate on the bed (2-6.3.5). As discussed in 6-2 it was
observed in a full-scale test facility that the net polarity of high density poly-
ethylene (HDPE) gradually changed from positive to negative as the relative
humidity of the conveying air was increased [44]. At low humidity, bipolar
charging occurred. The fines were charged negatively while the bulk of the
material, determining the overall polarity, was charged positively. The polar-
ity changed to net negative above about 35% relative humidity. It was con-
cluded that charge build-up in HDPE can be minimized by operating at high
mass flow rate and a relative humidity of about 35% [44]. This humidity cor-
responded to the observed null point at which the flow of positive charge
was equal to the flow of negative charge and the net charging current to the
silo was zero. However, if either predominantly negative charging or locally
negative bed polarity is required for ignition via bulking brush discharges, it
might have been concluded that HDPE transfers should be conducted at
very low humidity so that charging is almost exclusively positive. As dis-
cussed above, bulking brushes can be suppressed by introduction of fine
(easily ignitable) dust having opposite polarity from the bulk powder [160].
Therefore, one might expect fines to be ignited only if they carry the same
sign of charge as the coarse powder, so that bulking brushes are not sup-
pressed. For a given material, fine powder tends to charge negatively on
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contact with coarse powder. Hence, a possible criterion for ignition is that
the powder is predominantly negatively charged. This has been observed
with polyethylene at high humidity. There are anecdotal accounts of high
humidity conditions existing before some polyethylene bin explosions; in
one case a humidifier to “help control static” had reportedly been installed.
There is no hard evidence for a generally applicable humidity effect with
HDPE or even a generally applicable effect of polarity. The topic evidently
requires more study. In general the best way to prevent ignition, short of
inerting, is to control the ignition energy of the dust suspension by avoiding
the accumulation of fine product and additive dust.

6-3.2. Special Grounding Cases

Normal bonding and grounding requirements are given in 4-1. Certain types
of pipe connections may require jumper cables. The first general type is the
grooved and shouldered joint and the second is the lap joint. In the first case,
sections of pipe can become isolated by gaskets in the pipe connections. In
the second, a flared or stub end pipe is connected via a bolted “slip flange.”
The latter fits loosely around the pipe and in many cases may be isolated
from the pipe by paint or other coating. If a nonconductive gasket is used
there may be no continuity across the connection. This can be corrected
using a flexible graphite-filled gasket or other conductive gasket. Alterna-
tively a jumper cable can be used. As shown in Figure 6-3.2, external sparks
were observed from a carbon steel slip flange to an aluminum pipe convey-
ing fumed silica through an electrically classified area. Both the flanges and
pipe ends were coated with epoxy paint which effectively insulated them

PTFE GASKET CARBON STEEL
SLIP FLANGE

N
SPARK i §;§§;¢;§sﬁsﬁ

SS BALL VALVE

FIGURE 6-3.2. Ball valve isolated by twin slip flanges.
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from each other. Although the slip flanges were electrically connected to the
stainless steel ball valve via the bolts, the entire ball valve body was electri-
cally isolated from the grounded pipe by PTFE gaskets plus the layers of
epoxy paint. The situation was corrected by connecting jumper cables at
each end between the valve body and pipe.

6-3.2.1. Hoses

These are discussed in 5-3.3 for liquid service, 5-4.6 with respect to vacuum
trucks (liquid, powder or mixtures of both) and 6-4.1.3 concerning the possi-
bility of sparks from unbonded spirals. Conductive and semiconductive
hoses for powder service are available. The former include flexible metal
types and the latter are available both with and without metal bonding ele-
ments; hence, it is always possible to specify a hose whose electrical conti-
nuity cannot be lost due to inferior construction or minor damage. Where
there is no flammability hazard from the transferred powder, consideration
should still be given to conductive/semiconductive hoses owing to the poten-
tial for puncturing of the fabric, operator shocks and static discharges outside
the hose. External static discharges are potentially hazardous if the hose is
located in an electrically classified area. Various considerations for hose
selection include cost, weight, bend radius, conductivity, abrasion resistance,
cold temperature tolerance, pressure rating and sensitivity to damage.

6-3.2.2. Flexible Boots and Socks

These are most frequently used in gravity transfer operations, where charg-
ing rates are relatively small compared with pneumatic transfers. Flexible
boots are typically constructed of solid plastic or rubber while socks may be
composed of finely knitted yarn. Boots are usually smooth-bored to mini-
mize abrasion by the powder. A nonconductive boot may give rise to internal
or external discharges including the propagating brush; the latter type of dis-
charge cannot occur from knitted socks owing to the low breakdown
strength introduced by the air gaps in the weave (2-6.2.4). As an example, an
operator received a shock “like a spark plug” from a rubber boot on a flow
diverter; the end-to-end resistance measured at 20 kV exceeded 10'* Q. This
was corrected by replacing the nonconductive boot with a semiconductive
type, where the definition of “semiconductive” is the same as for a
semiconductive hose. For flammable powders in air atmospheres, the
end-to-end resistance of boots and socks should always be less than
100 MQ, and preferably less than 1 MQ as measured using a megohm meter
with source voltage about 500 V or more. Should flammable vapor be pres-
ent, the resistance should be less than 1 MQ. Unless the service introduces
severe cyclical stress on the flexible connection, such as in some sieving



6. POWDERS AND SOLIDS 189

operations, it is easy to purchase materials yielding resistances less than
1 MQ without compromising flexibility or service life. Semiconductive or
conductive flexible connections should not be used to provide bonding
between items of equipment such as fixed and portable metal containers.
This is because in the event of breakage of the connection and loss of bond-
ing, there is the potential for simultaneously generating a powder suspen-
sion and a source of ignition. Separate bonding or grounding should be used.
Where convenient, flexible connections can be used with an external
jumper cable for bonding. Note that an external winding of wire around a
nonconductive flexible connection does nothing to dissipate static inside
the connections, and can make matters worse (2-6.5).

6-3.2.3. Plastic Pipe/Hose Connections

Nonconductive plastic pipe should not be used for transfer of ignitable
powder or for any powder transfer through electrically classified areas. Haz-
ards comprise brush discharges, PBDs and external sparks due to induction.
Charge accumulation is discussed in 5-3.2.1.

Short lengths of translucent, nonconductive plastic pipe or hose are
sometimes used to visualize flow in otherwise conductive pipe or hose. They
can give rise to all types of static discharge and should not be used for ignit-
able powders or in flammable vapor areas. Even in pellet service where igni-
tion hazards have been ruled out, rigid high resistivity pipe may allow
formation of PBDs which can give large shocks to personnel (2-6.5). Clear
polyurethane hoses are available which are classed as “static dissipative” via
Electronic Industry Association’s Standard 541. Where these or equivalent
antistatic hoses are used as flow visualizers, reinforcing wire spirals should
be bonded at both ends. An “antistatic” hose might not be sufficiently con-
ductive to prevent static accumulation under some powder flow conditions
and its suitability must be carefully evaluated where easily ignitable powders
are transferred or the hose is located in a flammable vapor area.

6-4. Types of Static Discharge in Powder Systems

Even where normal grounding practices (4-1) are observed, various static
discharges (2-6) may occur in powder handling systems. Sparks can be
avoided by providing a sufficiently low resistance from any conductive com-
ponent to ground. Sparks nevertheless often occur due to oversight, design
change, maintenance activities or mechanical failure. Charging rates in
powder transfer are typically much greater than in liquid transfer and it is not
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always possible to eliminate brush and bulking brush discharges. Bulking
brush discharges may ignite some fine dusts in air, provided the dust MIE is
less than that of Lycopodium (<20 mlJ). Brush discharges from isolated non-
conductors such as plastic sheet or powder beds are only a hazard in the
presence of flammable gas (6-1.3). Propagating brush discharges, which
can ignite most flammable mixtures, can be avoided by not using plastic
construction materials or by limiting the thickness where nonconductive
coatings must be used (2-6.5). Dust might be ignited in air by transitional
brush discharges from nonconductive layers such as plastic coated metal
(2-6.2.5), but such discharges cannot readily be distinguished from PBDs.
They represent an intermediate case between brush discharges and PBDs in
which effective energy changes very rapidly with conditions.

6-4.1. Sparks
These may occur from

* conductive powder in a nonconductive container or container with
nonconductive lining (6-2.2.1),

 ungrounded conductive components such as filter bag cages (6-4.1.2),

e poorly grounded conductors in proximity to a charged powder bed
(6-4.1.1), or

* conductive objects inadvertently introduced, such as bag house com-
ponents falling onto a charged powder bed.

6-4.1.1. Sparks Via Bulking Brush and Brush Discharges

Static discharges with peak currents measured in amperes might occur
during silo filling, and the resistance to ground of any conductive object
close to the powder bed should be sufficiently low to prevent sparking from
the object to ground should it be struck by such a discharge.

In one scenario, deflagration of granular resin in a silo was considered
most likely due to a bulking brush discharge on the powder bed striking an
out-of-service capacitance probe, comprising a vertical cable (about 180 pF)
attached to the wall by insulating spacers. The spacers provided multiple
parallel spark gaps with a breakdown voltage about 15 kV [17]. The resulting
spark ignited very fine dust which had accumulated on the cable and spac-
ers plus suspended fine dust near the walls. The cable had an estimated
resistance to ground of only about 40 kQ2, compared with the 1 MQ normally
considered adequate for static grounding. A dynamic analysis of cable
potential was not possible owing to the unknown and variable rate of charg-
ing. However, charge transfers due to bulking brush discharges are known
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to be of the order 10 uC (2-6.3). If 1 us is assumed for the effective discharge
duration, the 10 ampere average charging current might have charged the
cable sufficiently for spark breakdown to occur across the spacers. The sce-
nario requires the effective duration of a bulking brush discharge to be com-
parable to, or less than, the RC time constant of the cable.

This hypothesis was incidentally supported by unrelated tests intended
to show that bulking brush discharges can ignite dust suspensions; charge
collected from bulking brushes inside a silo was diverted to a spark gap in a
Hartmann Tube [161]. Dust ignitions were demonstrated despite a ground
resistance of 1 MQ in parallel with the spark gap. It follows that a ground
resistance much less than 1 MQ is necessary to prevent ignitions should the
charge from a bulking brush be collected by a conductor near the powder
surface. It is assumed that a parallel spark gap to ground exists and that the
conductor has a sufficiently small capacitance to achieve the required
potential for sparking.

Ignition of fine sulfur dust with a MIE of about 1 mJ or less was demon-
strated by routing the collected charge (>280 nC) from a brush discharge
through a spark gap in a Hartmann tube [34]. Unlike the previously
described case for bulking brushes, there was negligible leakage resistance
to ground parallel to the spark gap, hence the experiment does not provide
any direct evidence that 1 MQ is an excessive grounding resistance. As dis-
cussed in 2-5.1.1, brush discharges from isolated nonconductors typically
transfer only 1-10% of the maximum charge possible via bulking brushes. If
this ignition mechanism is possible at all, only very sensitive dusts or hybrid
mixtures are likely at risk.

To avoid ignition via these indirect sparking mechanisms, the resistance
to ground of conductive objects that could be encountered by discharges on
powder beds should be less than 1 kQ and preferably less than 100 2, so that
the maximum potential attained is less than 1 kV.

6-4.1.2. Sparks from Filter Bag Cages

Sparks may occur from ungrounded cages to either the bag house structure
or neighboring bag cages. There are two principal types of filter arrangement
requiring slightly different grounding approaches

a. Top Bag Remouval. Here the bag and cage assembly pulls out from the
top of the tube sheet. A grounding strap is needed to ground the cage
and venturi assembly to the tubesheet. The strap should be located in
the plenum chamber above the tubesheet and comprises a
Y2-in.-wide stainless steel braided wire with eyelets at both ends.
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After cleaning dust and deposits from the connections, one end of the
strap is bolted to the cage/venturi assembly and the other to the
tubesheet. The resistance between the cage and the tubesheet
should be 10 Q or less.

b. Bottom Bag Removal. Here the bags are generally made longer than
the cages with the additional length being folded over the top of the
cage to help secure the bag. The bag and cage assembly is then
slipped over the venturi and a hose-type clamp is normally used to
fasten the assembly to the collar. Owing to the folded bag, the use of
nonconductive bag material will electrically isolate the cage from the
tubesheet, and a dust deflagration due to this mechanism has been
reported. A measure which has been successfully used involves
nonconductive filter bags incorporating two short grounding straps at
their tops, placed 180 degrees apart. These each comprise 24-in.-
long X '2-in.-wide strips of stainless steel braided wire sewn into both
the inside and outside surfaces of the bag, with 12-in. lengths sewn
into each side of the cloth. The straps provide electrical continuity
between the cage and the venturi collar when the bag is folded
between them. Two straps are needed because some collars contain
a slot. After installation, electrical continuity between the cage and
tubesheet should be confirmed.

Plastic venturis should be avoided wherever there is the potential for iso-
lation of the bag cage or other conductive component. Plastic venturi haz-
ards are noted in [33]; a recent dust explosion originating in a bag house
might have been due to their use. Criteria for selection of antistatic and con-
ductive filter cloths are given in 6-5.2.1.

6-4.1.3. Sparks from Hoses

See 5-3.3 and 6-3.2.1. Powder transfer through hoses typically generates a
greater rate of static charging than liquid flow, abrasion is greater, and the
hose may frequently contain an ignitable mixture. Nonconductive hose
incorporating an internal bonding spiral is not recommended except for
pellet or noncombustible dust service in unclassified areas. This is because
if the spiral breaks, internal and possibly external spark gaps may be created.
In some cases, hose designs have omitted to bond the end connectors
together via the spiral; sometimes there are two spirals present in the hose,
only one of which is designed to provide bonding. Conductive hoses should
preferably be flexible metal so that bonding does not rely on continuity of a
breakable element. Other types of conductive hose should be designed so
that end connectors are bonded to the grounding elements in the hose,
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while breakage of a conductive element cannot create a spark gap. To avoid
spark gaps formed in this manner, a semiconductive hose design might be
considered. Lightweight semiconductive hoses having no metal bonding
elements are commercially available. These have a typical end-to-end resis-
tance of a few thousand ohms per meter depending on hose size. In prac-
tice, various factors can be involved in hose selection (6-3.2.1).

6-4.2. Bulking Brush Discharges

See 2-6.3 and 6-3.1.1. These cannot always be eliminated in practical equip-
ment above about 1 meter diameter where nonconductive powders are
transferred, although flow rate reduction may be effective for the more con-
ductive powders in this range (10'°-10"' Q-m). Also, the use of active neutral-
izers has been proposed for relatively small silos (4-2.2.1). To minimize the
probability of ignition, the first consideration should be whether the MIE of
the powder being handled can be increased to greater than that of
Lycopodium (>20 mJ), such as by minimizing the sub-200 mesh fines con-
centration and selecting additives having a MIE at least that of the sub-200
mesh product fines, particularly for containers that might accumulate addi-
tives. Where such methods are impractical, inerting is sometimes carried
out, especially if powder properties make deflagration suppression and
venting undesirable alternatives. Inerting is often considered where powder
MIE falls below the 3-10 mJ range, according to the MIE test method used.
Although these discharges would be expected to occur less frequently in
smaller diameter silos, an increase of L/D ratio is usually undesirable for
other reasons including its adverse effect on deflagration venting. Dust igni-
tion via bulking brush discharge is uncommon but may explain the few silo
explosions that occur where all metal components are properly grounded.

6-4.2.1. Effect of Particle Size on Bulking Brush Discharges

The maximum charge density of powders increases as patrticle size
decreases, resulting in greater charging rates for equal mass flow rates
(6-2.1.1). This in turn increases the frequency at which air breakdown
occurs in the container and hence the frequency at which corona and brush
discharges are produced. Frequent corona and brush discharges tend to
produce an ionized gas layer above the bulked powder which dissipates
charge from the surface region (6-3.1.1). Bulking brush discharges appear to
be triggered by accumulation of some critical charge density in the powder
heap, which is inhibited by the presence of the ionized layer. As a result, both
the frequency and energy of bulking brushes in a given system tend to
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decrease as particle size decreases. Bulking brushes are most commonly
observed during pellet transfer and it has often been stated that the systems
most at risk are pneumatically conveyed coarse granules or pellets contain-
ing an easily ignitable fines fraction. Measured charge transfers have been
found to increase both with particle size and silo diameter. A tentative model
was developed for effective energy in terms of these two parameters [50]. As
discussed in 2-6.3.4, a major application problem with the model is that the
calculated effective energies are based on spark ignition tests and are unre-
alistically high. The values are similar to potential energy loss estimates
made in 2-5.1.1, which greatly exceed the accepted maximum value of
about 20 mJ deduced from dust ignition experience in industrial silos. The
reason for the disparity is the low power density of bulking brush discharges
relative to sparks in optimized spark gaps. The power density effect is more
pronounced for dust than for gas ignition and it appears that the efficiency of
nonspark discharges in igniting dust clouds may be only about 10% relative to
gas mixtures of equal spark MIE (2-5.1.1). The effective energy of bulking
brush discharges might be polarity dependent, the case being made in
2-6.3.5 that ignition might require predominantly negative charging of both
the fines and the bulk powder. Although coarse powder tends to give a
greater frequency of bulking brushes, the presence of easily ignitable fines
does not by itself give rise to an ignition hazard. This is because if bipolar
charging occurs the fines tend to neutralize the bed and suppress bulking
brushes (2-6.3.5). In a typical industrial situation involving powder having a
wide and nonconstant size distribution it is useful to consider the maximum
effective energy of bulking brushes to be about 20 mJ in large silos. The value
decreases with decreased charge transfer and hence with decreased con-
tainer diameter [see Eq. (2-6.3.2)].

6-4.3. Propagating Brush Discharge

See 2-6.5. PBDs can be avoided by simply not using nonconductive equip-
ment such as hoses, wands, pipes, flexible connections and linings. The
phenomenon does not occur where insulating layers are due only to loose,
nonconductive powder accumulations, since gas spaces between the parti-
cles lower the breakdown strength relative to a continuous nonconductive
layer. Hence, PBDs do not occur due to loose powder layers on silo walls and
other surfaces. Criteria for avoiding PBDs from nonconductive layers are
given in 2-6.5. Linings can be made sufficiently thin so that they cannot sus-
tain the minimum surface charge density required; electrical breakdown
results in weaker transitional brush discharges described in 2-6.2.3 and



6. POWDERS AND SOLIDS 195

2-6.2.5. These weaker discharges may nevertheless ignite some dusts in air
since their effective energies include the range between ordinary brush dis-
charges (5-10 mJ) and PBDs (100-1000 mJ).

Painted coatings having a breakdown strength of about 400 V/mil should
usually be too thin to be a problem; painted coatings are typically less than 7
mils in thickness and electrical breakdown should therefore occur at less
than 4 kV (2-6.2.4 and 5-4.1.3). However, where the breakdown strength is
uncertain or exceptionally thick layers might have accumulated owing to
repainting, the situation should be evaluated using thickness gauges and
suitable test coupons. For slow charging rates the 4 kV criterion should nor-
mally be conservative (2-6.2.1). However, in containers such as silos and
hopper cars very large surface charge densities can be almost instantly
deposited on insulating wall coatings by bulking brush discharges. Although
this mechanism has not been studied in detail, it should be assumed that
such conditions allow little or no margin of safety when the 4 kV criterion is
applied.

6-5. General Operations

Unlike the case with liquid operations, where numerous restrictions are
applied for safe handling (particularly for nonconductive liquids), powder
operations are normally considered only with respect to the provision of
proper grounding unless MIEs less than about 10 mJ are involved or flamma-
ble vapor is additionally present. For powders in air

* Powder transfer velocity and mass flow rate are not subject to any
maximum values,

* Slow starts are not used,

* Bottom filling is not required and is normally impractical and,

* Inerting is rarely used for powder storage, although its use is increasing
for pneumatic conveying, especially for ignition sensitive dusts.

For most powders, static discharges are expected to occur when pow-
ders are transferred in bulk, even under gravity filling conditions. The rea-
sons that static discharges are normally tolerable are

* Corona and brush discharges from compacted beds will not ignite
dusts in air.

e Sparks, transitional brushes and PBDs can be prevented.

* Bulking brushes have a very small ignition probability in most cases (as
discussed below).
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¢ Deflagration venting (see NFPA 68) is highly applicable to powder
operations. This is because most powder operations are at atmo-
spheric pressure, the rate of deflagration pressure rise is usually small
enough for vent relief panels to be of a practical size, and the subse-
quent fire is limited because most powders cannot burn in bulk.

If proper bonding and grounding are employed, there are no
nonconductive plastic materials of construction, and hybrid mixtures
avoided, static ignitions can only occur via bulking brush discharges during
container filling or other operation that results in charge concentration.
Some texts at this point mention the avoidance of “tramp metal,” but unless
the objects involved are large enough to have significant capacitance they
should be considered mechanical spark or friction hazards rather than static
hazards.

As discussed in 2-6.3 and 6-4.2, powder ignition via bulking brush dis-
charge requires the coincidence of several factors, each of which has an
associated probability. The minimum conditions are

1. Discharge must coincide with flammable powder suspension in time
and space,
2. Discharge must have effective energy sufficient to ignite powder, i.e.,
2a. hottest part of discharge (at container wall) must coincide with
optimum powder concentration,
2b. local powder suspension must comprise small particles with low
MIE and,
3. Local ignition must be followed by flame propagation into surround-
ing suspension above powder MEC.

If a powder has been characterized by a particular MIE, say 10 mJ, this
does not mean a typical suspension in air has a MIE of 10 mJ. MIE tests are
made on either sub-200 mesh dust or finer fractions designed to represent
the worst credible case (6-1.2). The reported MIE corresponds to the opti-
mum concentration of this fine dust fraction in air, which is relatively large
and often difficult to achieve in practical operations, being typically in the
range 250-750 g/m?>. Estimates of the effective energy of bulking brush dis-
charges, based on accident analyses, indicate a maximum value of 10-20
mJ, or less than the MIE of Lycopodium (20 mJ). Since the effective energy
exists as a distribution of possible values up to the maximum value, most dis-
charges will have only a fraction of the maximum effective energy. The prob-
ability of ignition is extremely small for dusts with MIE similar to Lycopodium
and negligible for dusts with significantly greater MIEs. Since the ignition fre-
quency for most dusts is very small, it is common practice to provide only
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deflagration venting for containers and other equipment operating at low
pressure. Additional or alternative measures such as inerting, containment
or flame suppression should be considered depending on the risk factors
involved. Such factors include the ignition sensitivity and toxicity of the dust.

Although the charging currents produced in most flammable liquid han-
dling operations are less than those produced during powder conveying, the
ignition probability for many flammable liquids handled in air is much
greater than for a flammable dust suspension. This is related to the ease with
which a uniform vapor-air mixture can form throughout an enclosed
volume. If the handling temperature allows formation of the most easily
ignitable vapor—air mixture, this mixture can persist throughout the volume
for a large fraction of the filling time and can be vulnerable to ignition even by
relatively weak positive brush discharges.

The high charging currents and long relaxation times associated with
many powder transfers can create a very high frequency of brush discharges
during container filling, superimposed on which may be less frequent bulk-
ing brush discharges. Should a flammable gas be present in the container,
the probability of ignition increases rapidly as the gas concentration
increases from about 50% of its LFL toward its optimum concentration,
which is usually slightly rich of stoichiometric. It is essential to purge flam-
mable gases from resins such as polyethylene before transfer is made to a
non-inerted storage silo.

Sections 6-1 through 6-4 can be applied to most powder handling pro-
cesses. Where powders have small MIEs compared with Lycopodium and
will be bulked into a container, inerting may be considered. Inerting is often
used where powder MIE is below 3-10 mJ, depending on various consider-
ations including MIE test method, practical experience with the powder,
availability of inerting gas and consequences of an ignition.

6-5.1. Vacuum Trucks

In November 1997, an explosion and fatality occurred while vacuuming off-
specification granular polypropylene via the side manway of a bin to a high
capacity vacuum truck. The hose was 6-in.-diameter nonconductive plastic
with a metal lance that was inserted through the manway. The flame did not
propagate through the hose to the truck and equipment damage was con-
fined to the bin and dust collector. It is believed that a spark discharge
occurred from the ungrounded lance to the bin but unclear as to whether
the bin contained any flammable vapor; initial reports were that the resin
had been properly purged. If the presence of fine polypropylene powder is
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assumed, it is not unreasonable that spark ignition could have taken place in
the absence of flammable vapor since the powder MIE in air might have
been less than 20 mJ. From available information this incident should have
been avoidable by using a conductive or semiconductive hose bonding the
lance to the grounded truck as discussed in 5-4.6 under “vacuum trucks” and
elsewhere under “hoses.”

6-5.2. Bag Houses

Grounding of cages is discussed in 6-4.1.2. In addition to providing proper
bonding and grounding, the probability of ignition can in some cases be
reduced by decreasing the air-to-cloth ratio in dust collectors (that is, the air
flow rate divided by the total effective filter area). Higher air-to-cloth ratios
tend to classify the finer particles in the top part of bins and dust collectors;
owing to the relatively high frequency of maintenance activities in bag
houses, the potential for grounding error and spark ignition should be con-
sidered. Typical air-to-cloth ratios are in the range 5-7 ft/min for granular
materials and 3-5 ft./min. for fine (sub-200 mesh) powders.

6-5.2.1. Filter Cloth

Except where conductive dusts are collected, the only credible type of dis-
charge from a charged filter cloth is the brush discharge (2-6.2.1). These
cannot ignite dusts in air atmospheres so conductive or antistatic filter bags
are not needed. Instead such bags might create spark hazards should parts
of the fabric become electrically isolated or should a bag filter fall into a bin.
Several dust explosions have been blamed on loss of electrical continuity in
antistatic filter cloth. These involved bag filters or rectangular filter banks
with various types of antistatic filter fabric.

Conductive dusts might be collected nonuniformly and in principle
could give spark discharges from isolated patches of dust. Carbon blacks
typically have very high MIEs and are not subject to static ignition, whereas
metal dusts can have very low MIEs and might be ignited by this mechanism.
Also, in the presence of flammable gas, hybrid dust-gas mixtures might be
ignited by brush discharges. If metal dusts are collected or if hybrid mixtures
cannot be discounted, antistatic or conductive filter cloths should be
selected. For ignition sensitive metal dusts such as magnesium, completely
conductive fabric should be selected and all parts of the bag house should
be very carefully assessed for grounding. Of the available types of “antistatic”
and “conductive” filter cloths, only some are effective. For example, a bag
filter might simply contain an embedded loop of wire braid which will do
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nothing to dissipate static charge from collected dust on the cloth. Antistatic
cloths containing loose metal fibers have the disadvantage of randomness,
which might allow sparking from isolated conductive patches. Cloths that
are uniformly treated with antistatic agents avoid this problem, but unless
the antistat is highly visible there is the potential for manufacturing or instal-
lation errors. Ideally, the cloth should be manufactured entirely from
semiconductive or conductive fibers and installed so that grounding cannot
be lost.

6-6. Manual Transfers from Portable Containers

Where flammmable gas/vapor is present see 5-4.5. For powder transfers in air
it is necessary only to avoid sparks by proper bonding and grounding of all
conductive components such as funnels and the metal chimes on fiber
drums. Grounding of people (4-3) should be considered for fine dusts whose
MIE is less than that of Lycopodium. Paper bags are unlikely to produce spark
hazards although this is theoretically possible from wet patches or large sta-
ples, etc. A special case is where either paper or plastic bags contain a metal
layer applied either as a surface film or as an inner-plied foil layer. Such
layers are sometimes used as moisture barriers. The conductive metal layer
can become charged during powder flow and create a spark ignition hazard
unless special grounding measures are taken; in 1999 a dust ignition incident
was reported involving a plastic bag with an inner plied aluminum foil layer.
Except at relative humidity less than 10-20%, paper bags and chimeless fiber
drums can be considered semiconductive and may be grounded by contact
with grounded equipment if a bonding clip is not used. Alternatively, they
can be grounded via a grounded operator provided nonconductive gloves
are not worn. A special case of portable container transfers is the FIBC (6-7).

6-7. Flexible Intermediate Bulk Containers (FIBCs)

For a comprehensive description of hazards including accounts of fires and
explosions see [10]. FIBCs are collapsible rectilinear plastic containers for
solids handling, comprising a body constructed of film, woven fabric or other
flexible material plus any appropriate service equipment and handling
devices. Typical volumes are not more than 1.5 m? and capacities 400-1000
kg. Filling and discharge are typically done through spouted top and bottom
openings, where the bottom spout requires only unfolding/untying to begin
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gravity unloading. However, some FIBCs feature fully open tops or bottoms
that require cutting of the fabric. FIBCs can also be vacuum unloaded (6-7.4).
During filling, ignition hazards of the powder may be mitigated by inflating
the collapsed bag with nitrogen. This is done primarily for product quality
reasons and there are no available reports of ignition during FIBC filling.
When emptying a FIBC at uncontrolled rate, inerting is impractical since air
will be rapidly inhaled as the FIBC empties; complete emptying might take
10-30 s. During uncontrolled emptying into an atmosphere containing flam-
mable vapor, such as at the port of a mixing vessel, the large flow of air
entrained with the powder will counteract any inerting in the vessel while
expelling flammable vapor toward the operator. If the FIBC is not properly
vented at the top, flammable vapor might be inhaled into the FIBC and ignite.
If aloose liner is used, it should be designed so that it does not leave the FIBC
and present an ignition risk (5-9.5). Owing to the large flow rate of powder
and its associated generation of static electricity, potential for charging of
ungrounded operators, plus air entrainment effects, uncontrolled FIBC
unloading in flammable vapor atmospheres is inherently more hazardous
than transfers from 25 kg bags (5-4.5.1).

A proposed European FIBC classification scheme [152] referring to Type
A, B and C containers is used in the following sections. Type D containers
have been added to reflect recent developments. In brief, these FIBCs are

Type A. General 100% plastic types that cannot be grounded.
Type B. Thin-walled 100% plastic types that cannot be grounded.
Type C. Conductive types that require grounding and,

Type D. Antistatic types that do not require grounding.

There is no available evidence that PBDs occur in FIBC operations and
therefore no demonstrated need for thin walled Type B containers designed
with a breakdown voltage of 4 kV or less [10]. However, since Type B con-
tainers are commercially available and in principle may offer slightly less
risk, they might be considered where thin walls will not have a detrimental
effect on product quality (6-7.1.1).

6-7.1. Powder Transfers in Air Atmospheres

Provided the powder does not evolve flammable vapor, the FIBC selected
should be of a type which does not require grounding, since FIBC manufac-
turing defect or operator error that results in loss of grounding will introduce
an ignition hazard due to spark discharges. Types A or B can be used for
nonfrangible pellets without regard to grounding, since there will be no flam-
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mable dust suspension present. Where significant dust is present, an
ungrounded Type A or B can be used provided the operator is grounded
(4-3). At greater cost, a Type D could alternatively be used in either case. If
Type C is used there will not only be additional cost but also a spark ignition
risk if proper grounding is not carried out.

Where an easily ignitable dust is emptied from Type A into equipment,
the spout should preferably not be introduced through a metal nozzle so as
to leave only a small clearance between the plastic spout and the underlying
metal of the nozzle. This is because of possible generation of transitional
brush discharges on the spout (2-6.2.3 and 2-6.2.5). Also, where ignition sen-
sitive dusts are unloaded in air the spout should preferably not rest on a
metal surface. In the absence of an air gap the underlying metal surface
increases the maximum charge density that can accumulate on the inner
surface of the spout and this might result in an incendive discharge. Where
such conditions cannot be avoided a Type B might be considered (6-7.1.1).

If a powder is capable of evolving flammable vapor at or above its LFL it
should be considered as being handled in a flammable vapor atmosphere
(6-7.3). This hazard may be present if the powder is reactive (slowly decom-
poses or reacts with moisture forming flammable vapor) or contains upward
of 0.2 wt% of flammable solvent. Evaluation of a vapor hazard may require
closed container testing over an extended period at a sufficiently high tem-
perature to represent worst-case storage conditions. This may be several
weeks at 50-60°C in some cases. If the vapor concentration can attain
greater than 50% of its LFL the combination of vapor plus suspended dust
may result in an easily ignitable hybrid mixture which should be considered
equivalent to a flammable vapor atmosphere. Types A and B should not be
used in flammable vapor atmospheres. For direct transfers to flammable lig-
uids see 6-7.2.

6-7.1.1. Low Breakdown Strength Plastic FIBCs

It has been hypothesized that propagating brush discharges (PBDs) might be
produced when either filling or emptying a 100% plastic FIBC. Unlike other
discharges from plastic surfaces, PBDs may ignite dust suspensions in air.
Also, as discussed in this book, less energetic transitional brush discharges
might ignite some dusts under conditions that do not support PBD genera-
tion. Thin walled Type B containers are commercially available with a wall
breakdown voltage of about 4 kV or less. This design criterion avoids both
types of discharge (2-6.2.3 and 2-6.5). However, the lack of either clear evi-
dence or an experimental demonstration of these phenomena in FIBC oper-
ations suggests that they have a low probability and might not occur in
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practice [10]. If a Type B is used, adverse effects may include increased
moisture ingress and vulnerability to splinters from pallets. This can have a
detrimental effect on product quality, particularly for hygroscopic solids.
Given the absence of any reported FIBC loading fires, it was suggested that
an alternative to thin walled FIBCs was simply to perforate the spout [10].
This would drastically reduce the breakdown voltage, preventing PBDs from
occurring in the region of greatest powder-wall charging while minimizing
quality problems due to thin walled FIBCs. Since there is no specific guid-
ance on the need for thin walled FIBCs, this should be a risk based decision.
If the risk of Type A is seen to be unacceptable, for example if an ignition sen-
sitive or toxic dust is being handled, and Type B cannot be used owing to
moisture sensitivity, Types C or D should be considered instead (6-7.3).

6-7.2. Powder Transfers from FIBCs to Flammable Liquids

This situation is distinct from FIBC use in a Class I Div. 2 electrically classified
area. The receiving container typically contains flammable concentrations of
vapor. Unless a noncombustible powder or nonfrangible pellet is being han-
dled a hybrid mixture will form in the receiving container and the safety factor
normally applied to liquid flash point (5-1.1.5) does not apply. Flammable
vapor at only a fraction of its LFL may significantly increase the ignition sensi-
tivity of a flammable dust suspension. Transfers should preferably be done via
an intermediate grounded metal hopper with rotary valve or its equivalent,
keeping both the mixing vessel and the hopper inerted throughout the trans-
fer. The vessel vent line should be appropriately sized to minimize flammable
vapor expulsion into the hopper. These precautions isolate the flammable
vapor from the FIBC and operator. While this method reduces hazards due to
the FIBC design, the transfer will still be made in the potentially flammable
vapor atmosphere surrounding the vessel so Types A and B should not be
used. Instead the FIBC should be either Type C or D (6-7.3). If transfers are
made directly from a FIBC to a flammable liquid without an intermediate
purged hopper, not only must superior attention be given to assuring proper
vessel inerting but a residual risk must be assumed whatever the FIBC type.
This risk is due to the interface of flammable vapor and air, at which various
ignition sources may occur during the transfer (5-4.5.1).

6-7.3. Conductive and Antistatic FIBCs

These are designed primarily for use in flammable vapor atmospheres and
should also be considered where powders evolve flammable vapor as
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described in 6-7.1. Various designs of conductive Type C, and antistatic Type
D, FIBCs are commercially available. Whichever type is selected for use in
flammable vapor atmospheres, the FIBC manufacturer should provide both
quality assurance and test data showing that full scale ignition testing has
been successfully carried out. Compatibility, strength, and economic con-
siderations may in practice restrict the choice of available FIBC designs.

Type C typically contains a conductive grid with mesh spacing of about
20 mm, having a maximum resistance to ground of 100 MQ2 from any point
contacted by a 25 mm test electrode. All types require grounding, usually via
at least one grounding tab. To offset operator grounding error, some types
are designed so that the slings are conductive, hence the FIBC will be auto-
matically grounded via the slings provided the hoist system provides a
ground path. Advantages of Type C designs may include compatibility and
re-use capability. In addition to the great likelihood of hazardous spark dis-
charges should proper grounding not be present, disadvantages may
include cost and difficulty in recycling due to metal fibers.

Type D does not meet “conductive” specifications but is nevertheless
sufficiently conductive to dissipate charge, as demonstrated by full scale
testing. The design typically incorporates a system of independent conduc-
tive fibers whose capacitance is too small to give incendive sparks at the
maximum voltage attained; the latter is limited by corona discharge above
1-2 kV plus the action of a topical antistatic agent applied to the fabric. Type
D does not require grounding and therefore avoids operator grounding
errors. While this feature is a major advantage over Type C, compatibility of
the product with the antistatic agent should be considered.

During filling or emptying, Type D produces a substantial transient elec-
tric field which may induce hazardous charges onto ungrounded objects
[60], making it especially important that personnel and conductive equip-
ment should be grounded. It was reported that during filling of a Type D with
charged polypropylene pellets it was easy to produce incendive sparks from
a paper clip attached to the FIBC. This was demonstrated using a propane
mixture having a MIE of about 1 mJ. Ignitions during filling were also
obtained via sparks from a conductive wet patch on the FIBC [226]. The far
more important practical case involves emptying of an initially uncharged
powder. Although ignition via the “wet patch” mechanism has been demon-
strated during the emptying of polypropylene pellets, it has yet to be shown
that this can occur when the powder is initially uncharged. This represents
the practical case since powders typically reside in FIBCs for many days or
weeks before the FIBC is emptied. Although operators and equipment can
be grounded, it is difficult to rule out the presence of a small conductive
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object or wet patch on the floor or spout of the FIBC. If a Type D is used for
direct powder transfer to flammable liquid it is important that this scenario
be ruled out by realistic testing.

6-7.3.1. Ignition Testing for Conductive and Antistatic FIBCs

FIBC testing has been carried out using a grounded metal test probe held in a
tube containing a flammable hydrocarbon-air test mixture (typically ethane
or propane in air). The probe arrangement is typically brought to the external
surfaces of the FIBC during filling or emptying operations. However, since
powder transfer might be made to methanol which has about half the MIE of
propane (Appendix B), it is recommended that ethylene at its most easily
ignitable composition be used to simulate flammable vapor atmospheres
rather than aliphatic hydrocarbons. Since ethylene has a very small MIE rela-
tive to common solvents, this offsets limitations in the number of tests that
can reasonably be done and the probability that worst case conditions will
not be realized under test conditions (3-8.1).

6-7.4. Vacuum FIBC Transfers

See 5-4.6, 5-8.5 and 6-5.1. Hoses should be antistatic or conductive with spe-
cial attention paid to grounding of metal connectors. Even if noncombustible
powders or combustible pellets are handled, nonconductive hoses may give
rise to discharges capable of igniting flammable vapors and creating nui-
sance shocks to ungrounded operators. Consideration should be given to
personnel grounding systems, especially where easily ignitable dusts are
being transferred.



APPENDIX

A

EXPLANATORY MATERIAL

A-2-6.5. Propagating Brush Discharge

The mechanism of surface flashover in a PBD may be visualized with refer-
ence to the circuit shown in Figure A-2-6.5. A 1-uF capacitor “C” is charged to
20 kV through a large-value resistor “R” which isolates the power supply. A
source voltage of 20 kV will normally produce sparks about 6 mm long
between simple electrodes in air. However, given an extended system of
spark gaps and initially uncharged capacitors as partly shown, sparks can
propagate 50-100 times as far owing to the very steep gradient produced at
the stepped discharge wavefront. A typical vertical column arrangement can
produce sparks propagating along the electrode system to about 0.5 m [176].
In a PBD situation, a complex system of capacitance exists between and
among charges on the surface and their corresponding countercharges on
the opposite side of the charged layer. The resulting system of virtual capaci-
tors, across and through the charged layer, is analogous to the circuit shown
in Figure A-2-6.5. A propagating “step by step” discharge spreads laterally

T %
| | | | | |

FIGURE A-2-6.5. Step by Step discharge mechanism producing long discharge with relatively
low voltage.
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over the charged surface away from an initiation point once flashover condi-
tions are attained.

Similar considerations might apply to bulking brush (2-6.3) and sur-
face streamer (2-6.6) discharges which propagate across charged surfaces
over distances up to about 1 m at source voltages less than 100 kV.

A-4-1.3. Resistance to Ground

The resistance to ground should be sufficiently low so that neither the MIE
nor the minimum ignition voltage can be attained at the maximum antici-
pated charging current to the system. The resistance required depends not
only on the flammable mixture but also on the system being charged. For
simple capacitance sparks, the MIE of gases is decreased as storage capaci-
tance and electrode tip diameter are decreased. Since gases have smaller
MIEs than dusts, they represent the more challenging case for grounding.
The required resistance to ground can be found by considering the worst
case flammable mixture, storage capacitance and electrode diameter.
Table A-4-1.3a, based on data in [62], shows how the MIE (mJ) of 28 vol%
hydrogen and 8.5 vol% methane in air vary with circuit capacitance (pF) and
electrode diameter (mm). “Points” refers to the use of steel gramophone
needles. The table shows that MIE is decreased with decreased capacitance
and electrode diameter; however, as reflected in Figure 3-5.4.1 corona

TABLE A-4-1.3a. Minimum Ignition Energy (mJ) Variation with Capacitance and
Electrode Diameter

Capacitance 15 mm 1.59 mm 0.5 mm
(pF) diameter diameter diameter Points
Hydrogen 146 0.390 0.260 0.210 0.073
50 — 0.160 — —
30 0.094 0.079 — 0.034
6.1 0.022 0.016 = LMIE 0.019 —
Methane 146 4.67 2.21 2.09 0.75
50 — 1.06 — —
30 0.94 0.87 — —
13 — 0.40 — —
6.1 0.21 = LMIE — — —
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losses from small diameter electrodes did not allow some combinations of
low capacitance and high voltage at which smaller LMIEs might otherwise
have been found. Table A-4-1.3b, based on data from [62,63], shows the
minimum voltage across the spark gap needed to ignite the same hydrogen
and methane mixtures in air. It shows that at small capacitance, at least 1000
volts is needed for hydrogen ignition and at least 3200 volts for methane igni-
tion. Minimum ignition voltages decrease with decreased electrode diame-
ter and with increased storage capacitance. For reference, a 12-oz beer can
has a capacitance of about 6 pF, a person about 146 pF, a steel drum 30-50
pF, an automobile 500 pF and a road tanker about 1000 pF [148].

A maximum voltage of 100 V is sometimes used as a criterion for avoid-
ing ignition by static sparks. However this criterion is very conservative.
Table A-4-1.3b shows that spark ignition by an essentially noninductive, low
capacitance circuit usually requires several kilovolts. A more realistic crite-
rion for avoiding ignition of most flammable mixtures is a maximum voltage
of 1000 V. It is important to note that larger capacitances allow ignition at
smaller voltages. Although such large equipment is normally grounded via
hard piping, a 3 m diameter tank with insulating lining may have a capaci-
tance as high as 100,000 pF [148]. If a low voltage circuit contains a large
inductance, rapid separation of contacts may result in high voltage sparks

Table A-4-1.3b : Minimum Ignition Voltage Variation with Capacitance and
Electrode Diameter

Capacitance 15 mm 1.59 mm 0.5 mm
(pF) diameter diameter diameter Points

Hydrogen 10000 — — — 100
1000 — — — 300
146 2300 1900 1700 1000

50 — 2500 — —
30 2500 2300 — 1500

6.1 2700 2300 2500 —

Methane 10000 — — — 800
146 8000 5500 5350 3200

50 — 6500 — —

30 7900 7600 — —

6.1 8300 — — —
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even if the open circuit voltage is only a few volts. This is due to transient
back-voltage created by the inductance, which may rise to kilovolts depend-
ing on the product of inductance and the rate of change of current as the
contacts separate. Low voltage, low inductance circuits are capable of pro-
ducing incendive arcs when the circuit is broken, provided a relatively large
current source (exceeding “static” charging currents) is present. Insulating
flanges are therefore used to prevent break-sparks in systems containing
cathodic protection systems, or which are otherwise subject to stray cur-
rents.

Assume Figure A-4-1.3 represents a road tanker being loaded. The
charging current /- carried by the liquid flows onto the truck body, which has
capacitance C. The truck has leakage resistance R; to ground via its tires and
loading circuit through which a leakage current /; flows to ground. The volt-
age V across capacitor C varies with time f according to

V =1IR{1-exp (/R C)} (M

The maximum voltage and energy occur when C is fully charged. Since all
the charging current now bypasses the capacitor, the exponential termin (1)
approaches zero (t >> R,C) and I, = /.. Hence

Maximum Voltage V . =1R, 2)
Maximum Charge Q. . =IRC 3)
Maximum Energy ~ W,__ =05Q_ V__ =I’R*C/2 (4)

I

V:

L Arbitrary
Spark Gap

[ 1] R
[ 1

\Z

I

L
FIGURE A-4-1.3. Leaky capacitor charged with constant current ..
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Equation (4) leads to a criterion for leakage resistance below which a
specified energy W cannot be attained:

R <1.'wW/C)* (5)

To apply these data and equations to the problem of ground resistance,
the maximum anticipated current must first be estimated. For practical
industrial situations, I varies in the range 0.01-100 #A. The upper value rep-
resents extreme cases such as microfiltration and the lower value to slow
flow in pipe. Typical charging currents for tank truck loading are of the order
1 uA (5-3.1.1). As an example, consider a system such as a tank with a capac-
itance less than 1000 pF. First, consider the minimum ignition voltages in
Table A-4-1.3b. From Eq. (2), R| = V,,,.«/Ic- In the case of hydrogen the mini-
mum ignition voltage at a capacitance less than 1000 pF is 300 V, so the
required ground resistance must be less than 300 MQ2 at 1 A and less than
3 MQ at 100 uA. As another example, Eq. (4) can be used to find the required
ground resistance for a person having capacitance of 146 pF. Since the
lowest MIE using pointed electrodes is 0.073 x 107 J and energy W, ,, =
I2R,%C/2, it follows that for hydrogen the ground resistance must be less
than 1000 MQ at 1 uA and less than 10 MQ at 100 uA.

Apart from unusual circumstances discussed in 6-4.1.1, a ground resis-
tance of less than 1 MQ is satisfactory in practical cases even for hydrogen,
which has an unusually low MIE, and less than 100 M is satisfactory for
moderate charging currents. For most other gases and dusts these ground-
ing requirements for static electricity are conservative owing to their greater
MIEs. Where lower MIEs may be encountered, such as the handling of anes-
thetic gases in oxygen enriched atmospheres, grounding requirements are
more stringent as given in NFPA 99.

A-5-1.4.4. MIE of Liquid Mists

A minimum ignition energy model was derived [64] based on the “Simple
Chemically Reacting System” or SCRS [65], which defines a dimensionless
“mass transfer driving force” B to represent the ratio of (excess enthalpy in
the bulk of the gas adjacent to the droplet surface) to the (enthalpy increase
of the liquid vaporizing). The SCRS model yielded predictions of the effect of
B and droplet diameter on the ignition energy of liquid mists. Experiments
were performed to test the model using a series of fuel mists [64].
The minimum ignition energy expression is

MIE (mJ) ={(z /6)c,, ATq Dp, "} + {py/[(@ In(1 + B)Y™ M
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where
Cpa = specific heat of air at constant pressure
AT,, = temperature rise for stoichiometric combustion
D = surface average particle diameter
p, = air density
pr = fuel density
¢ = equivalence ratio

B = mass transfer number

The mass transfer number B represents the ratio of the energy available
for vaporization to the energy required for vaporization, and may be thought
of as a driving force for mass transfer. It can be expressed as

B=c, (Ty-Ty)/AH )

The stoichiometric flame temperature (T, ) is used to characterize the
burning gas surrounding the droplets because combustion naturally pre-
dominates at a distance where the fastest burning mixture is produced. This
mixture approximates to the stoichiometric composition. The selection of
the droplet surface temperature Tpp is discussed below. The enthalpy
change for vaporization AH is given by

AH =L +c  (Ty-T) (3)
where L = heat of vaporization and T; = initial fuel temperature

The dimensionless parameter B increases with “volatility” and typically
lies between 1.2 and about 8 as shown in the following table [64]:

Liquid Hydrocarbon Fuel Mass Transfer Number B
Heavy fuel oil 1.5
Light fuel oil 2.5
Diesel oil 2.8
Gas oil 3.1
Kerosene 3.7
[sooctane 6.1

A problem with the overall approach for liquid mixtures is that suitable
averages must be used when calculating B, although errors in B are partly
offset by the logarithmic term in Eq. (1). It is also necessary to decide at what
temperature the properties of air should be evaluated. In [66] it was sug-
gested that ¢, , and p, should be evaluated at the arithmetic mean of the
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ambient air and stoichiometric flame temperatures, or about 1300 K. Also,
since ignition limits of fuel mixtures appeared to correlate well with the 10%
evaporation point, this was taken as the average fuel boiling point when cal-
culating B. Figure 5-1.4.4 shows experimentally verified ignition energies for
three of the above fuels as a function of D, all at an equivalence ratio of 0.65.

The model assumes that liquid evaporation is always the rate controlling
step. At some point the model must fail, since as droplet size approaches
zero the predicted MIE approaches zero rather than the MIE of the vapor in
air. In practice, droplets having diameters less than 10-40 um completely
evaporate ahead of the flame and burn as vapor (5-1.3). The model also pre-
dicts that the MIE continuously decreases as equivalence ratio is increased,
although as discussed above, combustion around droplets is not restrained
by the overall stoichiometry and naturally predominates at the stoichio-
metric concentration. It is recommended that the model be applied only to
droplet diameters above about 20 um and equivalence ratios less than about
one.

A-5-2.4.1. Hyperbolic Relaxation

Equation (2-3.7) suggests that at very low values of conductivity (x ~ 0.01 pS/m),
charge will relax extremely slowly from a liquid. Filters for example would
have to be an hour or more upstream of tanks before the charge would dissi-
pate to 5% of its initial value.

Table (a) shows experimental data [24] for the initial charge density
exiting a fuel filter Q, plus the charge density Q remaining 30 s downstream.
At low conductivity the charge decays much faster than predicted by an
exponential relaxation law [Eq. (2-3.7)] and instead follows a hyperbolic
relaxation law [24] given by

Q,=0Q,/[1 +uQ,t/(e,e) (a)
where the apparent charge carrier mobility u (fitted to test data) is about
1 x 10 m?V-'s™ and Q, is the charge density at time ¢ in C/m?. To be equiva-
lent to a criterion of “three relaxation times” for charged liquid to relax to

nonhazardous levels, the ratio Q, : Q, in (a) should be 0.05. Rearranging (a)
and substituting for u and ¢, gives [9]

t=0.0168¢ /Q, (s) (b)

Table (b) shows charge dissipation times to reduce the charge density to
5% of the initial values for a series of initial charge densities (Q,) and for
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TABLE (a). Experimental Data for Charge Density Q Downstream of a Microfilter

Percent Percent Percent
Qp (uC/m3) Q@30s remaining predicted predicted
k (pS/m) (Measured) (Measured) (Measured) (Hyperbolic) (Exponential)
0.0167 64.6 32.3 50 48 98
0.0205 78.2 414 53 43 97
0.0223 78.0 30.4 39 43 97
0.0252 75.5 28.7 38 44 96
0.0980 60.9 26.2 43 49 86
0.130 65.3 21.5 33 48 82
0.247 253 70.8 28 19 69
0.305 188 54.5 29 24 63
2.07 332 33.2 10 15 5
2.21 257 42.1 16 19 4

TABLE (b). Charge Dissipation Times for Hyperbolic Relaxation (¢, = 2—4)

Time (s) Time (s) Time (s)
Qp (uC/m3) to 5% of Q, to 20 uC/m3 to 30 uC/m3
5000 7-13 88-176 59-118
2000 17-34 87-175 58-117
1500 22-45 87-175 58-116
1000 34-67 87-174 57-114
500 67-134 85-170 55-111
100 336-672 71-142 41-82

liquid dielectric constants varying from 2 to 4. Also shown are the dissipation
times needed to reduce hazardous charge densities to the “safe” threshold
of <20-30 xC/m?. Apart from the outside case of a relatively high dielectric
constant and a low inlet charge density requirement, 100 s of charge dissipa-
tion usually reduces the charge density to safe values.

Owing to the change from exponential to hyperbolic relaxation, a nomi-
nal “dissipation time” of 100 s is assigned in Appendix B to all liquids whose
conductivities are below 2 pS/m. The 2 pS/m demarcation is convenient
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since three relaxation times at ¢, = 2 is equivalent to 30 s or less. This makes
the “30 s upstream filter placement” recommendation of API 2003 and NFPA
77 in line with the worst case BS 5958 “three relaxation times upstream” rec-
ommendation. BS 5958 recommends 100 s of relaxation time below 2 pS/m.
As shown in Table (b), the time taken to reduce charge densities above 100
uC/m? to a safe level (<20-30 £C/m?) via hyperbolic relaxation is roughly
independent of initial charge density [9]. The same dissipation time is
needed in each case. The result is significant in relation to filter placement
upstream of noninerted containers. It might be argued that pipeline flow
charging is much reduced at very low conductivities owing to a shortage of
ions and this compensates for long charge dissipation times. However, it can
be seen that to achieve safe charge density levels downstream of filters such
amargin of safety does not exist and about 100 s of relaxation is still required.
Charge densities can exceed 500 #C/m?® downstream of filters even at con-
ductivities of the order 0.01 pS/m [24].

While attempts have been made to model the charging process in filters
[122-126], the following figure [8] shows that not only are large changes of
charge density possible with changes in nominal pore size, but the polarity of
charge generated can change even for a single filter type (in this case a poly-
ester bag filter) and a single liquid (Jet-A kerosene from a single tank, the

Jet-A through Polyester Filters
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minor variations in conductivity being caused by recirculation and changes
in ambient temperature). It is unlikely that polarity changes can be
accounted for by any simple model. The figure shows that charge density
has only a small dependence on flow rate. The charging current has an
approximately proportional dependence since it is the product of charge
density and flow rate.

A-5-4. Filling Criteria for Tank Operations

The following background discussion applies principally to tank filling of
nonconductive liquids, whose relaxation times are sufficiently long for
charge to accumulate. For any geometry and liquid fill depth of a conductive
tank, the complete internal potential and electric field distributions can be
calculated provided the charge density in the liquid is uniform and known.
Liquid charging currents may be estimated for various inlet pipe diameters
and flow rates based on empirical relationships (5-3.1.1). The rate of charge
relaxation can be estimated based on liquid relaxation time. Hence, the
time-dependent liquid depth and charge density can be used to solve Pois-
son’s equation in the liquid, yielding potential and field distributions. If the
vapor space is assumed to contain zero charge, the potential and field distri-
butions can also be solved for the vapor space using the Laplace equation.
Solutions are given in [69] for rectangular tanks and [8,70] for cylindrical
tanks. While it is assumed that liquids approximate to uniform charge den-
sity during tank filling, the liquid surface will in reality contain excess charge
since it is not in contact with a grounded surface. This and other nonideali-
ties are typically neglected in modeling. The essential problem is to deter-
mine the minimum liquid surface potential at which ignition of a gas mixture
of specified MIE can occur given the presence of an ideal electrode. Scaling
models may then be used to define a maximum acceptable charging current
for any size and shape of tank for any given liquid relaxation time. Empirical
data may then be used to define a maximum liquid flow rate for any pipe
diameter that will produce less than the maximum acceptable charging cur-
rent. Various experimental and theoretical studies have been made.

In order to establish safe values for velocity—diameter product, various
studies have been made to determine the minimum liquid surface potential
that will result in an incendive discharge in the presence of a grounded elec-
trode. Studies reviewed in [8] showed that for credible charging conditions,
liquids must be negatively charged to yield incendive brush discharges. The
consensus has been that to avoid incendive discharges the maximum liquid
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surface potential, which in simple tanks is produced at the geometric center
of the liquid surface, should be less than (=) 25 to 60 kV. These values were
based on the minimum surface potentials producing brush discharges capa-
ble of igniting mixtures of aliphatic hydrocarbons in air. Smaller scale studies
led to values at the low end of this range while large scale studies led to
values at the high end.

The large-scale tests involved a 1.6-m-diameter cylindrical tank con-
taining about 2 m? of kerosene with conductivity 0.5 pS/m [68]. These tests
suggested a minimum 58 KV surface potential for ignition, which is at the
high end of the reported range. Possible reasons for the factor-of-two dis-
parity with small scale studies are outlined in 3-8.1.2. A 15-cm-diameter
cylindrical acrylic test chamber containing a grounded electrode was sup-
ported above the center of the liquid surface and 5% propane in air was
supplied at a rate of 10 L/min. This concentration was considered the LMIE
composition and was held constant. The electrode had a constant gap of
20 mm from the liquid surface. Although brush discharges were observed
above about 25 KV, ignitions were not obtained below 58 KkV. These
reported surface potentials were calculated for charged liquid with no
electrode present, while the ignition tests were conducted with an elec-
trode present. Since charged liquid will discharge to an electrode as soon
as breakdown conditions are reached, the significance of a higher “calcu-
lated” surface potential corresponding to ignition is unclear. As the charg-
ing current to the tank was increased, leading to an increased charge
density in the tank and a correspondingly higher “calculated” surface
potential, the actual surface potential in the ignition chamber should
always have been limited by the gap breakdown field. As the charging cur-
rent was increased, discharges should have occurred more frequently and
liquid surface deformation in the electric field [71] should have decreased
owing to the higher discharge frequency. This may have offset practical
test limitations caused in part by the high solubility of propane in kerosene
(leading to depletion of propane in the test chamber and a very lean mix-
ture near the liquid surface), and liquid surface perturbations (bridges and
cones) whose formation might affect charge transfer in the brush dis-
charges (3-8.1.2). In one small scale study, gas solubility was overcome by
starting with a rich mixture and allowing the optimum composition to
appear as the test gas dissolved [71]; the charging current was adjusted so
that brush discharges occurred every few seconds and would encounter
the most easily ignited mixture at least once during each test cycle. The
high discharge frequency prevented bridge and cone formation at the sur-
face.
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A contrary position was taken in [190]. It was argued that the ignitions
observed at less than 58 kV in small scale tests were the result of excessive
surface capacitance and values of about 60 kV apply to large-scale equip-
ment. While a compelling argument was made, the fact remained that brush
discharges described as “nonincendive sparks” had been observed during
the large scale tests at calculated surface potentials above 25 kV [68]. The
essential argument of [190] therefore became that these discharges should
be regarded as harmless not only at their inception voltage of about 25 kV but
also at voltages twice as large.

Since only limited ignition studies have been made, none using test
gases more easily ignitable than propane or completely satisfactory with
respect to test conditions, it is prudent to use the conservative value of 25 kV
for general safety analyses. With small diameter electrodes (7-12 mm),
brush discharges begin to be observed at approximately this surface poten-
tial. There are probabilistic factors involved not only in charge transfer for
individual brush discharges but also the power density distribution within
the discharge and the probability of ignition, even with all test conditions
held as constant as possible. In a practical tank system containing
nonidealities such as a readily mobile excess surface charge (including tran-
sient convected “spikes”), moving electrodes created during sampling and
gauging, surface froth and suspended charged mist, model assumptions
become less applicable and a large margin of safety is needed when apply-
ing the concept of a minimum surface potential for ignition. Plate 7 shows a
possible effect of charge stratification.

A-5-4.2.1. Effect of Road Tires

Electrostatic charge caused by separation of nonconductive tire treads from
the pavement can raise a tank truck potential up to 100 kV, depending on
road surface roughness, vehicle speed and tire tread resistance [106]. This
typically occurs on dry roads when tire treads have a resistivity of 10°~10"?
Q-m. When the road surface is a good insulator, such as asphalt in dry
weather, both the tank truck and the road surface can retain high potentials
for significant periods after the truck has stopped. Lowering the tire resis-
tance to below 10° Q avoids the hazard of high truck potentials. “Nonstatic”
tires were shown both to decrease the peak potential on the truck and
increase the rate of charge dissipation once the truck came to rest.
Resistances to ground were measured for a small van with four tread 4
polyester, 2 nylon ply tires (sidewall 6 polyester plies) showing the effect of
ground surface [107]. The resistance at a source potential of 50 V was mea-



A. EXPLANATORY MATERIAL 217

sured either to an aluminum plate under one tire or to a nearby fire water
line. The weather was clear and dry (73°F, 41% RH) with no rain for four days.
Results are shown in the table below:

Surface Resistance (Q)
Asphalt 2 x 1010
Concrete 5% 108
Aluminum plate (one tire) 4 x 108
Clay/hard packed gravel 3x 108
Grass 4 x 107

Except on dry asphalt, all the ground resistances were 5 x 10® Q or less
with the tire used. The decay time constant from an initial 300 V on the van
was much less than 1 s except in the case of dry asphalt, which was several
seconds. For a tank truck with typically about a dozen tires it was concluded
that the resistance would be about one-third of those measured and that
grounding of the truck was primarily dependent on ground surface except
where independent bonding/grounding is carried out [107]. This is in agree-
ment with an earlier review [158] which concluded that as a tank truck
slows down, the equilibrium voltage decreases to relatively low values;
immediately after stopping, potentials in the range 2300-5000 V have been
measured. Charge drains rapidly through the tires to ground and potentials
decrease to a nonhazardous level in about 10 s. There is negligible practical
hazard from charging via road tires and in 1953 the requirement for drag
chains was deleted from NFPA 385.

A-5-6.1. Potentials during Water Washing of Tanks

This topic received comprehensive study in the 1970s following a series of
explosions during supertanker washing. A large selection of relevant litera-
ture is provided in [74-103 and 213-215]. Marine tanker and barge chemical
shipments involve much smaller tanks than the center tanks involved in the
supertanker explosions, and during water washing these will achieve much
smaller space potentials. Marine chemical tanker operations are addressed
in [104,105]. Barge tanks, owing to their small height, do not represent a
credible risk during water washing provided steam is not injected directly to
the tank and proper bonding and grounding is in place.
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The maximum potential in a rectangular tank containing a uniform
charged mist occurs at the geometrical center, and for tanks of equal
volume this potential maximizes in the case of a cube. Solution of Poisson’s
equation (C-1.4) for a grounded, cubic tank of side “a” meters containing
charged mist of uniform charge density “Qy” C/m? has been carried out
using finite element modeling [97] resulting in the simplified expression for

tank center space potential (TCSP):
TCSP = 0.056Q,a%/(z,2,) (A-5-6.1)

Direct injection of steam to a tank can greatly elevate potentials and
must be avoided. Where hot water is obtained via steam injection to a mixer,
the temperature should be carefully controlled particularly during start-up.
For water washing, assuming a mist charge density of 3 x 10® C/m3, as
observed during measurements on supertankers, a cubic tank side of 10 m
and dielectric constant (¢,) of unity, the maximum TCSP via Eq. (A-5-6.1) is 19
kV. The ignition probability is related to various factors such as the maximum
size of water slug (hence capacitance), the ignition energy of flammable
vapor in the tank, and the fraction of the TCSP attainable by the slug. Analyses
[104,105] indicate that TCSP hazard thresholds (scaled to a 3000-m? tank)
range from about 15 kV to about 40 kV depending on the flammable liquid
involved; washing hazards due to charged water mist in the absence of steam
are only significant in tanks having a volume greater than 1000 m?. Steady-
state mist charge densities tend to be larger in smaller tanks and can attain
values in the range 100-250 nC/m?. However, both the relatively small volume
and noncubic geometry makes water washing hazards negligible in the case
of barge tanks. Most analyses such as [104,105,213] include considerations of
water slug size and maximum spark energy, from which it can be concluded
that the hazard is negligible in all tanks less than 100 m>. Documented inci-
dents not involving extraneous factors such as insertion of ungrounded hoses
have all occurred in tanks having volumes greater than 1000 m>.

A far more conservative approach for industrial tanks was taken in [127]
in which the requirement for a water slug was omitted from the analysis.
Instead it was assumed that if the electric field at some projection in the
charged water mist exceeds the breakdown field of air, a brush discharge
capable of igniting flammable gas might be produced. The results of the
analysis are summarized in 5-6.1.1 and involve a tank size limit of 30 m? or
diameter of 3 m. It should be noted that this scenario was considered very
unlikely in [86] and other experimental studies related to tanker washing
[74-103]; for example, wet surfaces tend to give corona rather than brush
discharges.
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A-6-1.2, Effect of Particle Size on Dust MIE

As in the case of mists (A-5-1.4.4), the MIE of dusts varies roughly with the
cube of the surface average diameter (D) of the suspension [128,129],
although in some cases the power dependence for dusts is found to be
second order or fractional. Solid particle combustion may be considered in
terms of two groups. The first of these (including Ti, Zr, B, Si and C) burns in
the solid phase since the element has a higher boiling point than its oxide. In
the second (Mg, Al) the metal vaporizes at a lower temperature than its
oxide and combustion occurs in the gas phase. Dusts may burn in both
phases where more than one oxide may form or where there is limited evo-
lution of volatiles (some coal dusts). The great importance of particle diame-
ter (D) is shown in Figure A-6-1.2 for atomized aluminum, adapted from
[128]. In this case MIE decreased by two orders of magnitude when "D" was
decreased from 74 to15 microns.
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FIGURE A-6-1.2. Schematic effect of particle size and equivalence ratio on MIE of
aluminum.

A-6-1.3.1. Ignition Energy of Hybrid Mixtures

The general function giving linear plots on semilogarithmic graphs is:
y = df¥ m

where d and f are positive constants and g is any constant.
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Rewriting
y =d(f®) 2)
In(y) = In(d) + (In F¥)x 3)
Let
Y=In(y), a=In(d), b=In(?
SO

Y=a+bx 4)

To apply these relationships to the hybrid mixture MIE problem, it is
noted that only two points need be defined on the Y axis: the MIE of the dust
in air and the LMIE of the gas in air. The first on the x axis corresponds to zero
gas, so x; = 0, and the second to the optimum gas concentration. All the
unknowns are experimental quantities.

Since

Y=Iny=a+ bx
For dust: ln(y]) =a+ b(xl)

For gas: ln(yz) =a+ b(xz)
Since x, = 0,
a=In(y,) (5)
b = -In(y /y,)/x, (6)

Hence the intercept a and slope b have been determined for the equation
Y =a + bx. Since Y = In(y):

In(y) = In(y,) - (x/x,) In(y,/y,)
or

y = expl[In(y)) - (x/x,) In(y /y,)] )

The right-hand side of this equation contains only test data plus the gas
concentration of interest (x). Test data are the dust MIE in air (y,), the gas MIE
in air (y,) and the optimum gas concentration (x,).

A-6-1.5. Effect of Temperature on Powder MIE

The general function giving straight lines on double logarithmic plots is:

y=cox’ (D
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or
Iny=Inc+blnx
Let
Y =Iny, a=Inc, X = Inx
Hence
Y=a+bX 2

Solving for the constants a and b and substituting logarithmic terms one
obtains:

y = expiln v+ ln(x/xl) * ln(yl/yQ)/ln(xl/x2)} 3

This equation can be used to estimate the effect of temperature on MIE
as discussed in 6-1.5:

MIE at temperature T (Celsius)
= exp{Iln M + In(7/20) = In(M/0.088)/In(20/1000) } (4)

where M = MIE measured at 20°C
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A

Acid washing, tank cleaning, 148-149

Active neutralizers

charge relaxation control, 76-77
positive corona discharge, 23

Aerosol spray cans, flammable atmospheres,
164-165

All-plastic pipe, nonconductive systems,
112-113

All-steel portable drums, 151-153

Ambient pressure error, liquid ignition haz-
ards, 84-85

Antistatic additives, generation and relax-
ation of charge (liquid systems),
104-105

Antistatic flexible intermediate bulk con-
tainer (FIBC), 203-204

Atmospheres. See Flammable atmospheres

Automotive fuel, flammable atmospheres,
163-164

B
Bag houses, powders and solids, general
operations, 198-199
Ball valve stem leaks, vented gas ignition,
flammable atmospheres, 160
Body capacitance and resistance, personnel
spark and shock hazards, 44-45
Bonding and grounding, 71-75. See also
Grounding
cathodic protection, 74-75
definitions, 71
flexible hoses, 114-115
generation and relaxation of charge (liquid
systems), 106
ground rods, 73-74

pneumatic conveying, special cases,
187-189
purpose of, 71-72
resistance to ground, 72-73
systems, 73
Boots and socks, flexible, pneumatic convey-
ing, special cases, 188-189
Breakdown strength
of layers, brush discharge, 30-31
solids, data table, 234-235
Brush discharge, 23-31. See also Propagating
brush discharge (PBD)
breakdown strength of layers, 30-31
dust ignition via transitional brushes, 31
effective energy of, 24-27
grounded substrate effect, 27-28
powders and solids, 190-191
transitional, 28-30
Bubbles, 43-44, 124
Bulking brush discharge, 32-35
container size effects, 33
effective energy tests, 34
ignition probability considerations, 34-35
particle size effects, 33
powder heap, 33-34
powders and solids, 190-191, 193-195

C

Cathode ray tube display, flammable liquids,
vapors, and gases, 165-166

Cathodic protection, bonding and grounding,
74-75

Charge, static ignition hazard evaluation
instruments, 50-54. See also Static
ignition hazard evaluation instruments

Charge accumulation

static electricity, 16-17

static ignition hazard evaluation, 48-49
273
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Charge density
generation and relaxation of charge (liquid
systems), 97
powders and solids, charge generation
mechanisms, 179-180
Charge dissipation, static electricity, 13-16
Charged species, concentration of, static
electricity, 9
Charge generation, 11-13
generation and relaxation of charge (liquid
systems), 96-97
factors influencing, 97-98
induction charging, 12-13
ionic charging, 13
pipe, hose, and tubing flow, metallic sys-
tems, 106-110
powders and solids, 177-182
charge density, 179-180
conductivity classification, 180-182
generally, 177-179
Charge neutralization, charge relaxation con-
trol, 76-78
Charge relaxation control, 75-78
conductivity increases, 75-76
neutralization, 76-78
Charge separation, static electricity, 8
Charge sharing, energy estimates, static igni-
tion hazard evaluation, 50
Cleaning
cathode ray tube display, 165
drums, 152-153
tanks, 144-149
Clean rooms, flammable atmospheres,
157-158
Clothing, personnel, static ignition hazard
control, 80
Conductive flexible intermediate bulk con-
tainer (FIBC), 203-204
Conductive liquids
classification, generation and relaxation of
charge (liquid systems), 102
data table, 227-231
Conductive objects, charge accumulation,
static ignition hazard evaluation,
48-49
Conductive powders, classification, 181-182
Conductive tanks
generation and relaxation of charge (liquid
systems), 99-100
water washing, 145-146
Conductivity

INDEX

increase of, charge relaxation control,
75-76
liquids, static ignition hazard evaluation
instruments, 63-64
variability of, charge dissipation, 15-16
Conductivity classification
generation and relaxation of charge (liquid
systems), 101-104
powders and solids, charge generation
mechanisms, 180-182
Container size effects, bulking brush dis-
charge, 33
Corona discharge, described, 21-23
Current magnitude and potential, static elec-

tricity, 8-9

D

Decision tree, static ignition hazard evalua-
tion, 48

Dielectric constants
conductive liquids, data table, 227-231
solids, data table, 234-235
Dielectric strength (breakdown strength of
layers), brush discharge, 30-31
Diluents, effects of, liquid ignition hazards, 87
Dip pipes, pipe, hose, and tubing flow, 116
Direct observation, static ignition hazard
evaluation, 66
Discharging rods, charge relaxation control,
78
Downstream effects, pipeline flow, charging
in, 184-187
Drum flakers, hybrid mixtures, 175
Drums. See Portable drums
Dust ignition, transitional brush discharge, 31
Dust suspensions, 167-177
flammable limits, 169-170
generally, 167-169
hybrid mixtures, 172-175
drum flakers, 175
flammable gas, 174
flammable liquids, 174-175
ignition energy, 172-174
ignition energy
moisture effect on, 176-177
temperature effect on, 176-177
minimum ignition energy, 170-172
unstable/energetic powders, 175-176

E

Effective energy
brush discharge, 24-27
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of nonspark discharge, measurement of,
static ignition hazard evaluation,
66-69
static electricity, ignition, 17-20
tests of, bulking brush discharge, 34
Electric field, static ignition hazard evalua-
tion instruments, 54-57. See also
Static ignition hazard evaluation
instruments
Electrometer
charge, static ignition hazard evaluation
instruments, 51
potential, static ignition hazard evaluation
instruments, 57-58
Electrostatic hazard control. See Static igni-
tion hazard control
Electrostatic theory
concepts in, 2
heat transfer and, 2-3
Electrostatic voltmeter, potential, static igni-
tion hazard evaluation instruments,
58-59
Employees. See Personnel
End-of-line polishing filters, pipe, hose, and
tubing flow, 118
Energetic/unstable powders, dust suspen-
sions, 175-176
Energy attained, voltage and, personnel
spark and shock hazards, 45
Energy estimates, static ignition hazard eval-
uation, 49-50
Equivalent energy. See Effective energy
Expanded metal, plastic foam packing and,
explosion prevention systems, 95-96
Explosion prevention systems, flammable
liquids, vapors, and gases, 95-96

F

Faraday pail, charge, static ignition hazard
evaluation instruments, 51-52

Field meter voltmeter, potential, static igni-
tion hazard evaluation instruments, 59

Field mills, static ignition hazard evaluation
instruments, 55-57

Filter bag cages, sparks from, powders and
solids, 191-192

Filter cloth, bag houses, powders and solids,
198-199

Filters, pipe, hose, and tubing flow, 116-118

Filtration, data for, 213-214

Filtration of particles method, charge, static
ignition hazard evaluation instru-
ments, 52
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Flammability
corona discharge, 22-23
static ignition hazard prevention, 4
Flammable atmospheres, 157-165
aerosol spray cans, 164-165
automotive and marine, 163-164
clean rooms, 157-158
control, static ignition hazard control, 81
flexible intermediate bulk container
(FIBC), 199-202
gas flow, static electrification in, 158-159
oxidant enriched atmosphere, 161-162
plastic sheet and wrap hazards, 160-161
temperature and pressure elevation,
162-163
vented gas ignition, 159-160
water and steam curtains, 158
Flammable gas, hybrid mixtures, 174
Flammable limits
dust suspensions, 169-170
liquids, vapors, and gases, ignition haz-
ards, 86-87
Flammable liquids, vapors, and gases,
83-166
atmospheres, 157-165
aerosol spray cans, 164-165
automotive and marine, 163-164
clean rooms, 157-158
gas flow, static electrification in, 158-159
oxidant enriched atmosphere, 161-162
plastic sheet and wrap hazards, 160-161
temperature and pressure elevation,
162-163
vented gas ignition, 159-160
water and steam curtains, 158
cathode ray tube display, 165-166
conductive liquids, data table, 227-231
data table, 223-226
gas analyzers, portable, 144
gauging, 143
generation and relaxation of charge,
96-106
antistatic additives, 104-105
bonding and grounding, 106
charge density, 97
charge generation, 96-97
charge generation factors, 97-98
charge relaxation, 98-101
conductivity classification, 101-104
hybrid mixtures, 174-175
ignition hazards, 83-96. See also Minimum
ignition energy
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ignition hazards (cont.)
explosion prevention systems, 95-96
flammable limits, 86-87
liquid mist, 87-89
liquids, 83-85
minimum ignition energy, 89-95
nonconductive liquids, data table, 233-234
pipe, hose, and tubing flow, 106-119. See
also Pipe, hose, and tubing flow
dip pipes, 116
filters and relaxation tanks, 116-118
flexible hoses, 114-115
metallic systems, 106-111
nonconductive systems, 111-114
suspended material, 118-119
valves and line restrictions, 119
portable drums, 150-157
all-steel, 151-153
hand-held containers, 154-157
plastic drums, 154
plastic lined, 153-154
wet-dry vacuum cleaners, 157
portable tanks, 149-150
powders and solids, flexible intermediate
bulk container (FIBC), 202
sample container cord, 142
sampling, 142-143
semiconductive liquids, data table, 232
tank cleaning, 144-149
acid washing, 148-149
grit blasting, 149
solvent washing, 146-147
steamn cleaning, 147-148
water washing, 144-146
tank filling operations, 120-142. See also
Tank filling operations
generally, 120-122
liquid phase mixers, blenders, and reac-
tors, 132-134
liquid-solid mixers, blenders, and reac-
tors, 135-137
plastic tanks, 139-142
rail cars, 132
road tankers, 128-131
storage tanks, 122-128
vacuum trucks, 137-139
Flash point
safety margin for, liquid ignition hazards, 85
static ignition hazard prevention, 4
Flash point test error, liquid ignition hazards, 84
Flexible boots and socks, pneumatic convey-
ing, special cases, 188-189

INDEX

Flexible hoses, 114-115
Flexible intermediate bulk container (FIBC),
199-204
conductive and antistatic, 203-204
transfer in air atmosphere, 199-202
transfer to flammable liquids, 202
vacuum transfers, 204
Floating roof tanks, storage tank filling opera-
tions, 123-124
Foam, ignition hazards, 88-89
Fourier’s law, Ohm’s law and, 2
Freezing, conductivity classification, genera-
tion and relaxation of charge (liquid
systems), 104
Froth, ignition hazards, 88-89

G

Gas analyzers, portable, flammable liquids,
vapors, and gases, 144
Gas injection (sparging), 43-44, 124
Gases. See also Flammable liquids, vapors,
and gases
ignition energy of, 60-61
static ignition hazard evaluation, 67
Gas flow, static electrification in, flammable
atmospheres, 158-159
Gauging, flammable liquids, vapors, and
gases, 143
Generation and relaxation of charge (liquid
systems), 96-106
antistatic additives, 104-105
bonding and grounding, 106
charge density, 97
charge generation, 96-97
factors influencing, 97-98
charge relaxation, 98-101
conductivity classification, 101-104
Gloves, personnel, static ignition hazard con-
trol, 80-81
Go-devil (surface streamer), static dis-
charges, 43-44
Grit blasting, tank cleaning, 149
Grounded conductive tanks, generation and
relaxation of charge (liquid systems),
99-100
Grounded substrate effect, brush discharge,
27-28
Grounding. See also Bonding and grounding
personnel, static ignition hazard control,
78-80
pneumatic conveying, special cases,
187-189
tank filling operations, plastic tanks, 140-142
Ground rods, bonding and grounding, 73-74
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H
Hand-held containers, 154-157
Hazard evaluation, static electricity, 10
Heat transfer, electrostatic theory and, 2-3
Hose, sparks from, powders and solids,
192-193. See also Pipe, hose, and
tubing flow
Human shock response, personnel spark
and shock hazards, 46
Humidity, charge relaxation control, conduc-
tivity increases, 75-76
Hybrid mixtures, 172-175
drum flakers, 175
flammable gas, 174
flammable liquids, 174-175
ignition energy, 63, 172-174, 219-220
Hyperbolic relaxation
data for, 211-213
generation and relaxation of charge (liquid
systems), 100-101

I
Ignition
probability of, bulking brush discharge,
34-35
static electricity, 17-20
Ignition energy, 60-63. See also Minimum
ignition energy
dust suspensions
moisture effect on, 176-177
temperature effect, 176-177
gases, 60-61
hybrid mixes, 63
hybrid mixtures, 172-174, 219-220
powder suspensions, 61-63
Ignition hazards, flammable liquids, vapors,
and gases, 83-96. See also Flammable
liquids, vapors, and gases
Ignition testing, flexible intermediate bulk
container (FIBC), 204
Individual grounding, bonding and grounding
versus, 71-72
Induction charging, charge generation mech-
anisms, 12-13
Ionic charging, charge generation mecha-
nisms, 13
Isolated nonconductor, propagating brush
discharge from, 41-42

L

Line restrictions, pipe, hose, and tubing flow,
119

Liquid mists
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ignition hazards, 87-89
minimum ignition energy
flammable liquids, vapors, and gases, 95
model for, 209-211
Liquid nitrogen/liquid air hazards, flammable
atmosphere control, 81
Liquid phase mixers, blenders, and reactors,
132-134
Liquids. See also Flammable liquids, vapors,
and gases
conductivity of, static ignition hazard eval-
uation instruments, 63-64
nonconductive, effective energy measure-
ment of nonspark discharge, static
ignition hazard evaluation, 68-69
Liquid-solid mixers, blenders, and reactors,
tank filling operations, 135-137
Liquid temperature error, liquid ignition haz-
ards, 84
Low concentration volatiles error, liquid igni-
tion hazards, 85
Lower flammable limit, liquids, vapors, and
gases, ignition hazards, 86-87
Lowest minimum ignition energy. See Igni-
tion energy

M
Manual transfer, from portable containers,
powders and solids, 199
Marine fuel, flammable atmospheres,
163-164
Maximum pressure and rate of pressure rise,
dust suspensions, 170
Metallic systems, pipe, hose, and tubing
flow, 106-111. See also Pipe, hose,
and tubing flow
Metal portable tanks, flammable liquids,
vapors, and gases, 149-150
Minimum explosible concentration (MEC),
dust suspensions, 170
Minimum ignition energy. See also Ignition
energy
dust suspensions, 170-172
flammable liquids, vapors, and gases,
89-95
liquid mists, 95
vapor pressure, 91-95
liquid mists, 209-211
particle size effects, 219
powder, temperature effects, 220-221
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N

Needle neutralizers, charge relaxation con-
trol, 77
Negative brush discharge, described, 23-24
Neutralizers
active, charge relaxation control, 76-77
active DC, positive corona discharge, 23
needle, charge relaxation control, 77
passive, charge relaxation control, 77-78
silo inlet, charge relaxation control, 77-78
thrust, dip pipes, 116
Nonconductive linings, storage tank filling
operations, 125-127
Nonconductive liquids
classification, generation and relaxation of
charge (liquid systems), 102-103
data table, 233-234
effective energy measurement of
nonspark discharge, static ignition
hazard evaluation, 68-69
Nonconductive objects, charge accumula-
tion, static ignition hazard evaluation,
49
Nonconductive powders, classification, 182
Nonconductive systems, pipe, hose, and
tubing flow, 111-114. See also Pipe,
hose, and tubing flow
Nonconductive tanks, water washing, 146
Nonspark discharge, effective energy of, igni-
tion, 19-20

(0)

Ohm’s law, Fourier’s law and, 2

Oxidant enriched atmosphere, flammable
atmospheres, 161-162

Ozonization, oxidant enriched atmosphere,
162

P
Particle size effects
bulking brush discharge, 33
filtration, 213-214
minimum ignition energy, 219
powders and solids
bulking brush discharge, 193-194
charge generation mechanisms,
179-180
Passive neutralizers, charge relaxation con-
trol, 77-78
Personnel
spark and shock hazards, 44-46
body capacitance and resistance, 44-45
human shock response, 46

INDEX

voltage and energy attained, 45
static ignition hazard control, 78-81
clothing, 80
gloves, 80-81
grounding, 78-80
Pipe, hose, and tubing flow, 106-119
dip pipes, 116
filters and relaxation tanks, 116-118
flexible hoses, 114-115
metallic systems, 106-111
charge generation, 106-110
pro-static agents, 110-111
nonconductive systems, 111-115
all-plastic pipe, 112-113
hazards mitigation, 113
plastic tubing and small bore hose,
113-114
pneumatic conveying, special cases,
188-189
suspended material, 118-119
valves and line restrictions, 119
Pipeline flow, charging in, pneumatic con-
veying, 183-187
Plastic drums, portable drums, 154
Plastic foam packing, expanded metal and,
explosion prevention systems, 95-96
Plastic lined portable drums, 153-154
Plastic pipe
nonconductive systems, 112-113
pneumatic conveying, special cases, 189
Plastic portable tanks, flammable liquids,
vapors, and gases, 150
Plastic sheet and wrap hazards, flammable
atmospheres, 160-161
Plastic tanks, tank filling operations, 139-142
Plastic tubing, nonconductive systems,
113-114
Pneumatic conveying, 183-189
grounding cases, special, 187-189
pipeline flow, charging in, 183-187
Point-plane geometry, corona discharge,
22-23
Polishing filters, end-of-line, pipe, hose, and
tubing flow, 118
Portable containers, manual transfer from,
powders and solids, 199
Portable drums, 150-157
all-steel, 151-153
hand-held containers, 154-157
plastic drums, 154
plastic lined, 153-154
wet-dry vacuum cleaners, 157
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Portable gas analyzers, flammable liquids,
vapors, and gases, 144
Portable tanks, flammable liquids, vapors,
and gases, 149-150
Positive corona discharge, from active DC
neutralizers, 23
Potential, static ignition hazard evaluation
instruments, 57-59. See also Static
ignition hazard evaluation instruments
Powder heap, bulking brush discharge,
33-34
Powders and solids, 167-204. See also Solids
charge generation mechanisms, 177-182
charge density, 179-180
conductivity classification, 180-182
generally, 177-179
definitions, 167
dust suspensions, 167-177
flammable limits, 169-170
generally, 167-169
hybrid mixtures, 172-175
ignition energy
moisture effect on, 176-177
temperature effect on, 176-177
minimum ignition energy, 170-172
unstable/energetic powders, 175-176
flexible intermediate bulk container
(FIBC), 199-204
conductive and antistatic, 203-204
transfer in air atmosphere, 199-202
transfer to flammable liquids, 202
vacuum transfers, 204
general operations, 195-199
bag houses, 198-199
vacuum trucks, 197-198
manual transfer, from portable containers,
199
minimum ignition energy, temperature
effects, 220-221
pneumatic conveying, 183-189
grounding cases, special, 187-189
pipeline flow, charging in, 183-187
resistivity of, static ignition hazard evalua-
tion instruments, 64
static discharge types, 189-195
bulking brush discharges, 193-195
sparks, 190-193
Powder suspensions, ignition energy of,
61-63
Pressure elevation, flammable atmospheres,
162-163
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Pressurized gas leaks, vented gas ignition,
flammable atmospheres, 160
Propagating brush discharge (PBD), 38-43.

See also Brush discharge
brush discharge, 27-30, 31
from isolated nonconductor, 41-42
mechanism of, 205-206
powders and solids, 194-195
principal criteria for, 39-41
stored energy, 42-43
Pro-static agents, pipe, hose, and tubing
flow, metallic systems, 110-111
Pulsive discharge, corona discharge, 23

R

Radio frequency detection, static ignition
hazard evaluation, 66

Rail cars, tank filling operations, 132

Recirculation, storage tank filling operations,

127
Relaxation tanks, pipe, hose, and tubing
flow, 116-118

Relaxation time, conductive liquids, data
table, 227-231
Residence time requirements, generation
and relaxation of charge (liquid sys-
tems), 101
Resistance, static ignition hazard evaluation
instruments, 65
Resistance to ground
bonding and grounding, 72-73
data for, 206-209
Resistivity (solids)
data table, 234-235
static ignition hazard evaluation instru-
ments, 64-65
Road tanker filling operations, 128-131
Road tires. See Tires
Rod-plane geometry, corona discharge, 23

S
Safety margin, for flash point application,
liquid ignition hazards, 85
Sample container cord, flammable liquids,
vapors, and gases, 142
Sampling, flammable liquids, vapors, and
gases, 142-143
Sampling containers, hand-held containers,
156-157
Semiconductive liquids
classification, generation and relaxation of
charge (liquid systems), 102
data table, 232
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Semiconductive powders, classification, 182

Settling potential, storage tank filling opera-
tions, 124-125

Severe sparking (surface streamer), static
discharges, 43-44

Shock hazards. See Personnel

Silo inlet neutralizers, charge relaxation con-

trol, 77-78
SI system of units
formulas and mathematical relationship,
237-248
static ignition hazard prevention, 5
Skim layer hazards, storage tank filling oper-
ations, 127-128
Small bore hose, nonconductive systems,
113-114
Socks and boots, flexible, pneumatic con-
veying, special cases, 188-189
Solids. See also Powders and solids
effective energy measurement of
nonspark discharge, static ignition
hazard evaluation, 67-68
resistivity of, static ignition hazard evalua-
tion instruments, 64-65
Solvent washing, tank cleaning, 146-147
Spark and shock hazards. See Personnel
Spark discharge, 35-38
Spark ignition chamber, effective energy
tests, bulking brush discharge, 34
Sparks, powders and solids, 190-193
Splash filling, charge generation, factors
influencing, liquid systems, 98
Static discharges, 20-44
brush discharge, 23-31
breakdown strength of layers, 30-31
dust ignition via transitional brushes, 31
effective energy of, 24-27
grounded substrate effect, 27-28
transitional, 28-30
bulking brush discharge, 32-35
container size effects, 33
effective energy tests, 34
ignition probability considerations,
34-35
particle size effects, 33
powder heap, 33-34
corona discharge, 21-23
powders and solids, 189-195
bulking brush discharges, 193-195
sparks, 190-193
propagating brush discharge, 38-43
from isolated nonconductor, 41-42

INDEX

principal criteria for, 39-41
stored energy, 42-43
spark discharge, 35-38
surface streamer, 43-44
types of, 20-21
Static electricity, 7-46
charge accumulation, 16-17
charge dissipation, 13-16
charged species concentration, 9
charge generation mechanisms, 11-13
induction charging, 12-13
ionic charging, 13
charge separation, 8
current magnitude and potential, 8-9
defined, 7-8
discharges, 20-44. See also Static dis-
charges
hazard evaluation, 10
ignition, 17-20
personnel spark and shock hazards, 44-46
statistics, 10-11
trace contaminants and, 9-10
Static ignition hazard control, 71-81
bonding and grounding, 71-75
cathodic protection, 74-75
definitions, 71
ground rods, 73-74
purpose of, 71-72
resistance to ground, 72-73
systems, 73
charge relaxation control, 75-78
conductivity increases, 75-76
neutralization, 76-78
flammable atmosphere control, 81
personnel, 78-81
clothing, 80
gloves, 80-81
grounding, 78-80
Static ignition hazard evaluation, 47-69
charge accumulation, 48-49
direct observation, 66
effective energy measurement of
nonspark discharge, 66-69
energy estimates, 49-50
generally, 47
instrumentation, 50-65. See also Static
ignition hazard evaluation instruments
methods, 47-48
radio frequency detection, 66
Static ignition hazard evaluation instruments,
50-65
charge, 50-54



INDEX

charge transferred in discharges, 52-53
electrometer methods, 51
Faraday pail, 51-52
filtration of particles method, 52
surface charge density, 53-54
electric field, 54-57
field mills and vibrating sensor field
meters, 55-57
generally, 54-55
ignition energy, 60-63
gases, 60-61
hybrid mixes, 63
powder suspensions, 61-63
liquids, conductivity of, 63-64
potential, 57-59
electrometer, 57-58
electrostatic voltmeter, 58-59
field meter voltmeter, 59
space potential from field meter, 59
resistance, 65
safety, 50
solids, resistivity of, 64-65
Static ignition hazard prevention
excluded topics, 4-5
hazard evaluation, 10
overview, 1-4
statistics, 10-11
texts on, 1
units, 5
Statistics, static ignition hazard prevention,
10-11
Steam cleaning, tank cleaning, 147-148
Storage tank filling operations, 122-128
floating roof tanks, 123-124
generally, 122-123
nonconductive linings, 125-127
recirculation, 127
settling potential, 124-125
skim layer hazards, 127-128
Stored energy
estimates of, static ignition hazard evalua-
tion, 49-50
propagating brush discharge, 42-43
Strainers, pipe, hose, and tubing flow, 118
Surface charge density, static ignition hazard
evaluation instruments, 53-54
Surface resistivity, solids, static ignition
hazard evaluation instruments, 65
Surface streamer, static discharges, 43-44
Suspended material, pipe, hose, and tubing
flow, 118-119
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Switch loading, vapor pressure, minimum
ignition energy, 94-95

T
Tank cleaning, 144-149
acid washing, 148-149
grit blasting, 149
solvent washing, 146-147
steamn cleaning, 147-148
water washing, 144-146, 217-218
Tank filling operations, 120-142
criteria for, 214-216
generally, 120-122
liquid phase mixers, blenders, and reac-
tors, 132-134
liquid-solid mixers, blenders, and reactors,
135-137
plastic tanks, 139-142
rail cars, 132
road tankers, 128-131
storage tanks, 122-128
floating roof tanks, 123-124
generally, 122-123
nonconductive linings, 125-127
recirculation, 127
settling potential, 124-125
skim layer hazards, 127-128
vacuum trucks, 137-139
Tanks, conductive, generation and relaxation
of charge (liquid systems), 99-100
Temperature effects
flammable atmospheres, 162-163
powder, minimum ignition energy, 220-221
Thrust neutralizers, dip pipes, 116
Tires
effect of, 216-217
road tanker filling operations, 131
Trace contaminants, importance of, static
electricity, 9-10
Transitional brush discharge
described, 28-30
dust ignition, 31
Tubing. See Pipe, hose, and tubing flow

U

Ungrounded conductive tanks, generation
and relaxation of charge (liquid sys-
temns), 99

Unstable/energetic powders, dust suspen-
sions, 175-176

Upper flammable limit, liquids, vapors, and
gases, ignition hazards, 86-87

Utility hoses, nonconductive systems, 115
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A%

Vacuum transfers, flexible intermediate bulk
container (FIBC), 204
Vacuum trucks
powders and solids, general operations,
197-198
tank filling operations, 137-139
Valves, pipe, hose, and tubing flow, 119
Vapor pressure, minimum ignition energy,
flammable liquids, vapors, and gases,
91-95
Vapors. See Flammable liquids, vapors, and
gases
Variability of conductivity, charge dissipation,
15-16
Vented gas ignition, flammable atmo-
spheres, 159-160
Vibrating sensor field meters, static ignition
hazard evaluation instruments, 55-57

INDEX

Viscous nonconductive liquids, classifica-
tion, generation and relaxation of
charge (liquid systems), 103-104

Voltage, energy attained and, personnel
spark and shock hazards, 45

Voltmeter

electrostatic, potential, static ignition
hazard evaluation instruments, 58-59

field meter voltmeter, potential, static igni-
tion hazard evaluation instruments, 59

Volume resistivity, solids, static ignition
hazard evaluation instruments, 65

A\
Water and steam curtains, flammable atmo-
spheres, 158
Water washing
potentials during, 217-218
tank cleaning, 144-146
Wet-dry vacuum cleaners, 157
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