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I 
EXECUTIVE SUMMARY 

Safety Consulting Engineers, Inc. received a request from the 

API committee on Safety and Fire Protection to conduct a research 

project on static electricity ignition hazards related to the 

petroleum industry. 

The purpose of the research project was to: 

(a) Analyze technical data and information contained in the 
API RP 2003 and substantiate static electricity practices 
made therein. 

(b) Compare API Rp 2003 with standards/practices on static 
electricity written by other associations. 

(c) Identify electrostatic ignition hazards in the petroleum 
industry not covered by API Rp 2003. 

(d) Identify areas that require further research. 

A very detailed and exhaustive literature search was 

performed. Over 200 publications on electrostatics in Safety 

Consulting Engineers' library were reviewed to determine which 

references needed to be collected. Literature was also searched 

for in books, journals, symposia, other standards, codes, 

regulations including governing bodies and associations in England 

and Germany. Information collected was used to substantiate 

recommendations in API RP 2003. A comparison is made in tabular 

form of what is in API RP 2003 and how it is substantiated by the 

literature. 

Recommendations made in API RP 2003 were also compared with 

recommendations and standards of other organizations within the 

context of the petroleum industry. Comparisons were made for 
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completeness in practice. There is good agreement between API F¿P 

2003 with other standards, however, there are differences and 

further research is necessary. 

Literature was also reviewed for sources of information on 

current uses of plastics in the petroleum industry. Key people in 

the petroleum industry were contacted to determine the uses of 

plastics in the industry. Some of the general concerns were in the 

use of underground plastic tanks at service stations and if it was 

acceptable to use nonconductive vacuum hoses during tank filling 

operations. 

Some of the conclusions drawn during this research project 

are: 

- For liquids of very low conductivity (less than 2 pS/m) 
the 30 second residence time downstream of a filter is 
not very conservative. It should be increased to 100 
seconds. This has been proved theoretically and is 
verified in published work. 

- Plastic containers and equipmentare responsible formany 
fires and injuries. Incidents of tank explosion have 
occurred during the splash filling of conductive liquids. 
Plastic tubing and small sample bottles have also 
contributed to fires in the handling of conductive 
liquids. Further research is needed in the use of 
plastic in the petroleum industry. 

- Personnel grounding is a direct or indirect cause of hose 
fires during filling of tanks with flammable gas mixtures 
in most easily ignitable concentrations. Clothing is 
usually not a problem unless it is removed causing 
crackling discharges. Further research is recommended. 

Standards need to be developed for the safe use of plastics in 

the petroleum industry. Certain areas of API FtP 2003 require 

additional coverage including the use of plastics, static 

generation on clothing and surfaces, fiberglass storage tanks and 
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I 
effect of various coatings on tank surfaces. The following are 

some of the areas where further research is recommended: 

- Determine whether inner nonconductive sleeves in pipes and 
hoses are a brush discharge hazard during hose drainage and 
whether antistatic hose lines are needed in nonconductive 
liquid service. 

- Theoretical and experimental studies on the effects of 
nonconductive and semiconductive lines and excess charae at 
free liquid surface and the possibility of propagating brush 
discharges. 

- To determine if it is safe to use filters when filling 
conductive and semiconductive liquids into lined tanks and 
drums. 

- Conduct a full scale experiment on a tank truck filled with a 
high flash point mineral oil using a pipe or composite llrough 
bore" hose. The measure of streaming current would determine 
whether such hoses are contributors to fires. 

iv 
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I. INTRODUCTION 

Safety Consulting Engineers, Inc. (SCE) has prepared this 

report for work on the Static Electricity Research Project which 

was administered by the American Petroleum Institute's Committee on 

Safety and Fire Protection (COSFP). This project was performed in 

three phases: 

Phase I: The technical data and information contained 
in API RP 2003, Protection Asainst Imitions 
Arisina Out of Static. Liahtninu. and Stray 

substantiate the recommendations made therein. 
Currents, March 1982 , validated to 

NOTE: Since a new version of API 2003 has 
been released, some issues may not 
apply 

Phase II: Areas that are relevant to electrostatic 
ignition hazards in the petroleum industry but 
are not covered, or are inadequately covered 
in the existing version of API RP 2008, were 
identified and documentation was provided 
where it exists for these areas. 

Phase III: Areas from Phase I or Phase II that require 
further research were identified and research 
programs for these areas are proposed. 

A. Backsround 

Phase I 

Recommendations stated in API RP 2003 are guidelines 

followed in the petroleum industry for protection from electrical 

ignition of flammable vapors due to static, lightning and stray 

currents. API Rp 2003 is based on research and many years of 

practical experience in the industry. Some substantiation of the 

recommendations given in API Rp 2003 has already been documented 

through COSFP's Technical Data Recovery Project and other technical 
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literature. However, many items may require further research to 

substantiate, such as the use of plastics and other nonconductive 

equipment. 

Phase II 

Certain areas of API RP 2003 may require additional 

coverage, including the use of plastics, static generation on 

clothing and surfaces, fiberglass storage tanks, and effects of 

various coatings. Static charges are generated during the flow of 

fluids and can be a concern with low conductivity fluids that may 

come in contact with flammable vapor/air mixtures. While earthing 

is the primary means of protection from incendiary discharge for 

systems with metallic conductors, it is ineffective when 

nonconductive plastic pipes, storage containers, sheets, coatings, 

liners, and clothing are used. Plastics are readily charged by 

contact electrification and induction and can dissipate charges 

very slowly, depending on resistivity, thereby producing hazards 

from discharges from their surface or from nearby insulated 

conductors. Therefore, standard criteria needs to be developed for 

the safe use of plastics in the presence of flammable atmospheres. 

Phase III 

For issues and recommendations contained in the current 

edition of API RP 2003 or identified in Phase II of this project 

that were not able to be validated or resolved, additional research 

was identified and programs were recommended for development and 

implementation were needed. 

II. SCOPE OF WORK 
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A. Phase I 

1. Obi ect ives 

The objective of Phase I of this research project is 

as follows: 

a. To Substantiate the static electricity 
recommended practices outlined in API RP 2003 
using internal API documents and any technical 
information from published sources. 

b. To compare API RP 2003 with static electricity 
practices written by other associations and 
governing bodies and identify areas of 
differences and provide substantiation of 
these differences. 

III TASK PLAN 

(A) Literature Search 

The literature was searched for books, journals, papers, 

symposia, and task force reports containing information useful in 

substantiating the recommendations made in API F¿P 2003. This 

search included other standards, practices, guidelines, 

regulations, codes, and methods published by other associations and 

governing bodies. 

Applicable documents from API, including those from 

COSFP’s Technical Data Recovery Project were reviewed. 

A computer search was performed at Safety Consulting 

Engineers, Inc. (SCE) using NTIS, Chemical Abstracts, Physical 

Abstracts, and IQuest Literature Service. 

A quick review of all materials collected, including the 

over 200 publications on electrostatics in Safety Consulting 

Engineers‘ library and the libraries of Laurence Britton were 

performed to determine which references need to be collected from 
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I 
libraries or publishers. 

The following libraries were utilized to find the needed 

publications: The John Crerar Library, Northwestern University 

Engineering and Science Library, Illinois Institute of Technology 

Technical Library, Purdue University, University of Minnesota and 

the Wisconsin Physics, Chemistry and Engineering Libraries. 

Governing bodies and associations, in England and West 

Germany were contacted to obtain codes, standards and regulations 

used in control of static electricity, lightning and stray 

currents. 

A summary of all literature reviewed is found in Appendix 

D. Monograph. 

(B) Literature CornDarison 

Experimental data, mathematical models, and scientific 

calculations were used to substantiate the recommendations in API 

FU? 2008. Substantiation was as exhaustive as possible, within the 

constraints of the literature search performed in Part A. 

As each section of API RP 2003 was reviewed, documents 

were analyzed as to how reliable the information is and how the 

information pertains to the recommendations of API. RP 2003. A 

summary worksheet was prepared which briefly described what is in 

API Rp 2003 and how it is (or is not) substantiated by the 

literature. The results are shown in Appendix A. 

(C) Standards Comarison 

The recommendations made in API Rp 2003 were compared 

with recommendations and standards of other organizations within 
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the context of petroleum operations. The comparisons were made 

with regards to completeness and any conservatism present in the 

recommendations of API RP 2003. Differences in the practices were 

identified and substantiation of these differences was made 

wherever possible using the results of Part B. 

Each section of API RP 2003 was compared to other 

standards usingthe information for substantiation from Parts A and 

B .  

As each section was compared, a summary worksheet was 

prepared showing briefly what the differences in the standards are 

and how the differences can be resolved using the literature. 

The National Fire Protection Agency recommended practices 

on handling and processing of flammable liquids (NFPA 30) , control 
of static electricity (NFPA 77), and protection from lightning 

(NFPA 78) were compared to API RP 2003. Codes from the British 

Standards Institute (@@Code of Practice for Control of Undesirable 

Static Electricityw', BS5958) , and the @@Chemistryv8 Committee of the 

Chief Federation of the Industrial Trade Associations Center for 

Accident Prevention and Industrial Medicine from West Germany) 

(@@Guidelines for Avoiding Danger of Ignition As a Result of 

Electrostatic Charges'@) were also compared. Other codes and 

standards include Chapter 7 on @'Static Electricity@I in the Army 

Safety Manual DARCOM-R 385-100, and National Safety Council Data 

Sheet 547. The standards comparison results are shown in Appendix 

B. 
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Monoaraph 

A monograph was prepared documenting the substantiations 

of API RP 2008 made in Task B and the comparisons made in Task C .  

The monograph was written in practical, tutorial terms for use by 

engineers and engineering managers in the petroleum industry. The 

monograph follows the order of subjects in API Rp 2003 and a 

bibliography of material for further reference which was developed 

using the information management program. All substantiations and 

comparisons were traceable to the originating literature. Areas 

requiring further research were identified in the monograph. The 

monograph is found in Appendix D. 

(E) Nonconductive Materials Study 

(1) Objectives 

The objectives of Phase II of this research project 

were as follows: 

a. To characterize the electrostatic hazards 
associated with the use of nonconductive 
plastics in the petroleum industry. 

b. To establish a well-supported methodology, 
with validations from existing literature, 
etc., of hazard identification which can be 
used by API committees in the development of 
relevant standards. 

c. To identify and provide validation for other 
areas recommended for expanded coverage in API 
RP 2003. 

(2) Literature Search on Plastics 

The literature was reviewed for sources of 

information on current uses of plastic in the petroleum industry 

and for information on current and past 

6 
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quantify the hazards presented by their use. 

(a) L iterature Sources 

A computer search was performed at SCE for 

information on the uses and hazards of plastics in the petroleum 

industry. In addition, the literature was searched to identify 

nonconductive materials use and safety around flammable liquids. 

Governing bodies and associations were also 

contacted in order to obtain codes, standards, regulations and 

practices on static electricity control when using plastics with 

flammable liquids. 

A summary of literature sources identified is 

shown in Appendix C. 

(b) Field Uses/Em, erience 

Key people in the petroleum industry were 

contacted to determine the uses of plastics in the industry and 

which of the uses should be covered in API RP 2003. A summary of 

industry contacts is shown in Table I. 

(c) Standards Investiaation CornDarison 

Currently accepted standards on the use of 

plastics were investigated to determine what criteria and 

recommendations are now being followed in other industries and how 

these apply to petroleum industry operations. The investigation 

included identification of the hazards involved, in reference to 

the methods used in other industries to eliminate them. 

As each standard was analyzed, a summary 

worksheet was prepared which briefly showed what methods are used 
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TABLE I 

SUMMARY OF INDUSTRY CONTACTS 

SUBJECT 

Use of Plastics 

Use of Plastics 

Use of Plastic 
Around Flammable 
Liquid 

COMPANY 
PRACTICE 

Sometimes are used 

They have many criteria to 
determine if non-metal material 
is to be used 

They do not use (FRP) plastic on 
truck 

Had one incident with a plastic 
tank awhile aqo 

They use plastics and FRP tanks 
up to 80 gal size in exploration 

Not much in production they have 
a program to evaluate arcing 
durinq repair of PVC tube stock 

They lost a salt water 
nonconducting tank to lightning 

They use small nonconducting 
containers for tank bottom 
materia 1 

Also had underground tanks (Slop 
condensate) Tank hit by 
1 iqhtninq 

Nothing standard across company 

In oil and gas production, small 
(FRP and plastic) tanks (80 gal) 
used for additives and water 

Also use plastic (FRP) additive 
tanks by cooling towers 

They do not use portable plastic 
containers for flammable liquids 

I 
1 
1 
I 
1 
I 
I 
1 
I 
1 
1 
I 
I 
I 
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TABLE I (continued) 

SUMMARY OF INDUSTRY CONTACTS 

i 
* 

7 

i 
I 
i 
i 
I 

i 
I 

3 

I 
I 
I 
I 
I 
I 

COMPANY 

Sun Refining 
Marketing 

moco Oil 
Company 

B.P. America 

Chevron - 
Calf 

Exxon-Houston 

SUBJECT 

Use of 
Plastics 

Use of 
Plastics by 
Flammable 
Liquids 

Use of 
Plastics by 
Flammable 
Liquids 

Use of 
Plastics by 
Flammable 
Liquids 

Use of 
Plastics by 
Flammable 
Liquids 

COMPANY 
PRACTICE 

rhey use plastics at: 

- Refineries, for fire water - Sour H,O stripper - Production 
3" crude lines on production 
trucks (well to small 
truck) - Pipeline 
crude oil 10-1211 - Terminals 
none used - Service stations 
fiber glass/polyethylene 
tanks, unloading lines. 

Refining operations: - Use 55-gal poly drums max size - Repackages to smaller package 
Lubes packaged: 
in quart, gallon and 5 gallon 
of non-flammable liuuids 

Referred to R. Murphy in New 
Jersey for response 

9 

                                      
                                         
                                      
                                         



TABLE I (continued) 

SUMMARY OF INDUSTRY CONTACTS 

I I 

COMPANY SUBJECT COMPANY 
PRACTICE 

N. J.A. 
Petrochem 
Co. 

Flammable liquids can be placed 
in containers up to 250 lengths: 
if temp. of liquid is less than 
5OC below flash point and 
plastic has surface resistivity 
lass than l0"ohm or lining is 
less than 0.5 mm thick 

For nonconductive containers of 
surface resistivity > 101lohm 
(for liners < 0.5mm thick) all 
flammable liquids except CS, and 
alcohol can be placed in them if 
container is less than 5 liter 
size. 

General Company COmInentS: 

- Should vacuum truck hoses be conductive or OK to be nonconductive. 
- Concerned about using plastic (FRP) tanks (underground at service 

stations. - Concerned about use of braided metal or synthetic sleeve on liquid 
fill line. 

10 
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in other industries to eliminate the hazards involved. The results 

of the standards comparison are shown in Table II. 

IV CONCLUSIONS 

While Figure 1 in API Rp 2003 is a good approximation for 

fuels such as paraffinic mixtures with regular ACTM distillation 

curves, it is erroneous for many single component hydrocarbons and 

other flammables. A better illustration is recommended for these 

cases and Figure 1 should be accompanied by a use limitation 

statement including a caveat about mist and foam ignition. The 

ignition energy of mist below (about) 30 micron diameter converges 

with that of a vapor. Very f ine mist can be produced during splash 

filling and as foam breaks up. 

It should be noted that exponential relaxation (above 2 pS/m) 

is not governed solely by "rest conductivity1* as measured in the 

laboratory. The effective conductivity in the field is 

significantly reduced by temperature decreases (for example from 

about 100 pS/m at 25OC to about 30 pS/m at -1OOC). Further, highly 

charged liquid may display a relaxation time that is up to one 

order of magnitude greater than predicted (this effect is usually 

unimportant unless a microfilter or other source of high charging 

is present). To address the temperature problem, either the 

nominal "static accumulationtv conductivity might be raised to 150 

pS/m, or a temperature correction can be made. In addition, the 

conductivity can be measured at the temperature of interest. 

The velocity-diameter limit developed experimentally for tank 

truck filling was developed for smooth-bore pipes and hoses during 

11 

                                      
                                         
                                      
                                         



TABLE II 

STANDARDS COMPARISON 
INSULATING MATERIALS IN PRESENCE OF FLAMMABLE LIQUIDS 

STANDARD L 
NFPA 77 
Recommended 
Practice on 
Static 
Electricity 

DoD HDBK- 
263 ESD 
Control 
Handbook 

DATE 

1983 

~~ 

2 May 1980 

SUBJECT 

Para 7-8 
plastic and 
plastic 
lined 
containers 

Non- 
metallic 
containers 
to handle 
flammable 
liquids 

Para 9-8 
conta iner 
filling 

Definitions 
of 
Materials 

~ ~~ 

REQUIREMENT 
~~ 

5 - 55 gal sizes 
are potentially 
dangerous 

"4 - 8.5 container 
of glass or non- 
conducting 
materials of 5 gal 
or less usually 
are filled without 
precaution see 
para 7-8" 

- insulative 
material 
Surf ace 
resistivity 
>10~~ohm/square 

- Anti-static 
mat er ia 1 
Surf ace 
resistivity 

<10140hm/ square - Static dissapa- 
tive material . 

ohm/square 

>1050hms/ square 

>io9  to 

>ios to <io9  

- Conductive 
materia 1 

COMMENTS 

Hazards are 
not indenti- 
fied or cat- 
egor i z ed 

This depends 
on the 
charging and 
drainof f 
character- 
istics of 
the liquid 
material 
combinations 

Good defini- 
tions 

1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
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TABLE II (continued) 

STANDARDS COMPARISONS 
INSULATING MATERIALS IN PRESENCE OF FLAMMABLE LIQUIDS 

STANDARD 

BS-5958 
Proposed 
changes 

DATE 

1991 

SUBJECT 

Storage 
tanks 

13 

REQUIREMENT 

4.2.1 Large 
storage tanks 
completely 
fabricated from 
highly resistive 
materials with 
volume resistiv- 
ities greater than 
1080hm m or 
surface resis- 
tivity greater 
than 10'oohm are 
not recommended 
for flammable 
liquids. Exception 
if liquid handling 
operations do not 
produce dangerous 
levels of static 
electricity and no 
charge generating 
process exists 
outside the tank. 

~ 

COMMENTS 

Does not 
define 
dangerous 
levels of 
static 
electricity 

                                      
                                         
                                      
                                         



STD.API/PETRO PUBL. 2230-ENGL 1994 U732270 OLU335n q b 2  

TABLE II (continued) 

STANDARDS COMPARISONS 
INSULATING MATERIALS IN PRESENCE OF FLAMMABLE LIQUIDS 

STANDARD 

BS-5958 
Proposed 
changes 

L 

DATE 

1991 

SUBJECT 

Non- 
metallic 
storage 
tanks - 
underground 

14 

REQUIREMENT 

5.2.1 Tanks should 
be individually 
designed for each 
specific appli- 
cation. To conform 
to safety, max 
charge produced in 
filling of tank 
must not produce 
field strength to 
cause discharge. 

5.1 If liquid is 
conductive (>50  
ps/m), charge will 
dissipate safely 
to earth when it 
is in contact with 
a conducting 
surface to ground 

3.2.2 If flammable 
atmospheres are 
possible near that 
vehicle tank, con- 
iuctive or semi- 
zonductive hoses 
should be used 

12.4.1 Highly re- 
sistive containers 
:an be used for 
elamable liquids 
xcasionally pro- 
Tided that the ES 
ignition risk is 
icceptable 

COMMENTS 

Propogating 
brush dis- 
charges are 
a strong 
possibility 
here. 
Restrictions 
or ES charg- 
ing and 
flowing 
should be 
better 
defined 

Immiscible 
liquids 
could 
compromize 
safety if 
flash point 
and ES 
charging is 
favorable 

Charging and 
flow rate 
a l s o  are 
important 

Risk not 
ief ineà 

I 
I 
I 
I 
I 
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STANDARD 
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DATE SUBJECT 

TABLE II (continued) 

STANDARDS COMPARISONS 
INSULATING MATERIALS IN PRESENCE OF FLAMMABLE LIQUIDS 

REQUIREMENT 

12.4.4. When low 
conductivity 
liquids are used, 
highly resistive 
containers up to 5 
liters: are 
alright. Above 
that expert advise 
should be sought 

12.5 In continuous 
flammable atmos- 
pheres highly 
res ist ive 
containers should 
not be used 
independent of 
size 

COMMENT 

This is 
questionable 
depending on 
liquid on 
mixture 
charging 

Good 

15 

                                      
                                         
                                      
                                         



overhead filling via a dip pipe. Products between 0.36 and 0.50 

m2/c are suggested in the literature, while higher values may be 

used for compartment lengths greater than 2 meters. For bottom 

connection filling the product should not exceed 0.36 m 2 / s  and the 

inlet should be fitted with a deflector to prevent jetting. The 

value of 0.5 m 2 / s  being used has been successful in loading typical 

petroleum fuel to date. Composite hoses containing an internal 

grounding spiral should be avoided when loading nonconductive 

flammables because of the excessive static generation apparently 

caused by the spiral, especially in hoses of small diameter. To 

allow for the limited test conditions under which the API velocity- 

diameter limit was developed (uniform charge distribution, no free 

water etc. ) , and some fires which have occurred at low product 

values, it should be stressed that a lower ved product is desirable 

particularly for bad actors like toluene. An important point to 

make is that for equal values of v.d product, the maximum safe 

filling rate is proportional to filling pipe diameter. Where there 

is a choice, larger diameter pipes are intrinsically safer for a 

given flow rate. This is additionally important for rough bore 

(spiral wound) hoses where for smaller diameters the blockage ratio 

and charging should be greater. If rubber boots on similar devices 

are connected to the end of dip pipes they should be conductive and 

reach to the bottom of the tank, and be in contact on the bottom to 

avoid undue turbulance. 

A potential problem with wound composite hoses is that the 

inner spiral is often not attached to the end connectors and in 
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some cases the gap is an effective spark source during draining of 

nonconductive liquid from the hose. To avoid this hazard, a 

semiconductive liner may be used. Alternatively, the hose can be 

designed to provide bonding via the inner spiral. To show that the 

inner spiral is bonded, one design uses an isolated outer spiral 

and other designs (such as an outer spiral bonded to a single, 

grounded end connector to avoid complete isolation) might be 

specified. Also the problem will not exist with adequate time to 

relax charges. 

Section 2 .4 .2  in API FU? 2003 states that nonconductive hose 

can be used provided the end connector is bonded. Use of 
nonconductive hose for nonconductive flammables can be hazardous 

since discharges may occur on the surface(s). At high levels of 

charging, such as downstream of a filter, powerful propagating 

brush discharges may occur. The meaning of the statement made that 

"continuity is not required in bottom or top loading through tight 

connections1' is unclear. If tight means electrically contacting, 

the statement is correct. 

Hoses (and pipe) containing a continuous nonconductive liner 

may undergo pinhole puncture on the lining by small propagating 

brush discharges when charged nonconducting liquid accumulates 

surface charge on the liner. This is most likely to occur 

downstream of filters. The problem has occurred in steel flexible 

hose with extruded thermoplastic liner, where repeated puncture at 

a point caused leakage. With composite hose containing a coated 

spiral any pinholes will go to this spiral rather than through the 
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I 
carcass, since leaks should not be caused, the phenomenon probably 

has not been noticed. It is unknown whether these discharges could 

produce a hazard or not. This type of discharge can be avoided 

using a semiconductive liner (metal or carbon filled polyolefin) or 

any type of hose with internal bare metal surfaces such as an 

uncoated inner spiral. 

In API Rp 2003, Figure 7 shows what appears to be a close- 

coupled filter in drum filling and states that the hose can be 

nonconducting. Both can be extremely dangerous in some conditions 

for nonconductive flammables as is well supported by literature and 

by accident histories. 

Purging recommendations should refer to NFPA 69 to generalize 

the coverage. 

The 30 second residence time downstream of a filter is not 

conservative for liquids of very low conductivity (less than about 

2 pS/m) and may have to be increased to 100 seconds. This is 

proved theoretically and is verified by published test work. The 

reason for this need is that filters generate high levels of charge 

even at low conductivity; even where this is not the case the 

charge density dependence of hyperbolic relaxation makes the time 

taken to relax to acceptable levels (20-30 pC/m3) almost independent 

of the initial charge density above about 100 pC/m3. Temperature 

effects on conductivity should be considered to make 2 pS/m a 

meaningful demarcation. Note that the NFPA and BC guidelines 

calling for "3 relaxation times1@ residence would require 27 seconds 

for a typical hydrocarbon at 2 pS/m which is close to the @*worst 
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cace" 30 seconds presently given by API. However, below 2 pS/m 

further analysis is necessary to deterine if 20 seconds is safe. 

Virtually in all cases, 100 seconds is safe. 

While 50 pS/m is a useful demarcation for static accumulation 

in grounded equipment, it does not represent the conductivity level 

above which a liquid is @*Conductive@#. This has been drawn at 

various levels according to the handling operation involved. A 

conservative laceiling*@ level of 100,000 pS/m has been established. 

A @#safe@' conductivity for almost all operations, including those 

involving stirred slurries and pipes/hoses lined with high 

resistivity material has been established at 1,000 pS/m. Other 

levels (for example 200-300 pS/m) have been applied to certain 

military applications such as war planes. 

Plastic containers and equipment are responsible for many 

fires and injuries and the present coverage is entirely inadequate. 

In the case of FRP and other plastic aboveground tanks, splash 

filling must not be done. There was a recent FRP tank explosion 

involving splash filling of a conductive liquid; conductive liquids 

give rise to surface sparks rather than brushes and only a few kV 

is needed to ignite vapor. It is important to stress that with 

plastic containers there is no safe liquid conductivity. Sparks 

from conductive liquids can be produced by splash filling or simply 

rubbing the outside of the container, which induces very high 

potentials in the liquid. A charged plastic surface can give rise 

to incendive brush discharges or may induce hazardous potentials on 

nearby conductors. Even plastic tubing and small sample bottles 
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(when handling conductive liquids) have contributed to causing 

fires. 

In relationship to personnel grounding, there is some evidence 

that ungrounded personnel are a direct or indirect cause of hose 

fires following tanker filling in high risk situations. Personnel 

grounding may be required in high risk areas such as handling of 

liquids where flammable gas mixtures are in most easily ignitable 

concentrations. It is true that clothing is not usually a problem 

unless it is removed causing crackling discharges (brush types). 

The type of clothing can determine the charge on an ungrounded 

person, however. Personnel grounding may be achieved using a 

variety of commercially available devices (conductive/antistatic 

shoes, foot grounders, bracelets) and commercially available 

accessories such as conductive paint for floors, and resistance 

testers to ensure the devices are operating properly. In some 

situations, personnel grounding may be required to prevent fuel 

vapor ignitions. 

To avoid stray currents in wharf lines an insulating flange 

(commercially available) should be installed. Nonconductive hose 

can be used providing no additional hazards can occur. 

RF stray currents in the vicinity of radar and radio 

transmitters should be addressed. Shell has published a nomograph 

allowing ignition hazard field strength thresholds to be found for 

methane and hydrogen with respect to source frequency and the loop 

perimeter of any adventitious antenna. 
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V RECOMMENDATIONS FOR FURTHER WORK 

A project is recommended in which an electrically 
isolated tank truck (or less desirable, a tank of similar 
dimensions) would be grounded through an electrometer and 
filled with a high flash point mineral oil with a 
conductivity of about 2 pS/m, either through a pipe or a 
composite "rough bore" hose. The measurement of 
streaming current would determine whether such hoses are 
a cause of mysterious fires. Simultaneously it would be 
possible to use an image intensifier to observe any 
electrostatic discharges in the truck. An unbaffled 
truck would simplify this. Grounded probes could be used 
to simulate truck internals. Both top and bottom filling 
might be carried out using image intensification to 
verify the BS 5958 recommendation to limit bottom fill 
flow rates to 25% those of top filling. 

Research is recommended to determine whether inner 
nonconductive sleeves in pipes and hoses are a brush 
discharge hazard during hose drainage and whether 
antistatic hose liners (such as used by Willcox) are 
needed in nonconductive liquid service where spiral 
breakage is not present. 

Plastic manually-operated drum pumps are frequently used 
to transfer flammable liquids and there has been a report 
of a fire originating inside a drum. It appeared 
possible in this case that a brush discharge occurred 
from the pump handle being operated at the time, although 
a discharge from the operator might alternatively have 
occurred. The liquid was conductive. No published 
information has been found on drum pump hazards and some 
study should be made. 

Theoretical and experimental studies of the effects of 
nonconductive and semiconductive liners and excess charge 
at free liquid surfaces are needed. While it is unlikely 
that propagating brush discharges are produced on plastic 
liners in liquid handling systems, this possibility is 
considered by various authors. 

Filters are being used on lances when handling conductive 
and semiconductive liquids. Research is needed into 
whether this practice is safe, particularly when filling 
lined tanks and drums. There would appear to be a 
problem during the early stages of filling especially. 

In the Petrochemical Industry the use of lances is often 
limited by personnel exposure problems when handling 
toxic or malodorous liquids. Research is needed as to 
whether splash filling of lined drums is an acceptable 
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procedure and what the limitations (liquid conductivity, 
liner thickness and resistivity etc.) should be. In some 
cases the exposure problem can be mitigated by the use of 
spring-type discharge electrodes at the end of the lance, 
which uncoils into the liquid during flow, minimizing 
wetting ofthe lance itself. Such devices are relatively 
unheard of but may be purchased by special order. 

( 7 )  There have been numerous studies of brush discharges from 
liquid surfaces but apparently none on the formation and 
effective energy of the "go devilmm, a surface discharge 
that can be several feet in length and which is somewhat 
analogous to the "wa11-to-cone9* (or "Bulking Brushmt) 
discharges seen during silo filling. By analogy one 
might expect the effective energy to be greater than for 
brush discharges, perhaps around 1 O m J .  Such discharge 
might be responsible for mist ignition of high flash- 
point liquids. 

( 8 )  It is recommended that the industry hold discussions with 
container manufacturers to determine the feasibility of 
antistatic plastics for use in all-plastic drums and 
other applications. For example, conductive carbon 
black-loaded polyethylene may be directly bonded to an 
inner polyethylene drum shell allowing direct grounding 
while avoidingthe mechanical problems of polysteel drums 
and retaining he advantages of a polyethylene liner. The 
conductive plastic will have a greater thermal 
conductivity than HDPE and may improve fire resistance by 
the Factory Mutual test. By improving the fire 
resistance with respect to steel drums the present 
restrictions on plastic drum storage might be eased. A 
groundable plastic drum would present no external 
discharge hazards and for conductive flammables could be 
safely loaded and unloaded using a metal dip pipe. 

( 9 )  The effect of entrained water or electrostatic charging 
for nonconductive material contact by flammable liquids 
should be studied. 

(10) Detailed proposed studies will be supplied under separate 
cover. 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 
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I ~ 2 0 0 3  1 SECTION 

2.1 

2.3.1- 
2.3.3 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

=3 

ResistanceS of 1- than 1 meg- 
ohm may act as short circuits. 

Figure 1 shows relationship 
between temperature, vapor 
presswe, flammability limits of 
petroleum products. 

SECTION 

2.1 

2.3.1- 
2.3.3 

2.4.1 L 

WHAT 
RP 2003 

SAYS 

ResistanceS of 1- than 1 meg- 
ohm may act as short circuits. 

Figure 1 shows relationship 
between temperature, vapor 
presswe, flammability limits of 
petroleum products. 

~ 

Bond resistance as high as 1 
meg-ohm is adequate for static 
dissipation 

WHAT 
LITERATURE 

SAYS 

No information. 

Shows plot of Reid vapor 
pressure p6 a function of 
temperobire for various fuels. 
Provides flrunmability limits. 

ExperimeQte wiîh the flow of 
hydrogen carbcm solutions 
through SS tubing to measure 
charging current magnitude. 
Meesurements obtained 
indicate that using liquid 
conductivity as the only 
parameter by which to assess 
charging phenomena is 

Shows sample of suggested 
plot for benzene vapor. 

misleading. 

Establish most easily ignitable 
vapor space mixtures from 

especially for "bad actors. " 

Shows sample of suggested 
plot for hydnicprbon vapors 

vppo' pressure data, 

preliminary screening on basis 
of vapor presnires is 
misleading; use relationship 
between dielectric constant 
and conductivity to assess 
el- 'c hazard. 

Discusses bond resistance 
values offered by various 
agencies. 

Resistance to earth should be 
less than 10 ohms for 
practical convenience. 

Lrr 
REF 

Strawson 
Ref. #12 
16 

Goodfellow & 
Graydon 
Ref. ü7l 
1267-1280 

Briüon & Smith 
Ref. #1 
54-55 

Britton & Smith 
Ref. #2 
201 

Saletan 
Ref. #3 
101 

saletan 
Ref. #4 
101-102 

~ ~~~ 

Mancini 
Ref. #5 
27-28 

Loveland 
Ref. #27 
5 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

Not addressed 

Not addressed 

Not addressed 

Not addressed 

Yes and No 

No 
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1 
I 
I 
I 
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1 
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1 
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RP 2003 
SECTION 

2.4.1 

SUMMARY OF LITERATURE SUPPORT 
FOR Rp 2003 

WHAT 
RP 2003 
SAYS 

:continued) 

Bond wire connection is 
essential where high- and 
intermediate- vapor- pressure 
products are loaded through top 
domes. 

Closed connections cannot yield 
sparks irrespective of wheîher 
conducting or nonconducting 
hose is used. 

WHAT 
LITERATURE 

SAYS 

summarizes earthing& 
bonding criteria in various 
zona. See Table 1. 

Resistance of no greater than 
1 meg-ohm under even 
unfavorable conditions; when 
capacitance is less than 100 
pF, resistances of up to lo8 
ohms are sufficient using 
RC=lO ms; see Case Study 2 

Bond fííl pipe to tank. 
Resistance through tires must 
be low enough that dangerous 
voltages (1500 volts or more) 
wiii not build up in system if 
truck is not grounded. 
Discusses laboratory study 
done on smaü van. 

Experiments involving the 
measurement of voltage 
buildup on rubber tires. 
Discusses non-Static tires. 

investigates effect of insulated 
ball vdve on flow of 
toluene/water mixtures in 
metal pipeiine. Electrification 

umstrictions when here is 
free water present in fluid. 

Discusses isolaîed conductors. 
Provides example of insulated 
fittings in GRP tanks. 

Details of experiment 
involving insulated fittings in 
GRP tanks. 

increases markedly at 

LIT 
REF 

Jibson & Harper 
Ref. #11 
35-37 

KaaSe 
Ref. #8 
60-61, 66, 71 

Mancini 
Ref. #5 
28-29 

BUlgh 
Ref. #4ó 
583-587 

Gibson & Lloyd 
Ref. #fi9 
339-349 

Gibson & Harper 
Ref. #11 
33-35 

Tinson 
Ref. WI 
309 

. 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

nsomecases 

tes and No 

Yes 

1 . )  

No 

No 
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SECTION 

2.4.1 

2.4.2 

2.4.3 
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SUMMARY OF LITERA= SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

(continued) 

Asphalt and crude oils do not 
have sîatic accumuiating 
capabilities. 

Bond wires not needed around 
flexible, swivel, or sliding 
joints. 

Electrid continuity in fill pipe 
assembly not needed for closed 
system loading, and bottom or 
top loading through tight 
connections. 

In past, maximum loading 
velocity restricted to 15-20 ft/s 
in tank truck filling. 

Buk loading is better criterion 
than h e a r  velocity for 
determinin g electrostatic 
accumulation. 

Use a vd vaiue of 0.5 maximum 
for tank tnicks: restrict linear 
flow velocity to 7 mís 
maximum. 

WHAT 
LITERATURE 

SAYS 

Details of occident case 
involving leading flange 
connection. 

Conducted ignition 
experiments with diesel oil in 
innilotedcontainer. Found 
there was incendivity to local 
vaporsandoilmist. Also 
mvidea theoretical m m h .  

No information 

No information. 

No information 

Discusses variables affecting 
charge on fuel. 

Discusses new theoretical and 

elezüificaiion during tank 
fliing of hydrocarbons. 

-tal studies regarding 
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LIT 
REF 

Luttgens 
Ref. #7 
250-251 

Bntton & 
Williams 
Ref. #2 
185-206 

Leoaard 
Ref. #14 
17-27 

Macksimov 
Ref. #10 
137-142 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

No 

Needs 
clanfication. 

No 
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Discusses experimental study 
p e d o d  to determine 
typicai sparking conditions in 
roadtnnlers. Reviewstudies 
&ne by o k  workers and 
discussespros and cons of 
curreutly ciccepted velocity 
estrictions. Offers 
lXOmmUl&tiOnS. 

>etails experiments: proposes 
relocity restrictions based on 
hese experiments. 

mboxatory and full-scale tests 
m the loading of isooctane 
nd jet fuel afier passage 
hrough a filter. Develops 
*ne relaxation îheorv. 

RP 2003 
SECTION 

Yes and No 

YeS 

No 

A.3 

L4.4 

S T D . A P I / P E T R O  P U B L  2 2 3 0 - E N b L  Z79‘i 6 íJ’1322ïO Ob033b3 CIL0 II 

SUMMARY OF LITERATURE SUPPORT 
FOR Rp 2003 

WHAT 
RP 2003 

SAYS 

continued) 

Splash loading m y  contribute 
to electrostatic charge 
generation; during top loading 
of tank. 

WHAT 
LlTERATuRE 

SAYS 

Discusses studies concerning 
drop tube loading of tank 
tnicks and effect of antistatic 
additives on fuel 
electrification. 

conducted full scale 
experiments on loading of 
kerosene into a metal tank. 
Obsemeù level of sparking in 
presence of propane air 
mixhue purposely ktroduced 
into tank. 

Survey of studies done by 
v ~ o u s  workers regarding 
tank truck loading. Briefly 
presents workers’ conclusions 

Review of experiments on 

conductivity fuel. 
tank truck loading with low 

LIT 
REF 

lees 
lef. #15 
, 3 2 5  

itrawson & Lyle 
bf. #20 
!6-30 

austin 
Ref. #30 
209-216 

Mahley 
Ref. #36 
53-55 

Kramer 
Ref. #19 
36 1-37 1 

Leonard 
Ref. #14 
17-22 

Lyle & Strawsor 
Ref. #35 
455 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

Yes 

YS 

YS 
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2.4.4 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 
SAYS 

(continued) 

WHAT 
LITERATURE 

SAYS 

Detnils of experiments on 
simulated filling of tank tmck 
with gasolina from different 
companies. M d  
magnitude of charges. 

P d o d  experiments to 
simuiate sparking during 
loading of road tankem. 
Developed mathematicai 
modei of same and compared 
to experimentai d t s .  
Offers reammendations for 
safe íiiiing rates. 

Tests conducted at W1-scale 
fueling tea facility to study 

temperature, filtration, drop 
tube vs. botbm loading, and 
conductivity additives. 
Additives are r e c o m d e d  as 
oniy viable means of static 
control. 

Tests ducted at full-scale 

charge density on diesel fuel. 
Provides theoretid treament 
ofsubject. Discuses 
dditiVeS. 

Full-scale experiments that 

Studied effects of drop tube 
design, linear velocity, 
co-t size, fill pipe 
height, fuel conductivity, wet 
fuel & filtration. 

Experiments with drop tube 
height; photographs of sparks 
& hubulence. 

flow e, splash loading, 

refueliag facility to measure 

SirmilPte refuelex loading. 
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m 
REF 

MacKmwn & 
wouk 
Ref #35 
455 

Strawson & Lyle 
Ref. #48 
276-287 

WíUTeIl 
Ref. #SO 
111-122 

Bright 
Ref. #17 
132-139 

Mahley & 
WiUl-Ul 
Ref. #58 
116-120 

Lyle & Strawson 
Ref. #16 
234-247 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTiATED 

Yes 

YS 

YeS 

YeS 

YeS 

YeS 
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WHAT 
mRATuRE 

SAYS 

;cep flow rote down until 
i lhg  pipe is covered. 

RP 2003 
SECTION 

1.4.4 
continued) 

LlT IS RP 2003 
REF RECOMMEN- 

DATION SUB- 
STANTIATED 

Tinson Yes 
Ref. #6 

!.U 

2.4.6 

Leonard& 
caraart 
Ref. #61 

I 

2.4.7 

2.5.1 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

if fill pipe does not reach tank 
bottom, restrict flow velocity to 
1 ds until outlet is submerged. 

Bottom loading of tank truck 
reduces electrostatic hapirds 
that may arise from impropr 
bonding and positioning of fill 
Pipe 

Bottom loading produces higher 
liquid surface voltages than ñli 
pipe loading. 

History of aaidenîs in 
unbaffled tank trucks during 
highway transport due to static 
generated by splashing of 
liquid. 

Do not lower conductive objects 
into tank truck compartment 
during or immediately after 
filling; one minute waiting 
period is sufficient to relax 
charge. 

Resistance of rail îank cius to 
ground through mils is low 
enough to prevent electrostatic 
accumulations bonding of tank 
car or rails to fill pipe is 
-===-Y. 

!riticai stage is before ñil Bright 

nitial rate of 1 d e .  138-139 

iull-scale experiments on 
oüom loading of tank 
efueler with jet fuel. 
lariables stuáied were hose 
liameter & length, & 
:ffectiveneas of relaxation 
:haInber. surface potentials 
>btained ia this study are. 
d e r  than for toploading 
;tudies. Flow velocity should 
>e weil below 30 Wsec. 

No information. 

Yes 

YeS 

I 

Setic electricity caused by 
splashing truck swaying, and 
rapid movement of truck. 

Guest 
Ref. #18 
69 

Yes and No 

No information. 

No information. 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

I SECTION ~ 2 0 0 3  1 c;3 
2.5.3 For products loaded into 

raitcars wiîh conductivities less 
than 50 pS/m, restrict vd value 
to 0.8 and loading velocity to 7 
m l s  maximum. 

WHAT 
LITERATURE 

SAYS 

Discusses new theoretical and 
experimental studies regarding 
electrification during tank 
filling with hydrocarbons. 

Conducted fuii d e  
experiments on loading of 
kerosene into a metd tank. 
Observeú level of sparking in 
presence of propane-air 

into tank. 

Experiments with drop tube 
height. Photographs of spnrks 
pnd airbulence. 

Tests conducted at full-scale 

charge density on diesel fuel. 
provides theoreticcil treptment 

PdditiVCS. 

P e r f o d  experiments to 
sirmilate loading of rail tank 
cars. Deveiopedmathematical 
model of same and compared 
experimeatalresults. ûffers 
recornmeadations for safe 
filling rates. 

mixture purposely introduced 

refueling facility to measure 

ofsubject. D' iscusses 
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LlT 
REF 

Macksimov 
Ref. #10 
137-142 

Kramer 
Ref. #19 
361 -371 

Lyle & Strawson 
Ref. #16 
234-247 

Bright 
Ref. #17 
132-139 

Strawson & Lyle 
Ref. #48 
276287 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

No. Deriveda 

determine the 
permissible filling 
rate based on 
conductivity, 
filling pipe size 
and tank 
configuration. 

relationship to 

Yes and No 

No 

No. Conducted 
experiments and 
developed 
mathematical 
model to predict 
safe filling rates 
óased on type of 
fluid, pipe 
diameter and 
geometry of tank. 
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2.5.3 

2.5.4 

2.6 

2.7 

SUMMARY OF LITERATURE STJF'PORT 
FOR FtP 2003 

(continued) 

unloading procedures of any 
type for raü tank cars need no 
protective bonding. 

Metal drums and cans being 
filled from other containers 
while both rest on conductive 
foundations need no further 
bonding as long as the ñll 
nozzle remains in contact at 
metallic spout. 

Bonding or grounding of cars 
while being ñlled at gas station 
is unnecessary. 

""' SECTION 

2.8 

Bonding between tank trucks 
and underground gas stations 
tanks is um-, provided 
that hose nozzle remains in 
metallic contact with tank fill 
pipe or is tightly connected. 

Protection against electrostiitic 
discharge is achieved for filling 
marine craft if fueling nozzle is 
kept in metallic contact with 
fuel tank fill pipe. 

WHAT 
LITERATURE 

SAYS 

Full-scale experimeats that 
rimuinte refueler loading. 
Studied effects of drop-îube 
h i p ,  hear velocity, 
A>mprrrtmeilt size, ñll pipe 
meight, fuel conductivity, wet 
Fuel and filtration. 

provides details of 
ixpenments & reaswing for 
the given equations. 

No information. 

Presents details of 
experiments simulating worst 
case Sceaano for unlined 
drumfilling. Alsopresents 
theoretical models. 

conducted experimeaits; 
sample calculation showing 
hypotheticai case; need more 
than 100,Ooo megohms in 
tires to charge car. 

Details of experiment; total 
charge produced in this case 
showed up to be much less 
than filling truck at the filling 
rack. 

LIT 
REF 

Mahley & 
WUfeIl 
Ref. #58 
116-120 

Stawson & Lyle 
Ref. #20 
26-38 

Bntton & Smith 
Ref. #21 
65-72 

MacKwwn & 
wouk 
Ref. #22 
661464 

MacKwwn & 
wouk 
Ref. ü22 
661,663 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

Yes and No 

Yes 

YeS 

YS 

YeS 

Yes and No 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

Regarding pircraft fueling: 

a) Bond fuel hose n o d e  to 
plane by nmns of short bond 
wire and clip. 

WHAT 
LlTERATuRE 

SAYS 

Survey of studies done by 

aircmftfueling. Briefly 

Conducted laboratory d e  
ex- involving filter & 
tank arrangement for 
circulation of fuel. 

during aircmfi heiing. 

Review of stuáies on aircraft 
fueling. 

various worken, regardtng 

pxwedlts workers' ~ c l u s i o m .  

simulation of sporlr discharges 

preseats aimulatedaircraft 
fueling experiments to show 
how fuel conductivity varies 
during loading procedure. 

Laboratory aad full-scale tests 
on the loading of jet fuel after 
passage through a filter. 
Develops charge relaxation 
theory. 

Developed theoreticai model 
of rectangular metal tani; 
partially filled with charged 

comppred nsults to actual 

liquid. CaicuìateàES 
potential, fieid and energy. 

sinraft fueling expezimenîs. 
Found reasonable agreement 
be4wem caidated and 
exDerimental values. 

32 

LIT 
REF 

Leonard 
Ref. #14 
17-22 

Leonard 
Ref. #42 
100-1 11 

Lyle & Strawson 
Ref. #35 
455 

Foster 
Ref. #44 
78-88 

BUStiIl 
Ref. #30 
209-216 

calluthers 
& Wighley 
Ref. #77 
180-195 

IS Rp 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

RP 2003 does not 
address aircraft 
fueling in much 
detail. 

Sailli? 

Same 

Same 

I 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
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RP 2003 
SECTION 

!.9 

2.10 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

continued) 

I) If small planea are fueled by 
gas station type hose (up to 25 
gailmin), bonding is not 
lecessary. 
:) Some laws require plane, 
Fueler, and hydrant vehicle to 
be interwnnmted by bond wires 
to low resistance ground (less 
than 10,ûûû ohms). 

d) No bonding required when 
Fueling aircraft through a tight 
metal-to-metal ConnectiOIi. 

Regarding tank s h i p h g e  

a) Limit velocity of incoming 
liquid to 1 m / s  until inlet 
opening is submergeâ from 0.3 
to 2 meters. 

loading: 

WHAT 
LrrERATuRE 

SAYS 

~ 

3ond n u d e  to aircraft to 
ivoid unknown or 
mnticipated problems; other 
xmding is designed to control 
:xternal sparks which have a 

No universal co118ensll6 
  th envi se. Requiresfurther 
uivestigation. 

No information. 

low probability of occurring. 

Simulated large-scale 
experiments of fueling justify 
potential bazards and the need 
for investigating means of 
static wntrol. 

Simulates experimenîs with 
aircrafî hoses; verifies 
external bonding wire clip 
arrangement as best. 

Discus9es conclusions drawn 
from early study done on 
tanker loading. 

Review of work on ship tank 
loading related to liquid 
charge density. 

LlT 
REF 

____ 

Mancini 
Ref. #5 
29 

Bniinzeel 
Ref. ü24 
125-139 

Carruthers 
Ref. #25 
176-177 

Mahley 
Ref. #36 
55 

Lyle & 
Strawson 
Ref. #35 
454 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

Yes and No 

90 

Yes 

No 

No, Theoretical & 
experimental 
measurements of 
charge density in 

No generaiization 
& results. 

ship tank loading. 

33 

                                      
                                         
                                      
                                         



SECïïON 

2.10 

2.11 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

(continueú) 

b) Use inert gas blanketing or 
conductive additives as an 
alternative. 

c) No bonding required because 
hull of ship is in contact with 
water and is inherently 
grounded. 

WHAT 
Ln-EMrn 

SAYS 

Regarding metnl storage tanks: 

dissipating quaiities of stored 
liquid determine possibility of 

a) static gebierating d Static- 

sparking. 

b) Avoid splash filling; outlet of 
fill pipe should discharge near 
bottom with minimum agitation. 

34 

Computer modeling of 
ignition hazards arising during 
the loading of tankers with 
hydrocarbon products. 
FocuseSOnsparksarimng 
from hed-in+ce Eank 
washing equipment. suggests 
@-refieVing techniques. 

inert gas is often effective in 
fuel handling but costly and 
difficult to maintain. 

Details accident caae invoiving 
the l&g of kerosene into a 
steel barge. 

Bonding me8 no useful 
purpose in any kind of water, 
even if the huii is painted or 
covered with marine growth. 

Accident case history 
involving the filling of a tank 
with liquid dipheayl. A layer 
of mlià diphenyl subsequently 
formed on inside wirface of 
vessel, preventing dissipaiion 
of charge. 

Discusses example of acid 
transfer by compressed air 
into tank. Provides 
cplculotions. 

Details of accident case 
involving insulated rubber 
sleeve on metai funnel used to 
fill me&l storage tank. 

LIT 
REF 

Butterworth & 
Brown 
Ref. #47 
9-26 

Smith 
Ref. #59 
64 

Beach 
Ref. #9 
85-86 

Mancini 
Ref #5 
29 

Lalttgens 
Ref. #I 
251-253 

Saletan 
Ref. #4 
104-105 

Loveland 
Ref. ü27 
5 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTTATED 

No. Published 
experimental 
results on 
electrostatic 
conditions in tank 
washing machine. 

Yes and No 

No 

YeS 

YeS 

Bonding is not 
ddrwaed for 
storage tanks. 

I 
1 
1 
I 
I 
I 
I 
1 
I 
l 
I 
I 
I 
I 
I 
I 
I 
I 
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SEC'lïON 

:.11 

2.12 

2.13 
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SUMMARY OF LITERATURE SUPPORT 
FOR F S  2003 

WHAT 
ñP 2003 

SAYS 

(continued) 

c) Limit velocity of incoming 
Liquid to 1 m i s  until outlet is 
well submerged. 

d) in the case of o floating-roof 
tank, foiiow above procautions 
until roof becomes buoyant; no 
procautions necwàary after this 
because of the absence of a 
flammable vapor space. 

e) Some types of nonconducting 
floating-roof tank covers have 
isolated metallic clips which 
require bonding. 

Regarding air-blown agitators: 

a) Causea prolific electrostatic 
discharge. 

b) Protect agitator vessel by 
inert-gas blanketing or by 
continuous treating system. 

Regarding blending tanks and 
mixers: 

a) In-tank jet mixing and high 
velocity propeiler mixing stir up 
settieà water and generate 
electrostatic charge. 

WHAT 
LrrERATuRE 

SAYS 

keview of work on large 
torage tank. 

hducted experimentai 
rtudies to determine safe 
illing rates after rail and food 
ank cats. 

3iscusses experimentai study 
nvolving the use of floating 
hnketa of different designs. 

No information. 

No information. 

No information. 

Details of recuning accident 
ceses involving the blending 
of silicone products. 

Details of experiments 
involving measurements of 
charge density during mixing 
in a smaii vessel with 
nonconductive solvents. 

- - 

= 
Lyle 
Stral 
Ref. 
455 

StaW 
Ref. 
16 

Mah 
Ref. 
52 

- 

- 

Ba 
Ref 
86- 

ow 
Rei 
734 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

No 

The topic of 
floating blankets 
on liquid surface 
of cone roof tanks 
is not addressed. 

YeS 

YeS 

3 5  

                                      
                                         
                                      
                                         



SECIION 

2.13 

2.14 

2.15 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

(continued) 

b) Flonîing roof tanks rm 
desirable for blending or if 
necessary, use gas blanketing. 

Conhg of paint, plastic, or 
aiuminum oxide on bide of 
cargo or storage tank does not 
present electrostatic hazard. 

R e g d g  sampling, gauging, 
high level devices: 

a) Use natural fiber ropes, not 
synthetic ropes. 

b) Wait 30 minuies after filling 
large storage or ships' tank 
before hand gauging or 
sampling. 

WHAT 
LFTERATURE 

SAYS 

Discuses mixing vessels and 
theirhazatds. provides 
accident case histories pnd 
safety recomme;adations. 

For high energy mixing & 
blending operations, a 'safe 
figue' of about loo0 pSlm 
ha8 been suggested. 

Inert atnumphere is often 
effective in fuel handling but 
d y  and difficult to 
maintain. 

Gives details of ignition 
experiments performed on 
plastic sheets and plastic 
coatedmetalsurfaces. 

presents theoretical and 
experimeatal disCufaon of 
lined drums. 

Meesurements of electroStatic 
charging cripscity of various 
films and coritings with 
different thickaesses. Thin 
porous coatings do not cause 
brush discharges but 
nonporous thin &gs can. 

No information. 

No i n f o d o n .  

36 

rn 
REF 

Owens 
Ref. #56 
1428-1429 

Loveland 
Ref. üî7 
9 

Smith 
Ref. #59 
64 

Heidelberg 
Ref. #37 
147-155 

Britton & 
Smith 
Ref. #21 
70, 72, 77-78 

Maurer 
Ref. #85 
217-222 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

No 

Yes and No 

Yes, although RP 
2003 does not 
discuss coating 
thiCkneSs. 

YS 

YeS 

I 
I 
I 
1 
I 
I 
1 
1 
I 
l 
1 
I 
I 
I 
1 
I 
I 
I 
I 
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SECT 
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,. 15 
contini 

2.16 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

:)Intanktrucks, railcarsor 
d e r  volume vessels, wait 1 
minuîe more before gauging or 
SampIillg. 

d) Compleîeiy nonconductive 

devices q u i r e  no waiting 

e) Bond floaîs of automatic 
gauging devices to vessel shell 
through lead-in tapes d o r  

I) Fires caused by static 
electricity during LP-gas 
sampling rarely occur; fires 
conñned to open sample 
containers. 

g) open =tal graduates 
for sampling must be bonded to 
fill pipe. 

h) If gradua& is nonconducting 
or if a closed container 

bonáing or grounding is not 
useful. 

i) Alarms or detectors used in 
the presence of fîammable 
vapor-air mixtures should be 
made of nonconductive material 
or be properly bonded. 

Regarding abrasive blasting: 

a) Sparks have been observed 
jumping from rubber hose to 
grounded object, during grit 
blasting. 

hand gauging or Semphg 

pelid. 

gui&wires. 

sampling procedure is used, 

WHAT 
LITERATURE 

SAYS 

3periment~ on initiation of 
p k m g  with metal electrodes 
owered to kerosene surface 

flow of keroseoe through 
i ñltez to a large tank. 

rjo information. 

No information. 

No information. 

No information. 

No information. 

No information. 

Experiments on solid particles 
issuing as a jet through an 
orifice. Nature of charge 
acquired is investigated. 

37 

LIT 
REF 

lohnSan 
Ref. #70 
5345 

Banerji 
Ref. #53 
42843 1 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

?es 
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SUMMARY OF LITERATURE SUPPORT 
FOR Rp 2003 

WHAT 
RF' 2003 

SAYS 

2.16 
(continued) 

2.17 

b) Special h m  with built-in 
metallic shielding to prevent 
sparking are available úom 
Veaidors. 

c) Within stream pattern no 
flammable concentration likely 
to exist because of sweeping 
action of air stream. 

Regarding purging & cleaning 
of tanks a n d v d :  

a) Steam jets generpie prolific 
charge on nozzle and insulated 
objects on which the stearn 
impinges. 

WHAT 
LITERATURE 

SAYS 

No information. 

No information. 

Discusses 1969 tanker 

during washing. 
explosions that d 

Detnils experiments involving 
the measurement of static 
charge and field strength 
produced by steam jets and 
water atomizer. 

Brief discussion on previous 
work regarding water jets. 

Discusses common situation 
of tanlr c l k g  with an 
organic solvent flowing 
through spray nozzle. 
Providea ddstions. 

Discussion of cbarge 
g e n d o n  during tank 
washing. 

38 

LIT 
REF 

Mahiey 
Ref. #36 
55-57 

Napier 
Ref. #39 
244-265 

Klinkenberg 
Ref. #29 
6566 

Saleîan 
Ref. #4 
103-104 

Van Der Meer 
Ref. #49 
153-156 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YS 

YeS 

YeS 

YeS 

I 
I 
1 
I 
I 
I 
1 
1 
I 
I 
l 
I 
I 
I 
I 
I 
I 
I 
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RP 2003 
SECTION 

2.17 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

~ ~- 

WHAT 
RP 2003 

SAYS 

(continued) 

WHAT 
LITERATURE 

SAYS 

Experiments un M - d e  
tanks to simulate charged mist 
generation during tank 
washing. InwiEated objecîs 
inside tank were charged 
mpidly and igniîable sparks 
were observed. 

Experiments on iiquid sprays, 
iiquid jets ruad gas jets. 
Discussion on how charge 
deveiops in each of these 
QtUatiOnS. 

Laboratory-scale tests to 

operations. Emphasis on 
eprthed p r ~ t n i s i o ~  in a 
charged wakr aerosol and the 

Water. 

Loborotory-scrrle experiments 

by jets. Current generotion 
depeaht on jet velocity and 
liquid conductivity. 

Laboratory-de experiments 
of test effect of organic 
additives and strong 
elecîmlyîea on charging of 
water mist. Seawa&r<rude oil 
mixaires ala0 tested. Level of 
charge depends on type and 
concentration of solute and 
waîer-oil d o .  

sllnulate tankwashing 

presence of isolated dugs of 

on charges produced OLL mists 

Lm 
REF 

Van Der 
Weerd 
Ref. #50 
158-177 

Banerji 
Ref. #53 
409428,431433 

Hughes 
Ref. #60 
966-97 1 

VOS 
Ref. 6 5  
184-192 

VOS 
Ref. üóó 
165-171 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YeS 

YeS 

YeS 

YeS 

39 
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SECTION 

2.17 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 
SAYS 

(continued) 

WHAT 
LITERATURE 

SAYS 

Full-scale tests on tanks 
equipped to produce charged 
mists. spark mechanism 
pssociaîed with water siugs. 
Ignitiontests pssociatedwith 
pmtiuding objects inside tank. 

Theoreticcrl approach to 
charge generation during îauk 
washing. Fwr different 

developed. 

Experiments on spraying of 
keroseae-watefmixhins. 

geometric configurations 

Chargt-tymnrkedly 
increased in the presence of 
free water. See Figure 7. 

Brief discussion 011 

electrification of drop and 
sprays. Sample caícuiaîion. 

computer modeling of tank 
W r r s h i n g o p e r o t i o n s d  
asa~~iaîed ignition hazards. 
Focuses on isolated siugs of 
wash water. 

computer snidieson isolated 
slugs of wash water and on 

pertainstoESDhazardill 

studies of simulated washing 
showed lowulergy sparks 

sloshing of iiquid contents as 

tanker operations. Shore tank 

when jets were áirecîed either 
straight up or Straight down. 

Comparison of d d e  
studies with f u i i d e  washing 
operations. Review of studies 
on aemsol generation. 

4 0  

LIT 
REF 

Van De Weed 
Ref. üó7 
295-309 

Smit 
Ref. #68 
178-183 

Gibson 
Ref. #72 
80-8 1 

cooper 
Ref. #73 
513-514 

Chubb 
Ref. #74 
71-87 

Chubb 
Ref. #75 
61-70 

Bright 
Ref. #76 
37-44 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YeS 

YeS 

YeS 

YeS 

YeS 

YeS 

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
l 
I 
I 
I 
I 
I 
I 
1 
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Rp 2003 
SECTION 

~~ ~~~ 

2.17 
(continued) 

2.18 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

b) AU conductive insulated 
objects subject to impingement 
or condensation, including 
discharging pipe should be 
bonded to tank or equipment, or 
be grounded. 

Regarding the use of CO, in 
tanks & vessels: 

a) Jet of CO2 gen- static 
due to CO, snow. 

b) Putting CO, in vessel foxm 
of dry ice & aüowing to 
vaporize is acceptable. 

c) CO, extinguishers should not 
be used for inerting. 

Regarding belts: 

a) If puiley is made from 
conducting material, charge will 
be dissipated through shaft & 
bearing. 

WHAT 
mRAm 

SAYS 

No information. 

Disnisses experiment done 
with CO, issuing from a 
cylinder of liquid carbon 
dioxide. Magnitude of charge 
on CO, related to pressure in 
cylinder and friction 
assochd with impingement 
onsurface. 

No informtion. 

Release of CO, at high 
velocity produces electrostatic 
and incedive discharges. Do 
not use CO, for inerting. 

Suggests design for antistatic 
CO, nozzle. 

Provides sample calculation of 
a pulley attached to a machine 
M a t e d  from earth. 

LIT 
REF 

Bmerji 
Ref. #53 
431433 

Butterworth 
Ref. üîó 
161-169 

strawson 
Ref. #12 
15 

IS RP 2 0 3  
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YeS 

YeS 

41 

                                      
                                         
                                      
                                         



RP 2003 
SECTiON 

2.18 
(continued) 

2.19 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 
SAYS 

b) Use belt made of umductive 
maîeriai or apply conductive 
dressing. 

c) Avoid use of fiat belts ia 
hazardous areas; v-belts are 
acceptable. 

Regarding filters & retaxation 
Chambers: 

a) A liquid of low conductivity 
wil l  accumulate sîaîic charge 
when pumped through a pipe; 
charge will dissi+ when a 
voltage builds up. 

Develops mathemuticai model 
of moving sheet material OIL 

grounded conducting roller. 
Simulate9 iasulator belts. 
chprgingdepends~ 
CoIlduCtivity and speed of 
sheet. 

Experimeots on an insulating 

Shows thai charge density 
e-y approaches a 
limiîing value as work done 
againsi friction is increased. 

Measurements of potentials 
geaeroted on belts of rubber, 
neoprene, PVC & 
polyethylene running over 
d roilm as a function of 
speed. Charge generation 
d y  influenced by surface 

No infonuation. 

belt slipping on metal roller. 

resistivity. 

Discusses study done on 
PolYAYl=e Pipe -m% 
keroeene to determine level of 
dischargea from pipe auxface. 

conducted e x p e t s  
involving flow of heptane 
through PVC tubing to 
measure liquid charge and 
tubing charge. 

4 2  

LIT 
REF 

~~~~ ~ ~ _ _ _  

Homath & Beria 
Ref. #32 
259-263 

cunningham 
Ref. #80 
1734-1736 

Javadi & 
Napier 
Ref. #87 
266-279 

Mason 
Ref. #38 
137-144 

Keller 
Ref. #4û 
1433-1438 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YS 

YeS 

No. RP 2300 does 
not address plastic 
piping. 

No. RP 2300 does 
not address plastic 
piping. 

I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
I 
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SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

Rp 2003 
SECTION 

!.19 

WHAT 
RP 2003 

SAYS 

(continued) 

WHAT 
LITERATURE 

SAYS 

Survey of studies done by 

Dow of hydrocarbons through 
mnnducting tubing. Briefly 
presents workers’ conclusions. 

Meenirwients of charge 
deneity developeà on 
polyethylene pipe by liquid 

show virtuaüy no charge 
decay. See Figure 6. 

Review of charge relaxation 

by other worlrers. 

supporting work in laboratory 
regarding hydrocarbon flow in 
d u c t i n g  & nonconducting 
pipes. Studied isooctane in 
metai container with filter 
arrangement. 

studied current generated in 
toluene flowing in large d e  
SS pipe-line system. Electric 
curreait dependent on flow 
velocity, pipe diameter & pipe 

help develop equations that 
can predict current generation 
for large Scale systems. 

Charge relaxation is of 
hyperbolic form. 

vpr ious  workers regarding 

flow.High resistivity liquids 

theory & d e s  of studies 

Theoretical predictions & 

lealgth. Purposeofstudyisto 

Charge density achieves a 
steady s&te value after a 
certain pipe length. 

LIT 
REF 

Jmlard 
tef. #14 
!3-27 

3bson 
b f .  #72 
19 

looper 
kef. #73 
512-515 

b t h m  
Ref. #25 
169 

Gibson & 
Lloyd 
Ref. #ó2 
89-99 

BUSh 
Ref. #30 
210 

Britton & 
Smith 
Ref. #1 
55-56 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

Qo. RP 2300 does 

biping. 
iot address plastic 

U’ 2300 does not 

>iping. 
iddress plastic 

Yes 

Yes and No 

Studies on current 
generation in flow 
not pddressed in 
detail in RP 2003. 

43  

                                      
                                         
                                      
                                         



RP 2003 
SECTION 

2.19 
(continued) 

STD.API/PETRO PUBL 2230-ENGL 1994 0732270 Ob03380 LTT 

SUMMARY OF LITERATURE SUPPORT 
FOR FtP 2003 

WHAT 
RP 2003 
SAYS 

b) Presence of a filter can 
produce 10-200 times Inore 
charge in a system; no danger 
as long as liquid is kept in pipe. 

c) At least 30 seconds of 
relaxation time between filter 
and discharge point is 
necessary- 

WHAT 
LITERATURE 

SAYS 

_ _ _ ~  

Study conducteà io observe 
re!lationship between chemical 
nature of fuel additives and 
cbarginp -CY by passage 
through filters. 

After pessage through a filter, 
charge density of liquid 

magnitude. Suggestionsfor 
relaxniion chambers. 

Not jmsible to predict effect 
of filter due to various types 
of constniction. 

Dismsses charge relaxation 
downstmu of a filter. 

increpseS 1-3 ordere of 

Loboratory aná full-scale tests 
on the loading of isooctane 
and jet fuel after passage 
through a fdîer. Melops 
charge relrixrition theory. 

criterui giveu by various 
Codes. 

compririean of relaxation 

Relaxrtiontime2. 

30 seconds is odequate for 
fuels regardless of 
conductivity. 

Both U) seumd umstrabt and 
3 amstmint can yield practical 
difficulties. 

4 4  

LIT 
REF 

Leonard 
Ref. #14 
28 

Britton & Smith 
Ref. #1 
55-56 

Strawson 
Ref. #12 
13 

Britton & Smith 
Ref. #21 
73 

Bustin 
Ref. 330 
209-216 

B r i m  & 
Smith 
Ref. #21 
71 

Eichel Ref. #13 
166 

Leonard 
Ref. #14 
20 

Britton & 
Smith 
Ref. #1 
63, 55-56 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTLATED 

Yes and No 

No 

YeS 

Yes 

No 

In some cases. 

Yes 

Yes and No 

I 
I 
1 
I 
I 
I 
I 
1 
1 
1 
I 
1 
1 
1 
I 
I 
I 
1 
I 
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I 

I 
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RP 2003 
SECTION 

2.19 
(continued) 

2.20. I 

2.20.2 

S T D - A P I / P E T R O  P U B L  2230-ENGL 1994 = 073229Ö Ob03381 03b 

SUMMARY OF LITERATURE SUPPORT 
FOR Rp 2003 

WHAT 
RP 2003 

SAYS 

d) Relaxation time provided by 
sufficient piping volume. 

e) Ignore relaxation criteria for 
Liquids with conductivities 50 
pSIm. 

Buried plastic tpnlrs are not an 
electrostatic discharge problem. 

Test sample of aboveground 

showed it had a conductivity 
100 times great as typicai liquid 

glass-reinforced plastic tank 

product being handed. 

WHAT 
LrrERATmE 

SAYS 

No informatim. 

For general -fer 
prations, îhere is no ESD 
hazard if conductivity of 
üquid is 100 pSlm. 

Static charge accumulation is 
usually not significant for 
Liquida with conductivities 50 
pS/m, providing that liquid is 
handled in grounded metal 
equipment (with the exception 
of mists). 

Rcsuiîs of experiments verify 
thnt 50 pSlm is a safe value. 

Buied pinstic tanks can be 
used if made of conducting 
polymric material or if 
electnmtatic build-up is 
controlled in system including 
ealthed meEsl at tachts .  

Details accideat cases 
involving ignition in a plastic 
dnim aud ignition in a 
ceramic-lined ball mill. 

Discusses the use of piastic 
cunîainers & provides accident 
case study on fiberglass 
reinforced piastic tank. 

involving flow of charged 

also modeled 011 computer. 

Conducted experiments 

diesel into GRP tank. System 

LIT 
REF 

Loveland 
Ref. ü27 
3 

ManCini 
Ref. #5 
14 

Britton & 
S m i t h  
Ref. #121 
71 

Gibson & Harper 
Ref. #11 
38-39 

Loveland 
Ref. #î7 
8 

Ma~cini 
Ref. #5 
29-30 

Lees 
Ref. #41 
267-273 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

No 

Yes, but does not 

between insulated 
and noninsuiated 
piping. 

YeS 

distinguish 

No 

Yes, Addresses 
high levels of 
charge found 
having insulated 
properties. 

Yes, Addresses 
containers having 
insulating 
properties. 

Yes 

4 5  

                                      
                                         
                                      
                                         



4 

RP 2003 
SECïION 

2.20.2 

II 

S T D . A P I / P E T R O  P U B L  2230-ENGL 1794 W 0732270 Ob03382 T 7 2  D 

SUMMARY OF LITERATURE SUPPORT 
FOR Rp 2003 

WHAT 
RP 2003 
SAYS 

~~ 

(continued) 

In tests involving pumping fuel 
into an insulated plastic tank, 
metallic fittings showed 
accumulated potentials of up to 
11 kV. 

WHAT 
LITERATURE 

SAYS 

Survey of saidies done by 

GRP tanks. Briefly 
pi.eworkers’ Compensntion. 

Review of work on filling a 
piestic tanks with fuel. 

various workers regarding 

computer modeling of flow of 
hydrocarbons into piastic 
storage îank. Aüempt to 
predict electric field and 
potentiat for general 
appliUtion6. 

Most investigaiions indicaîe 
that the charge density of a 
polymeric matenai can, under 
certnin conditions, become 
high enough to cause 
dischprge. Uses polyethylene 
tubing&&eeîsasexamples. 

Due to wear and ultraviolet 
expowue, plasîic surfaces 
become hydrophilic. 
Together wiîh writer and dirt 
they produce areas of high 
surface amductivity. These 
CaimigratetOmetalliCUeaS. 

& approprirrte earthing & 
bonding procedures where 
nonconducting maienais may 
be used. 

Discusses isolated conductors 

4 6  

LIT 
REF 

Leonard 
Ref. #14 
23-27 

Lyle & 
Strawson 
Ref. #35 
456 

Disereas 
Ref. #43 
169- 18 1 

Gibson & Haqm 
Ref. #11 
28-33 

RoseIlthal 
Ref. #31 
51-52 

Gibson & 

Ref. #11 
33-37 

Harper 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YeS 

YeS 

Yes 

Yes 

YeS 

I 
I 
1 
I 
I 
I 
I 
1 
1 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
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Rp 2003 
SECTION 

:.20.2 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 
SAYS 

(continued) 

WHAT 
LITERATURE 

SAYS 

Discusses Senes of 
exprimenîa performed to 
Bhow that blush discharges 
b m  plristic wirfocee can 
igniîe Certain gases and 
vppors. 

Experiments on GRP storage 
tank and GRP road îanker that 

Charge of up to 11 kV 
obse~~ed on insuiated metal 
Connections. Recommend 

reducehazards. 

Experiments involving GRP 
îanks, piastic p i p  & rubber 
nozzles. Discusses charge 

Series of experimeats 
performed to show that brush 
dischprges can OCCUT from 
PVC piates charged by 
induction. Also discusses 
method for estimation of 
critical charge àemity for 
ignition. 

General dimassion of work on 
ESD from nonconducting 
surfaces. Expennientson 
rubbing of polyethylene shee& 
and tubing, and probability of 
innition. 

sinnilpte looding of fuel. 

proper electrical bonding to 

density & surface potential. 

LIT 
REF 

Glor 
Ref. #45 
327-332 

Tinson 
Ref. #6 
303-3 11 

Bright 
Ref. #17 
139-144 

Lovstrand 
Ref. #79 
161-168 

Gibson & 

Ref. #86 
Harper 

27-35 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YeS 

YeS 

Yes 

YeS 

L 

8 

4 7  
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SECTION I" 2.20.2 

(continued) 

2.20.3 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
Re 2003 

SAYS 

Test sample of insulated plastic 
tank with metallic fiüings 
showed accumulated potentials 
of up to 11 kV. 

Bond together aad ground all 
external metallic objecîs 
contacting ouîside of 
aboveground plastic îank. 

Bond oniy the metal parta on a 
plastic wnîainer to ñli pipe. 

~ 

WHAT 
LITERATURE 

SAYS 

Pmper electricai bonding 
maltesinsiilatedtankswith 
umductive fittings sufficiently 
conductive. Tests showed 

to 11 kV for insulated plastic 
ranks. 

Cbarge seen on objects not 

eccumulsted -6 Of Up 

directly in colltpct with tank. 

Detnila accident cases 
involving charged plastic sack 
& polycprbonate handlamp. 

Discusses plastic Containers. 
provides sample calcuiation & 
accident cp8e history. 

Accident case history 
involving induction charging 
ou piastic W e .  Provides 
sample calcuiation. Offers 
safety guidelines. 

Accident case, history 
involving the drainage of 
ethylenoxide into a plastic 
bucket. 

conductive iiquid bridging 
forms a conduction path back 
to the grounded effective 
filling system and is effective. 
Volume resistivity of the 
product handed is of primary 
importance in charge 
dissipation & relaxation. 

4 0  

LIT 
REF 

Tinson 
Ref. #ó 
303-3 1 1 

Tinson 
Ref. #6 
309 

Loveland 
Ref. 327 
7 

owens 
Ref. #56 
1427-1428 

Owens 
Ref. #64 
37-3 8 

Luttgens 
Ref. w7 
249-250 

Rosenthal 
Ref. 31 
51 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YS 

YeS 

Other uses of 
insulahg surfaces 
in a flammable 
atmosphere are 
not addressed in 
RP 2003. 

No 

No 

No 

I 
I 
1 
I 
I 
I 
l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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RP2003 
SECTION ' 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

!.20.4 

WHAT 
RP 2003 

SAYS 

4void sheet plastic for lining 
inims; lab tests show 
Ulcealdiary sparks. 

WHAT 
LITERATURE 

SAYS 

h6ent6 analytical solutions of 
?oisson's equation regarding 
h r g e  relaxation in a vessel 
hed with insulating dielectric 
inyer. 

Discusses pipstic hed 
xmainem. provides sample 
ralculation & wideat history. 

Accident case histones 
involving plastic liners. Offers 
6afe4-y recommendations. 

Test setup to observe spark 
discharges on plastic ñ h  
whea qpmached by metal 
electrode. Estimated discharge 

forignition. compared 
calculated value to actual 
ignition experiowrits. 

Tests conducted on 
polyethylene sheets to study 
characteristics of charge 
generated by rubbing abiliîy 

energy & cal- potential 

of discharges to ignite coal 
gas, methane & solvent-ail 
mixtures. concludes that 
ignition could OCCUT under 
certnineal~nmental 
ConditionS. 

Measurements of electrostatic 
charging capacity of various 
films and coatings with 
different thic-. In 
genexal, porous materials & 
thin porous mating do not 
cause brush discharges. 
Packaging materials & 
nonporous materials do. 

4 9  

Ref. #28 
199-21 1 

Wens 
Ref. #56 
1427-1428 

Owens 
Ref. #&I 
38 

Tabata & 
Masuda 
Ref. #82 
1206-1210 

Gibson & Lloyd 
Ref. #û4 
1619-163 1 

Maurer 
Ref. #85 
2 17-222 

~~ ~~ 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

'es 

les 

les 

tes 

Yes 

Yes 
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SECTION 

2.20.4 

2.20.5 

C 

SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

WHAT 
RP 2003 

SAYS 

(continued) 

Static ignition of petroleum 
vapors by wearing apparel 
constitutes low hazard; not 
necessary to ground personael 
or provide antistatic clothing. 

WHAT 
LITERATURE 

SAYS 

Expeimeata on piastic film, 
synthetic cloth d silicon oil 
to mensure ES discharges by 
eppronching d sphere. 
Ignition observed with plastic 
film. 

Sample dculation involving 
nonconducting W. 
Incressing use makes them 
worthy of consideration. 

Charged personnel cm ignite 
fiammable ahnosphere, 
discusses ways in which 
personnelCanbfXOIIE 
charged. Recommend 
antistatic footwepr and 
noninwilatiug floors. Details 
of accident c88e involving 
m spraying gun- 
Detnilsofexperinrents 
involving ignition of an 
ocetone/airmixaireby 
simulation of human spark 
d o .  suggests that 
vaporlair mixtums of 5 mJ or 
less can be ignited by human 
Spmb and that precputions 
need to be taken. 

In cpse of thick layers used 
for prdection against 
coIio8oI1, el- C 

discharge should be 
umsideredahaZard,ah 
gives details of ignition 
e xperimentsperformedon 
plastic sheets and plastic- 
coatedmetalsurfaces. 

5 0  

LIT 
REF 

Tabata 
Ref. #89 
50-56 

saletan 
Ref. #4 
105 

~ 

Loveland 
Ref. #27 
3 4  

Johnson 
Ref. #23 
29-34 

Heidelberg 
Ref. #37 
147-155 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

YeS 

YeS 

No 

No 

YeS 

I 
I 
1 
1 
I 
I 
I 
I 
l 
l 
I 
I 
I 
I 
I 
I 
I 
I 
I 

                                      
                                         
                                      
                                         



SUMMARY OF LITERATURE SUPPORT 
FOR RP 2003 

2.20.5 

WHAT 
RP 2003 

SAYS 

(continued) 

WHAT 
LlTERATuRE 

SAYS 

kpezhenîai work on ignition 
if nnturp1 gadair mixtures by 
iunmll-illduced sparks. 
;tUdied nnture of spark 
Rbpyior. 

hperheaîai work with 
;tored charge eaergy on body 
Is related to various clothing 
naterialS. Recommends low 
.esiEfivity clothing & antistatic 
botwear. 

Experinients on clothing of 
iifferent materials to 
ietembe if pccumulated 
k g e  is high enough to 
ignite gastair mixtures. Also 
meamired resistiviîy of 
clothing & typical body 
voltage. 

Discusses static elechicity & 
work- clothing. Covers effects 
of relative humidity & 
antistotic treatments. 

Discussescldhing& 
personnei electrification. 
offers methods 
of achieving antistatic 
behavior in garnients. 
Recommends proper 
grounding of personnel. 

Brief summaries for several 
articles cmceming human 
spark ignition experiments. 

LIT 
REF 

Uilson 
Zef. #52 
! 1 -27 

Wilson 
Ref. #33 
57-84 

Henry 
Ref. #5- 
212-225 

Verschave 
Ref. #55 
287-289 

Owens 
Ref. #56 
1424-1427. 

Berkey 
Ref. #57 
32-36 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

QO 

90 

No 

No 

No 

No 

51 

                                      
                                         
                                      
                                         



RP 2003 
SECTION 

2.20.5 

SUMMARY OF LITERATURE SUPPORT 
FOR Rp 2003 

WHAT 
RP 2003 

SAYS 

WHAT 
LITERATURE 

SAYS 

Experimentsoncotton& 
polyester to determine 
accumuíaîeú charge after 
rubbing with nylon and 
Teflon. Ignition tests with 
nnturril gns/air mixaires were 
also ducted .  Brush 
discharges rue readily 
produced. someincendiary 
behoviof noted. 

Measured charge accumulated 
on different types of clothing 
material by contact and 
nEan6. showed that many 
synthe2ic materiais should be 
avoided ia flammable 
otmogpheres- 
conducted rubbing tests on 
polY.cryirrte, -, 
polyester, & polyester/wtton 
bleds. Samples rubbed with 
nimilnt materials. Good 
reproductibiiity observed 
among data. cotton showed 
high charging teodency. 

conducted rubbing tests on a 
variety of woven cloth6 to 
measure gawssed charge 
density. Good xepmductibiiity 
among data. sepruation 
charges &approoching 
dischprges plso studied. 

Generp1 disCuosion of 
elec-c problems 
presented by personnel. 
Review of studies by vmious 
workers. 

LIT 
REF 

Wilson 
Ref. #63 
23 1-245 

Hammant 
Ref. #78 
343-350 

Heidelberg 
Ref. #81 
305-308 

Hirakawa 
Ref. #83 
269-276 

Bnindrett 
Ref. #88 
295-3 12 

IS RP 2003 
RECOMMEN- 
DATION SUB- 
STANTIATED 

Yes and No 

No 

No 

No 

No 

52 
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APPENDIX B 

STANDARDS COMPARISON 
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SECTION 

2.1 

2.31 - 2.33 

2.4.1 

u 

STD.API/PETRO PUBL 223U-ENGL L97Y e 0732278 UbU337n O47 = 

COMPARISON OF RP 2300 
WITH OTHER STANDARDS 

WHAT 
Re 2003 

SAYS 

Resistances of less than 1 meg- 
ohm may act as short circuits. 

Figure 1 shows relationship 
between temperature, vapor 
pressure, fiammnhility limits of 
petroleum prodllcrs. 

Regarding tank truck: 

a) Bond wire umnection is 

intermediate vapor pressure 
products are l d  through top 
domes. 

essential where high- a d  

WHAT 
OTHER STANDARDS 

SAY 

No infomation. 

Graph 1 shows same relationship 

pressure and flammable limits of 
petroleum proàucts conditions are 
optimum for ignition midway 
between upper and lower 
flammable limits. 

temperoture, vapor 

Figure 2 shows plot of ignition 
aiergy versus 55 flammable 
matenai in air, minimum ignition 
energy is best measure for 

hrilards. 
g explosion and fire 

Binding facilities for protection 
during loading of îank vehicles 

for Class I liquids or switch 
through open domes are required 

loading of class IIIClaSs m 
liquids. 

ûpeadome lopding of tank trucks 
offers significant static hnzprd at 
rotes above 100 GPM. Bond 
should be estabiished between 
loading piping and ta& switch 
loading of low vapor pressure 
products can be static hazard. 

Sparking can occur in opendome 
îìliing of tank tnicks; bond tank 
to ñiì pipe before filling starts 
and until filling is complete. 

STANDARD 
REF 

NFPA 77 
Ref. #1 
77-24 to 77-25 

British 
Standards 
Institute 
Ref. #4 
Sect.7.2 

NFPA 30 
Ref. #1 
30-36 

NFPA 77 
Ref. #2 
77-32 to 77-35 

Fire Protection 
Handbook 
Ref. #3 
5-36 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

YeS 

YS 

YeS 

54 
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SECTION 

2.4.1 

r 

COMPARISON OF RP 2003 
W" OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

[continued) 

b) Bond resistance as high as 1 
megohm is adequaîe for static 
dissipation. 

c) Asphalt and crude oils do not 
have static a c c d a t i n g  
capabilities. 

WHAT 
OTHER STANDARDS 

SAY 

Before making pipe connections 
ir opening dome lid, tank should 

mint and should remain in 
position throughout ñiling. 

smund resistance of 1 megohm 
B adequaîe for static grounding 
kase leakage currents are. 
extremely small. 

ü d l y  any resistance path of 
lesa thsn 1 megohm wiil serve. 

Jebonded to appropriate earth 

Resistpnce to earth of 
transportable metai items should 
be kept below 10 ohms. 

AU conductive parts of equipment 
shail be grounded so thnt 
resistance does not exceed 25 
Ohms. 

Nearly any conductof up to 
l,ûûû,ûûû ohms resistance will be 
satisfectory. 

Asphalts (including cutback 
psphnlts), most Cnide oils, 
residuai oils, and water-soluble 
liquids do not have a static 
occurmilating tendency. 

Bonding not requireà when 
loriding products not having static 
generaîing abilities such as 
asphalt and crude oil. 

STANDARD 
REF 

British 
Standards 
[nstitute 
Ref. #5 
Sect.9.3.1 

NFPA 77 
Ref. #2 
77-16 

Fire Protection 
Handbook 
Ref. #3 
5-34, 5-37 

British 
Standards 
Institute 
Ref. #4 

Army Safety 
Manual 
Ref. #ó 
7-1 

National 
Safety Council 
Ref. #I 
2 

NFPA 30 
Ref. #1 
30-36 

NFPA 77 
Ref. #1 
77-34 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

Yes 

YeS 

No 

No 

YS 

YeS 

YeS 

55 

                                      
                                         
                                      
                                         



SECTION 

2.4.1 

II 

STD.API/PETRO PUBL 2230-ENGL 1994 U732C140 Ob03312 711 

COMPARISON OF RP 2003 
WlTH OTHER STANDARDS 

WHAT 
RF' 2003 

SAYS 

(continued) 

d) Closed connectiom cannot 
yield sparks irrespective of 
wh&er conducting hose is used. 

WHAT 
OTHER STANDARDS 

SAY 

If a liquid has a conductivity 
greater than 50 pS/m, it is 
incapable of retaining a bazardous 
charge; aicohols, ketones, black 
petroiwm oils, and crude oils are 

Bonding is not r e q u i d  where 
vehicles are loaded ehrough 
closed-bottom or closed-top 
connections whether hose or pipe 
is conductive or nonconductive. 

ia this category. 

Bonding is not required where 
vehicles are loaded through 
closed connections, irrespective 
of whether the hose or pipe used 
is conducting or nonconducting. 

Discusses the presence of 
nonconducting components that 
could cause innilation of metallic 
componmts. 

1. IgJitionrisks m y  be 
mcouraged when hose 
comiections are made or broken, 
due to sparking from stray 
cumeats flowing in hose string. 

2. Nonconductive hose may 
become charged and if two or 
more hose8 are joined by metallic 
flanges, the flanges can spark. 

3. Advises routine electrid 
Continuity checks becaw 
maintenance or modification 
could affect continuity. 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #4 
Sect. 9.2.2 

NFPA 30 
Ref. #1 
30-36 

NFPA 77 
Ref, #2 
77-34 

British 
Standards 
Institute 
Ref. #4 
Sect. 14.3.2 

British 
Staadards 
Institute 
Ref. #5 
Sects. 9.1, 9.2 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes & No 

YeS 

Nonconducting 

cause insulation 
of metallic 
components. 

No 

matends may 

56 

                                      
                                         
                                      
                                         



2.4.1 

2.4.2 

COMPARISON OF RP 2003 
W ï ï H  OTHER STANDARDS 

WHAT 
RP 2 0 3  
SAYS 

(continued) 

Regarding tank trucks: 

a) Bond wires are not needed 
around flexible, swivel, or sliding 
joints because metaiiic fi11 pipe 
assembly forms a continuous 
electricaily conductive path. 

b) Electrical wntinuity in fili pipe 
assembly not needed for closed 
system loading (such as LP-gas 
loading). 

WHAT 
OTHER STANDARDS 

SAY 

Bonding is not needed for 
metdic connections; only for 
ion-insuíateû parts. 

Sparking when manipulating hose 
Fittings, ball valves. 

Bonding no& needed around 
flexible metallic piping or 
meellic swing joints but bond 
should be provided around joinîs 
made of non-metaiiic insulating 
material. 

Swivel joinis in stand pipes and 
me&l loading arms should be 
electridy continwuS. Advises 
routine continuity checks before 
equipmait is brought into use. 

Bonding is not required where 
vehicles are loaded through 
closed-bottom or closeú-top 
connections whether the hose or 
pipe is conductive or 
nonconductive. 

Bonding is not required where 
vehicles are loaded through 
closed comectiom, irrespective 
of whether the hose or pipe used 
is conducting or nonconducting. 

Bonding is not required when LP- 
gas vehicles are loaded or 

C O ~ e C t i O n S .  

unloaded through closed 

STANDARD 
REF 

Handbook of 
hdustrial Loss 
Prevention 
Ref. #9 
30-7 

SWiSS 
Chemical 

Ref. #8 
3 

Industry 

NFPA 77 
Ref. #2 
77-3 1 

British 
Standards 
Institute 
Ref. #5 
Sect. 9.2.1 

M.'PA 30 
Ref. #1 
30-36 

NFPA 77 
Ref. #î 
77-34 

Fire 
Protection 
Handbook 
Ref. #3 
5-37 

IS RP 2 0 3  

DATION 
SUPPORTED 

RECOMMEN- 

Yes & No 

VO 

Yes 

Yes & No 

Yes 

YeS 

YeS 
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COMPARISON OF RP 2003 
WrrHoTHERSTANDARDs 

RP 2003 
SECTION 

2.4.2 

2.4.3 

WHAT 
RF' 2003 

SAYS 

(continued) 

c) Electrical continuity in fill pipe 
assembly not needed for bottom 
or top loading îhrough tight 
COIlllectiOns. 

In past, maximum looding 
velocify restricted to 15-20 ft/s in 
tank truck ñlling. 

Bulk loading rate is better 
criterion than hear velocity for 
determining ES crccumulation in 
tank truck filling. 

Use a vd value of 0.5 maximum 
for tank trucks; restrict linear 
flow velocity to 7 mis  maximum. 

WHAT 
OTHER STANDARDS 

SAY 

Discusses the presence of 
nonducting components that 
cwld cause insulotion of metallic 
components. 

Liquified petroleum gas road 
tankers &odd be earthed during 
both loading and discharging by 
being bonded to a suitable earth 
point. 

No information. 

~~ 

No information. 

Toiai charge &ed into vehicle 
dependsongeneratin g 
Charoctensti . 'Cadtdalquantity 
of liquid delivered. Rate of 
g h o n  for a system of any 
given dimensions is a function of 
linear flow velocity. 

Velocity restrictions depend on 
type of materipl flowing through 
pipe and pipe Size. 

During tank lNbg  velocity of 
incoming liquid may graduaily be 
h d  to 15-20 f t /~ .  

in the light of present knowledge 
it is undesirable in any case for 
the pipeiine velocity to exceed 7 
d S .  

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #4 
Sect. 14.3.2 

British 
Standards 
Institute 
Ref. #5 
sect. 9.3.3 
see also 
Sect. 9.1, 9.2 

NFPA 77 
Ref. #2 
77-32 

SWiSS 
chemical 
Industry 
Ref. #8 
3-4 

NFPA 77 
Ref. #2 
77-35 

British 
Standards 
wtute 
Ref. #4 
Sect. 9.3.2.1 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

No 

No 

Yes & No 

No 

- 

Yes 
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SECTION 

2.4.3 

2.4.4 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 
SAYS 

~~~ 

(continued) 

Splash loading may con~bute to 
ES charge generation; during top 
loading, ñü pipe should reach 
close to or touch tank bottom. 

WHAT 
OTHER STANDARDS 

SAY 

Maximum hear flow velocity for 
top l&g may be expressed in 
tem of velocity V of the iiquid 
flowing in pipe section of 
diometet d. Velocity V is lower 
of those given by the expressions 
V=7 and Vd=0.5 

Discusses how produce flow is 
dso govemed by other pipe 
diameter and lengîh guidelines 
may be exceeded for a particular 
Bystem if sufficient experience 
with that system demonstrates 
that it is safe. 

Filling through open domes into 
tanks of tank vehicles thdi be by 
means of a downspout îhat 
extends near the bottom of the 
tank. 

Fill pipe should reach as close as 
possible to the bottom of the tank 
being loaded, and preferably be 
in contact with the boüom. 

Splash fíiling into a tank where a 
flammable nîmosphem may exist 
shouid be in order to prevent 
formation of charged mist. 
Intemai ñil pipe shouid reach 
bottom of tank or hose or loading 
arm nozzle should be inserteú to 
bottom without actually touching 
it. 

For opendome ñlling, have 
f i h g  iuóea near boüom of îank. 
Contact fiil opening with tube. 
Discusses turbulence. 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #5 
sect. 7.3.3 

British 
Standards 
Institute 
Ref. #5 
sect. 7.3.3 

NFPA 30 
Ref. #1 
30-36 

NFPA 77 
Ref. #2 
77-34 

British 
Standards 
Institute 
Ref. #5 
Sect. 7.3.1 

Handbook of 
Mustrial Loss 
Prevention 
Ref. #9 
30-6.30-7 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

YeS 

YeS 

YeS 

YeS 

YeS 
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SECTION 

2.4.4 

2.4.5 

* 

COMPARISON OF RP 2003 
WITHOTHERSTANDARDS 

WHAT 
RP 2003 

SAYS 

(continued) 

If fill pipe does not reach tnnk 
bottom, restrict flow velocity to 1 
m/s (3 fvs) until outlet is 
submerged. 

Bottom loading of tank tnicks 

arise from improper bonding and 
positioning of fill pipe. 

reducesEShlUKdSthatllIay 

WHAT 
OTHER STANDARDS 

SAY 

Take íilling tube down to bottom 
to avoid bubbles, eddies and 
splashing. 

Splrishing and impingement on 

ñü pipe extending to bottom of 
tank. 

wirfoces cause Es charging. use 

Generation of charge can occur 
within a Container by splashing or 
spipying of inmming stream. 

If fill pipe does not reach tank 
bottom, the liquid velocity in the 
fill pipe should be limited to 
about 3 ft/s until outlet is 
submerged. 

For liquids up to and including 50 
pS/m, iine!ar flow velocity in a 
pipe wed for top loading should 
not exceed 1 d s  if a second 
immiscible phase is present. 

Splash filling into a îank where a 
nammahle citmosphere may exist 
should be avoided in order to 
p v e n t  formation of charged 
mist. This can be achieved by 
bottom entry. 

STANDARD 
REF 

~ 

SWiSS 

Chemical 
Industry 
Ref. #8 
4 

British 
Standards 
Institute 
Ref. #4 
Sect. 9.3.2.2 

Fire 
Protection 
Handbook 
Ref. #3 
5-37 

NFPA 77 
Ref. #2 
77-34 to 77-35 

British 
Standards 
Institute 
Ref. #5 
Sect. 7.3.3 

British 
Standards 
Institute 
Ref. #5 
Sect. 7.3.1 

IS Re 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

YeS 

YeS 

YeS 

Yes ú¿ No 

YeS 
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1 RP2003 

2.4.5 
(continued) 

SECTION 

2.4.6 

2.4.7 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

Bottom lorrding rates for tank 
üucks should comply with the 
flow restrictions pfsociated with 
Vd=0.5. 

Bottom loading in tank trucks 
produces higher liquid surface 
voltages than fill pipe loading. 

There have been accidents in 
unbaffled tank trucks during 
highway crsnsport due to static 
generated by splashing of liquid. 

Do not lower conductive objects 
into tank truck compartment 
during or immediately after 
fillig; one minute waiting period 
is sufficient to reiax charge. 

WHAT 
OTHER STANDARDS 

SAY 

When bottom loading a tank 
vehicle, a means shali be 
mvided for loading a 
m%krmined quantity dong with 
i secondary automatic shutoff to 
m e n f  overfill. The connection 
xtwecn the h>oding hoselpipe 
mà ûuck piping shall be a dry 

Bottom loading perates higher 
mteatiais at liquid surface than 
top loading because of the 
ibsence of earthed fill pipe. 
Unless a dip tube, standpipe or 
tiafile plate is mounted centrally 
UL the tank, reaching from top to 
bottoni, it is recommended that 
flow ratea for bottom loading be 
25% below those for top loading 
[using the d c t i o n s  pssociated 
with Vd-O.5). 

Where bottom losding is used, 
low velocity or splash deflectors 
should be in piace to preveat 
upward spraying of product and 
to - surfice turbulence. 

iisconnect coupling. 

No information. 

Metal or conductive objects 
(gauge tapes, sample wnîainers, 
îhemmmeters) should not be 
lowered into or suspended in tank 
during or immediately afier. 
Wait h u t  one minute. 

STANDARD 
REF 

NFPA 30 
Ref. #1 
30-37 

British 
Standards 
Institute 
Ref. #5 
Sect. 7.3.3 

NFPA 77 
Ref. #2 
77-35 

NFPA 77 
Ref. #2 
77-35 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

NFPA 30 does 
not apply to 
static issues 
here. 

YeS 

YeS 
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SECTION 

2.4.7 

2.5.1 

COMPARISON OF RP 2003 
WITH OTHERSTANDARDS 

WHAT 
RP 2003 

SAYS 

(continued) 

Resistance of rail tank cards to 
ground through rails is low 
enough to prevent ES 
accumuiation; bonding of tank car 
or rails to fill pipe is unnecessary 
except whe.n requiring protection 
against stray curreats. 

WHAT 
OTHER STANDARDS 

SAY 

Risk CBL~ be controller by 
avoiding operations thaî promote 
discharge of surface charge. 
(Delay introducing conductive 
gauging & spmpling devices). 

Gauginglsampling should not be 
carried out while any charge 
g d g  operation is going on 
or for at least 30 minutes 
pfterwprds (for liquids with 
conductivities up to and including 
50 pS/m & containing a water 
Phase). 

To protect against stray currents, 
îank car facilities whfm 
flunmahle and combustible 
liquids are loade!dldoaded 
through open domes shau be 
protected by permauentiy bonding 
fill pipe to at leasî one rail and to 
rack struchm (if of meîal). 

Resistance of îank car to ground 

resistance of piping, flexible 
met9llic joints or metallic swivel 
joints p ~ e  pdequotely low for 
staîic electricity protsction. 

should be bonded pemanentîy to 
each other and to the earthed 
pipeline. 

throughthelails, I t h e  

Both roils of railway tracks 

The rail car itselfis eatthed by 
contact between its wheels and 
îheraiis. Alsooffers 
recomrilendations concerning non- 
metnlliCrailtanLcarS. 

STANDARD 
REF 

Fire Protection 
Handbook 
Ref. #3 
5-37 

Blitish 
Standards 
Institute 
Ref #5 
Sec. 6.2, 6.3, 
7.5 

NFPA 30 
Ref. #I 
30-36 

NFPA 77 
Ref. #2 

Blitish 
Standards 
Institute 
Ref ü5 
Sect. 9.4.1, 

8.4.3 
9.4.2, 8.1- 

~ 

IS Rp 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

Yes & No 

Yes 

YeS 

Yes & No 
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1 RP2003 
SECTION 

2.5.1 

2.5.3 

2.5.4 

2.6 

L 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

(continued) 

For products loaded into rail cars 
with conductivities less than 50 
pS/m, restrict vd value to 0.8 and 
loading velocity to 7 m/s 
maximum. 

unloading procedure6 of any type 
for rail tank cars need no 
protective bonding. 

Portable metal drums aná cans 
being filed from other containers 
while both ret on conductive 
foundations need no further 
bonding as long as the fill nozzle 
remains in contact at metallic 
spout. 

WHAT 
OTHER STANDARDS 

SAY 

40 bondiag q u i d  because 
esistanCe is very low. 

(o information. 

knding is not required where 
iehicles axe unloaded through 
:losed bottom or top connections. 
To protect against stray currents, 
hnk car facilities where 
fimmable/combustible liquids are 
Unloeded through open domes 
&ail be protected by permanent 
bonding. 

whe!nunloadingtpnkcars 
ihrough closed connections, no 
protective meanires pfe required. 

Both d s  of railway tracks where 
unloading takes place should be 
bonded permanently to each other 
and to the earthed pipeline. 

in filling metal cans/dnuns, a 
conductive fill spout, nozzle of 
ñll pipe should be kept in 
continuous contact with fill 
opening. Then a bond wire is not 
required. 

Contact is made between fiiling 
nozzle and container before filling 
starts and throughout filling. 

STANDARD 
REF 

~~ ~~~ ~~ 

Elandbook of 
industrial Loss 
Prevention 
Ref #9 
30-7 

*PA 30 
tef. #1 
10-36 

NFPA 77 
Ref. ü2 
77-39 

British 
Standards 
[nstihite 
Ref. #5 
Sec. 9.4.1 

NFPA 77 
Ref. ü2 
Article 580 

Fire Protection 
Handbook 
Ref. #3 
5-36 to 5-37 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

les 

Yes & No 

Yes 

No 
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COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
Rp 2003 
SAYS 

(continued) 

Bonding or grounding of 
automobiles while being filled at 
gas station is unnecessuy. 

Bonding between tank trucks and 
underground gas station ta& is 

provided that hose 
remains in metallic contact with 
tank fill pipe or is connected 
tightly. 

WHAT 
OTHER STANDARDS 

SAY 

Placing nozzle of dispensing 
umîainer in contact with opening 
of -hing container establishes 

cannot be maiuîained, a bond 
wire &ouid be used b e e n  
containers. 

bond. If this d-4 contact 

Use bonding wire only if contact 
is not maâe or maintained with 
spout and nozzle. 

To ensure that the vehicle is 
grounded, nst nozzle firmly on 
filler pipe. 

No external bond wire or bond 
Wire inîegral with hose is needed 
for unloading of flammable 
liquids into underground tanks. 

When a delivery is made from a 
mad taaker to a storage tank (for 
example, at a peîroleum f i h g  
station) the co3atinuity of the hose 
coupling between the vehicle & 
rank is adequaîe provided it is 
monitored. 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #5 
Sect. 11.2.1, 
11.3.3 

National 
Safety Council 
Ref. #7 
5 

Handbook of 
Industrial Loss 
Prevention 
Ref. #9 
30-7 

Swiss 
chemical 
Industry 
Ref. #9 
7 

NFPA 77 
Ref. #2 
77-35 

British 
Standards 
UIstiaite 
Ref. #5 
Sect. 9.3.2 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

No 

Yes 

YeS 

Yes & No: 

sparking is 
thm but 
standard applies 
to situation for 
liquid that are 
much more 
severe. 

Yes 

=gg- that 

YeS 
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RP 2003 
SECTION 

2.8 

2.9 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
Rp 2003 

SAYS 
~ 

Protection against ESD is 
nchieved for filling marine craft if 
fueling nozzle is kept in metallic 
contact with fuel tank ñli pipe. 

Regarding aircraft fueling: 

(a) Bond fuel hose nozzle to 
plane by means of short bond 
wire and clip. 

(b) If small planes are fueled by 
gasatation-type hose (up to 25 
gallmin), bonding is not 
necessary- 
(c) Some laws require plane, 
h le r  & hydrant vehicle to be 
intemmected by bond wires to 
low resistance ground (íess than 
10,Ooo ohms). 

(d) No bonding required when 
fueling aircraft through a tight 
metal-to-metai connection. 

WHAT 
OTHER STANDARDS 

SAY 

Pipiines on wharvea shaii be 
uiequately bonded & grounded if 
Ehss I or Class II liquids are 
bendled. 

in over-the-wing delivery, 
mmect fuel node to metai part 
Df riKcrpft, and connect aircraft to 
he1 tnnlr near fìli opening using a 

Ihere should be a direct bond 
between the aircraft fueling 
orifice and the metallic end of the 
fueling hose. In overwing 
fueíing, bond hose nozzle to 
nixcraft by a separate cable. 

No information. 

short bond wire and clip. 

Some regulations require that the 
aircraft and fueling system be 
curmecîed by Wires to ground. 

Additionai earthing is sometimes 
provided by means of a bonding 
cable between the aircraft and an 
&g point in the concrete. 
Connection should be direct from 
the aircraft to the earîhing rod 
and independent of the fueling 
vehicle. 

With underwing delivery, fueling 
is through a closed system. Bond 
connection not required due to 
inherent metal-to-metai contact. 

STANDARD 
REF 

VFPA 30 
Ref. #1 
30-37 

NFPA 77 
Ref. #2 
77-36 

British 
Standards 
[nstitute 
Ref. #5 
Sec. 15.3.6 

NFPA 77 
Ref. #2 
77-36 

British 
Standards 
Institute 
Ref. #5 
Sec. 15.3.3 

NFPA 77 
Ref. #2 
77-36 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

Yes 

Yes 

Yes and No 

YeS 
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RP 2 0 3  
SECTION 

2.9 

2.10 

2.11 

- 

COMPARISON OF RP 2003 
WITH OTHERSTANDARDS 

WHAT 
RP 2003 

SAYS 
~~ 

(continued) 

Regarding s h i p h g e  loading: 

(a) Limit velocity of incoming 
liquid to 1 m i s  miil inieî opening 
is submerged from 0.3 to 2 
meters. 

(b) Use inert gas blanketing or 
conductive pdditives as an 
aitemative. 

(c) No bonding r e q u i d  because 
hull of ship is in contact with 
water and is inherently grounded. 

Regarding metal storage tanks: 

(a) Static-generating and static- 
dissipating @tia of liquid 
determine possibility of sparking. 

WHAT 
OTHER STANDARDS 

SAY 

With underwing fueling, 
nese8mry bonding is achieved by 
the metnl-to-d contact 
h e e n  the hose coupling and 
the aircrafi fueling adapter. 

For liquids with conductivity 50 
pS/m, the flow velocity in pipe 
entering the tank should not 
exceed 1 mis until inlet had been 
covered. 

Linepr velocity of the liquid in 
the pipe enîering the tank &odd 
be kept low until pipe outlet is 
well submerged. 

An pntistatic additive may be 
useú to raise the conductivity of a 
liquid. Certainsizesoftanlers 
carrying crude oil or other liquids 
with similar fire hazard must be 
provided with an iaert gas system 
as tequired by regulation. 

Hdl of vessel is inherently 
groundeû by virtue of its contact 
with the water. 

Ships of d constxuction are 
inherentiy earthed because they 
float ia water. All metal fittings, 
pipework and rissociaîed 
equipmeat should be earthed to 
the ship. 

Relaxation time depeds on the 
resistivity of the liquid. Provides 
List of protective measures which 
depend upon characteristics of 
Liquid being handled. 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #5 
Sect. 15.3.6 

British 
Standards 
Institute 
Ref #5 
Sect. 13.3.4 

NFPA 77 
Ref. #2 
77-39 

British 
Standards 
Institute 
Ref. #5 
Sect. 13.3.5 

NFPA 77 
Ref. #2 
77-39 

British 
Standards 
Institute 
Ref. #5 
Sect. 13.2.1 

NFPA 77 
Ref. ü2 
77-28 to 77-31 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

YeS 

YeS 

YeS 

YeS 

Yes 

Yes 
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COMPARISON OF Re 2003 
WlTH OTHER STANDARDS 

RP 2003 
SECïïON 

!.11 

WHAT 
RP 2003 

SAYS 

continued) 

b) Avoid splash íilling; outlet of 
ill pipe should discharge near 
Dttom with minimum agitation. 

(c) Limit velocity of incoming 
iiquid to 1 m/s until outlet is 
submerged. 

(d) In the case of a floating-tank, 
follow above precautions until 
roof becomes buoyant; no 
precautions necessary after this 
due to absence of flammable 
vapor space. 

WHAT 
OTHER STANDARDS 

SAY 

)iscusses static electricity 
d w i n g  characteristics of 
ydrocarbons. 

)vershot splash filling should be 
mhibited. Met fill pipe should 
iischarged near the bottom and 
hould reduce turbulence to a 
ninimum. 

;plash filling into a tank where a 
lammahle atmosphere may exist 
hould be avoided. Use bottom 
=try of a fill pipe reaching to 
mottom of îank, inlet should be 
iesigned to minimize turbulence. 

? i lhg  p i p  should be at or near 
müom to d u -  static & 
nrrbulence; direct liquid 
mrizmtally; no splash filling. 

Linear velocity of liquid in the 
pipe entering the tank should be 
kept low until inlet is well 
submerged. 

For liquids with Conauctivity 50 
pS/m, flow velocity in pipe 
entering tank should not e x c d  1 
m/s until inlet has been covered. 
For storage tanks of d m i l  
tank size, flow velocity should be 
calculated according to Section 
7.3.3. 

Whea flanunable liquids are 
dumped into a floating roof tank, 
protective measures are applicable 
until roof becomes buoyant. 

STANDARD 
REF 

;ire Protection 
Iandbook 
Lef. #3 
i-36 

WPA 77 
tef. #2 
'7-30 

3ntish 
standards 
&titute 
hef. #5 
sect. 3.3 

Handbook of 
industrial Loss 
Prevention 
Ref. ü9 
30-7 

NFPA 77 
Ref. #2 
77-30 

British 
Standards 
Institute 
Ref. #5 
sect. 3.3.4 

NFPA 77 
Ref. ü2 
77-3 1 

IS RP 2003 
ECOMMEN- 

DATION 
SUPPORTED 

'es 

!es 

les 

Yes 

YeS 

Yes 

Yes 
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I RP2003 
SECTION 

2.11 

2.12 

COMPARISON OF RP u)o3 
WITH OTHER STANDARDS 

WHAT 
RP 2003 
SAYS 

(continued) 

(e) In the case of switch loading, 
follow above precautions or 
veatilate tank to safe vapor 
concentrntion before filling. 

( f )  Some types of nonconauCting 
floating-roof tauk covers have 
isolated metallic clips which 
require bonding. 

Regarding air-blown agitators: 

(a) Cause prolific ESD. 

(b) Protect agitator vessel by 
inert-gas blanketing or by 
continuous treating system. 

WHAT 
OTHER STANDARDS 

SAY 

When a liquid with conductivity 
50 pS/m is dumped into a metal 
tank with a floating roof, 
precautions are applicable until 
roof ia buoyant. 

If tank ccmîaim flammrihle vapor- 
air mixture h m  previous use, 
ventilate tank to 50% or less of 
the lower f l d l e  iimit before 
dumping in new liquid. 

Particular care is needed in 
systems incorpOrating metals and 
high resistivity nonconductors. 

Mixing together of liquids gives 
rise to stntic electricity ignition 
risks. Follow d precru>tions 
for liquid handiing operations. 
(see section 3.) 

Static is generated when liquids 
move in contact with other 

such as mixing, pouring, 
dumping, filtering and agitating. 

General discussion of charging of 
agitator vessels as well as 
sampling techniques. 

materials. occutsinoperations 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #5 
sect. 3.7 & 
3.8 

NFPA 77 
Ref. #2 
77-3 1 

British 
Standatds 
Institute 
Ref. #4 
Sect. 11.3.5 

British 
Standards 
Institute 
Ref. #5 
Sect. 4.1 

British 
Standards 
btihlte 
Ref. #5 
Sect. 10.1, 
10.4 

NFPA 77 
Ref. #2 
77-25 

SWiSS 

Chemical 
Industry 
Ref. #8 
6 

~~ 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

YeS 

YeS 

YeS 

YeS 

YeS 

YeS 
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SECTION 

2.12 

2.13 

. 
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COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
ñP 2003 
SAYS 

:continued) 

(c)CeatnhgeS grnerate 
substantial ES charge; protect by 
inerting or over-ricbing vapor 
space. 

~ ~ ~~~~ 

Regarding blending tanks & 
mixers: 

(a) in-tank jet mixing an high 
velocity propeíier mixing stir up 
settled water and generate ES 
charge. 

WHAT 
OTHER STANDARDS 

SAY 

iurface chargea can be made 
Lpcmless by partiaîly or wholly 
nerting the vapor sprite, or by 
ncreasing vapor concentration to 
h v e  upper flammable limit. 

h d  together Containers and 
iiiing lines when using 
nixers/chums. 

Vapor space in blending vessel 
an be inerted if antistatic 
uiditivea are not used. 

High charges generated when 
Jepnrating vh centrifuge; also 
h e  to high velocity of rotating 
parts. Caüsfmìnerting 
grounding of metal parts. 

Jdpmpelier mixing in tanks may 
generate charges. Avoid agitatiug 
layer of water at bottom of tank. 
Direct stream 80 as not to break 
muface. 

Keep mechanical agitation to a 
minimum (air, steam, gas, jet 
nodes) because of the charge 
produceú on the mist above the 
liquid. 

Jet mixing is not hamdous 
provided jet does not break liquid 
nirface & that liquid & metal 
equipment are earthed 

STANDARD 
REF 

WPA 77 
Ref. #2 
77-30 

NFPA 77 
Ref. #2 
77-40 

British 
Standards 
tnstitute 
Ref. #5 
Sect. 10.4.6 

SWiSS 

chemical 
Industry 
Ref. #8 
7-8 

NFPA 77 
Ref. #2 
77-40 

British 
Standards 
Institute 
Ref. #4 
Sect. 9.3.2.3 

British 
Standards 
Institute 
Ref. #5 
sect. 10.5 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

YeS 

YeS 

69 

                                      
                                         
                                      
                                         



STD-API/PETRO PUBL 2230-ENGL L99Y 0732270 Rbfl34flL 23L 

COMPARISON OF RP 2ûO3 
WITH OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

(b) Floating-roof enks are 
desirable for blending, of if 
necessary, ue gas blanketing. 

Coating of paint, plastic? or 
alualinum oxide on inside of 
cargo or stomge tank does not 
present Es hazard. 

Re-g Samipling, gauging, 
level detecting dewicea: 

(a) Use naturai fiber ropes, not 
synthetic ropes. 

(3) Wait 30 minutes after filling 
large storage or ships' tauks 
before hand gauging or sampling. 

WHAT 
OTHER STANDARDS 

SAY 

Inert gas bl9nlreting may be usecl 
where flammaôle mixturea exist 
above liquid wirface. Floating 
roof tanls are desirable because . .  
they - space. 

V a p  space in blenájng vessel 
can be inerted if antistatic 
additives are not used. 

~ ~~ ~~ 

Probability of sparking depends 
on coating thickness. Very thin 
layers wich as paint films & 
epoxy ooptings are unlikely to 
present a hnznrd. 

with a thickness less than 2 mm 
are imlikely to create hazards 
provided usuai liquid handling 

Internal coatings Such as paint 

precautions are followed. 

A tape or cord may be made of 
d if it is connected to a 
properly earthed tank or may be 
mpde of a natutnl fiber. A 
synthetic polymer cord or dip 
stick is not acceptable. 

Gouging or sampling through roof 
opeaiag should be avoided for an 
interval of time after filling is 

If tank umtains liquid with water 
phase, wait 30 minutea. If no 

minutes. 

COnq>leted. 

water phase is present, wait 10 

STANDARD 
REF 

NFPA 77 
Ref. #2 
77-40 

British 
Standards 
Institute 
Ref. #5 
Sect. 10.4.6 

British 
Standards 
Institute 
Ref. #4 
Sect. 11.2.4 

British 
Standards 
Institute 
Ref. #5 
Sect. 17 

British 
Stpndards 
Institute 
Ref. #5 
Sect. 6.2 

NFPA 77 
Ref. #2 
77-3 1 

British 
standards 
Institute 
Ref. #5 
Sect. 6.3 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

YeS 

YeS 

YeS 

YeS 

Yes & No 
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SECTION 

2.15 
(continued) 

t 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

c)Intanktnicks,ypilcards,or 
;maller volume vessels, wait 1 
ninute or more before gauging or 
;ampling. 

:d) conipletely nonconductive 
hand gauging or sampling devices 
requite no waiting penad for 
:barge relaxation. 

(e) Bond floats of automatic 
gauging device to veasel shell 
through leading tapes a d o r  
guide wires. 

(f) Fires caused by static 
electxicity during LP gas 

confined to open sample 
conîainers. 

sampling rarely occur; fires are 

(9) Open metai g r a c i e  used for 
sampling must be bonded to fill 
Pipe. 

(ñ) If graduate is nonconducting, 
or if a closedcontainer sampling 
procedure is used bonding or 
grounding is not useful. 

WHAT 
OTHER STANDARDS 

SAY 

Vaiting period of 1 minute for 
pnk tntcks and pomble 
ontainers. 

f tank containa liquid with water 
hase, wait 30 minutes. If no 
voter phase is present, wait 10 
aiautes. 

3auging/sampling &odd not be 
d t x i  out while any charge 
pe&g operation is going on 
inless the liquid conductivity is 
greater thau 50 pS/m. 

4llmetnllicpartsof 
gauging/fiemnling equipment 
hould be ~ ~ ~ e c t e d  to the tank. 

LP gases are n o d y  handled in 
closed systems where them is no 
release. to the atmosphere. 
However, flammable 
concentdons can occur outside 
the system. 

Ali metallic parts of sampling 
equipment &odd be connected to 
tallk. 

Sampling equipment made from 
natural materials shouid be 
earthed. samplingcontainers 
from high resistivity materials are 
pcceptable but each case should 
be assessed by an expert. 

STANDARD 
REF 

@PA 77 
kef. #2 
'7-35 

hitish 
itandards 
nstitute 
tef. #5 
kct. 6.3 

3ritish 
Standards 
&titute 
Ref. ü5 
Sect. 6.3 

Brit ish 
standards 
M t u t e  
Ref. #5 
Sect. 6.2.1 

British 
Standards 
Institute 
Ref. #4 
sect. 12 

British 
Standards 
Institute 
Ref. #5 
Sect. 6.2.1 

British 
Standards 
Institute 
Ref. #5 
Sect. 6.2.2, 
6.3.3 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

les 

les & No 

QO 

Yes 

YeS 

Yes 

Yes 
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COMPARISON OF RF' 2003 
WITH OTHERSTANDARDS 

WHAT 
RP 2003 

SAYS 

(continued) 

(i) Alarms or detectors used in 
the presence of flammable vapor- 
air mixtures should be made of 
nonconductive material or be 
properly bonded. 

Regarding abrasive blasting: 

(a) Sparks have been observed 
jumping fiom unbonded rubber 
hose to grounded objets during 
grit blasting. 

metallic shielding to prevent 
sparking are available from 
vendors. 

(c) Within stream pattern, no 
flammable concentrption is likely 
to exist because of sweeping 
action of air dream. 

(b) Special h- with built-in 

Regarding purging and cleaning 
of tanks pnd vessels: 

(a) Steam jets generate prolific 
charge on n o d e  and insuiated 
objects on which the stream 
impinges. 

WHAT 
OTHER STANDARDS 

SAY 

use device8 that permit sampling 
on the closed vessel. If not 
possible, use sampling devices 
made of nonconductive devices 
just before they are introduced. 

No infonnation. 

No information. 

Wet steam escaping into the 
atmosphere can generate static 
electricity. Surfaces on which 
steam condenses may accumulate 
static unless properly bonded. 

Compressed air or steam 
containing particles of condensed 
water vapor often manifests 
strong electrification when 
escapil%- 

STANDARD 
REF 

Swiss 
Chemical 
Industry 
Ref. #8 
6 

NFPA 77 
Ref. #2 
77-41,77-59 

Fire Protection 
Handbook 
Ref. #3 
5-37 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Not addressed. 

YeS 

YeS 
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SECTION 

2.17 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 
SAYS 

(continued) 

(b) Ali conductive insulated 
objects subject to impingement or 
condensation, including 
discharging pipe, should be 
bonded to tank or equipment, or 
be grounded. 

WHAT 
OTHER STANDARDS 

SAY 

Jharge may be left on equipment 
pipes or nodes) with which the 
cas malres contact. charge is 
ibared with any object on which 
he gas impinges. May induce a 

xmductor in ita vicinity. 

give rise to ES charge. Becomes 
hnzprdous if charge is retained on 
insulated conductors in the 
presence of a flammable vapor- 
Bir mixhire. 

High velocity steam may generate 
d d e r a b l e  staîic in passing 
through the feed pipe. 

mteatial on my insulated 

Most tank cleaning techniques can 

Bond or ground conductive items 
contacted by particlecontaining 
gas to discharge pipe. Make sure 
tesisîance is less than 10 ohms. 

Bond together and earîh all 
d i i c  equipment in the system 
and ais0 any metallic parts on 
which the gas may impinge. 
Avoid the use of nonconductors 
in vicinity of gas streams. 

Bond&emthdlmetallic 
components in the system so 
resistance is less than 10 ohms. 
Assess effects of high resistivity 
materials. Check flammable 
atmosphere in tanlr space. 

Bond steam hose nozzle & steam 
lines to vessel, even if using 
conductive hose. Check for 
insulated objects present in tank. 

STANDARD 
REF 

Iritish 
~tandatds 
nstitllte 
lef. #4 
k t .  12 

British 
;tandards 
nstitute 
Zef. #5 
sect. 14.1 

qationai 
Safety Council 
Xef, ül 
i 

=PA 77 
Ref. #2 
77-41, 77-59 

Bli t idl  
Standards 
Institute 
Ref, #4 
sect. 12 

British 
Standards 
Institute 
Ref. #5 
Sect. 14.2 & 
14.3 

National 
Safety Council 
Ref. WI 
5 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

les 

Yes 

YeS 

YeS 

Yes 

Yes & No 
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COMPARISON OF RP uio3 
WITH OTHERSTANDARDS 

WHAT 
RP 2003 
SAYS 

Regarding the use of CO, in 
tanks & Vessels: 

(a) Jet of CO, generates static due 
to CO, snow. 

(b) Putting CO, in vessel in form 
of dry ice and ailowing to 
vaporUe is pcceptpble. 

(c) CO, exîinguishm should not 
be used for inerting. 

WHAT 
OTHER STANDARDS 

SAY 

Liquid carbon dioxide discharged 
unâer high pressure & converted 
to -snow" causes static 
pccumulation on discharge device 
& receiving container. 

Releaae of iiquid corbon dioxide 
resuits in a higbiy charged 
mixture of gas and "snow". 

Charge sepration occufs at 

chargea are produced on the 
orifice & Partidate gas stream. 
Any uneprthed object in the 
vicinity can acquire a charge 
from the cloud. 

whatever substance is used for 
inerting, it is advisable to 
introduce it slowly through a 
large orifice to avoid raising 
spray in vessel. 

Poteatids up to 12 kV have been 
measwed on îhemzzie and on an 
winged insulatcd mtal object. 
presents hazard if CO, is used for 
inerting & precautions are not 
takeQ. 

orifice aud equal & opposite 

Inerting of vessels containing 
flammable gas mixhues should be 
done only with 
umdeme to a liquid or solid 
phase when released at high 
pressure uni- it is horn that a 
hapirdous potential wiU not be 
deVel0I)ed. 

that do not 

STANDARD 
REF 

NFPA 77 
Ref. #2 
77-41 

British 
Standards 
Institute 
Ref. #4 
Sect. 12 

British 
Standards 
Institute 
Ref. #5 
Sect. 23.1 

British 
Standards 
Institute 
Ref. #5 
Sect. 23.5.3 

British 
Standards 
Institute 
Ref. #4 
sect. 12 

British 
Standards 
Institute 
Ref. # 
Sect. 23.4 & 
23.5 

IS RF' 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

Yes 

Yes 

YeS 

Yes & No 

Yes & No 

I 

l 

I 
l 
l 
1 
1 
1 
I 
1 
I 
I 
I 
l 
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SECTION 

2.17 

2.18 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

Regarding belts: 

[a) If pulley is made fiom 
mductive material, charge will 
be dissipated through shaft & 
bearing. 

(b) Use belt made of conductive 
materiai or apply conductive 
dressing. 

WHAT 
OTHER STANDARDS 

SAY 

)o not inert with CO, gas or 
iquid becouse it forms highly 
:barged dry ice crystais. 

Meîal pulleys will pick up charge 
h m  belt and transfer it through 

mnding p8 a precaution where 
wear and tear on bearings is high. 

Mere contact with a metal roller 
leaves charge on the d a c e  of 
rolling material; rapidly dissipates 
provided that machinery is 
Promy earthed. 

Siatic genedon can be prevented 
by making the belt conductive by 
rpplying epecial dressing. 

conductive belting shall be used 
in locations where static is a 
hnzprd. 

¡haftandbearingtoearth. use 

The best method to prevent 
excasive crccumulation of -tic is 
to use conductive rubber belting. 
Aim can Copt belts with a 
conductive belt dressing. 

Use belts, puileys of conductive 
material. 

Flat belts and V-belts must be 
conductive. If in doubt, always 
check. 

STANDARD 
REF 

%viSS 

Chemical 
industry 
Ref. #8 
6 

NFPA 77 
Ref. ü2 
77-53 to 77-54 

British 
Standards 
Institute 
Ref. #5 
Sect. 26.1 

NFPA 77 
Ref ü2 
77-50 

Army Safety 
Manual 
Ref. #ó 
7-1 

National 
Safety Council 
Ref. #7 
5 .  

SwiSS 
Chemical 
Industry 
Ref. #8 
13 

Swiss 
Chemical 
Industry 
Ref. #8 
14 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

Yes 

Y e s  

Yes 

Yes 

Yes 

Yes & No 
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COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

WHAT 
RP 2003 

SAYS 

(c) Avoid use of flat beb in 
hazardous areas; v-belts are 
acceptable. 

Regarding ñiters and relaxation 
chambers: 
(a) A iiquid of low conductivity 
will accumulate static charge 
when pumped through a pipe; 
charge wili áissipnte when a 
voltage builds up. 

(b) Presence of a fílîer can 
produce 10-200 times mofe 
charge in a system; no danger as 
long as iiquid is kept in closed 
system. 

WHAT 
OTHER STANDARDS 

SAY 

RubberAeaîher flot belts runaing 
at moderate or high speeds can 
produce sp9rks several inches 
long. V-beìîsprenotas 
susceptibte to hazardous static 
g d o n  as flat belts. 

When elecûical resistivity 
exceeds 10" ohm-cm or is less 
thsn 10'' ohm-cm, net static 
g d o n  or OCCUmU18tiOIl is 
negligible. 

As liquid leaves conducting pipe, 
it is no longer subject to charge 
sepadon process & charge 
telnxes back to wail of pipe. 
Also discusses insulated piping. 

Extent to which charge is retained 
depends upon resistivity of pipe 
material & conductivity of liquid. 
Discusses high resistivity pipeline 
& buried pipeline in detail. 

Completely ñü pipe to exclude 
possibility of explosive mixture 
formation in pipe. 

Recent tests indicate that some 
filters are able to generate 
charge4 10-200 times higher than 
that aeen in a system without a 
filter. 

STANDARD 
REF 

NFPA 77 
Ref. #2 
77-50, 77-52 

NFPA 77 
Ref. ü2 
77-26 to 77-27 

British 
Standards 
Institute 
Ref. #4 
Sect. 9.1.1 

British 
Standafds 
Institute 
Ref. #5 
Sect. 19.1, 
19.3, 19.4, 
19.5 

SWiSS 

chemical 
Industry 
Ref. #I3 
3 

NFPA 77 
Ref. #2 
77-25 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes & No 

Yes & No 

YeS 

Not addressed 

Not addressed 

I 

I 

1 

1 
I 
l 
l 
1 
I 
1 
I 
l 
I 
1 
I 
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COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

SECTION 

2.19 

2.20.1 

c 

WHAT 
RP 203 
SAYS 

(continued) 

(c) At least 30 sec of relaxation 
time between filter & discharge 
point is necessary. 

(d) Relaxation time provided by 
sufficient piping volume. 

(e) Ignore relaxation criteria for 
liquids with conductivities 2 50 
pS/m 

Buried plastic tanks do not 
present sn electrostatic discharge 
problem. 

WHAT 
OTHER STANDARDS 

SAY 

filters present no sîatic 
problems. Fine pnxticle filters 
ue prolific static electricity 

rharge generation created by a 
filter. 

Charge densities are up to several 
Drders of magnitude greater than 
those encountered in pipelines 
without filters. 

gemxators. cannot predict 

For liquids with conductivities 2 
2 pS/m, residence time should be 
30 sec. Below 2 pS/m, use 100 
seum&. 

Consult specialist when filters are 
used. 

Charge generahi in fílter can be 
dissipated by including a metai 
relaxation chamber in pipeline. 
In some cases, pipehe itself is 
long enough. 

For liquids with conductivities 
above 2 pS/m, relaxation time 
houid be. 30 seconds. 

Possibility of incendive discharge 
from surface of buried high 

dismissed. T h  should be 
individually designed. only 
coI1(iuctive non-metallic tanks 
present no additionai hazards. 

resistivity tank camlot be 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #4 
Sect. 9.1.3 

British 
Standards 
Institute 
Ref. ü5 
Sect. 16.1 

British 
Standards 
Institute 
Ref. #5 
Sect. 16.3 

SWiSS 
Chemical 
Industry 
Ref. #8 
3 

British 
Standards 
Institute 
Ref. ü5 
Sect. 16.3 

British 
Standards 
Institute 
Ref. # 
Sect. 16.3 

British 
Standards 
Institute 
Ref. # 
Sect. 5.1, 5.2, 
5.3 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

Yes 

Yes 

No 

No 

YeS 

No 

No 
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I RP2003 
SECIION 

L 

2.20.2 

2.20.3 

2.20.4 

STD.API/PETRO PUBL 2230-ENGL 1774 M 0732290  nb03LiL4 

COMPARISON OF RP 2003 
WITH OTHERSTANDARDS 

WHAT 
RP 2003 
SAYS 

Test sample of aboveground GRP 
tank Showed conductivity loo 
times as great as a typid liquid 
product being handled. 

in tests where fuel was dumped 
into an aboveground inwilated 
plastic rank, metnllic fittings 
showed accumulated potentials of 
up to 11 kV. 

Bond together & ground ali 
extenial meîaiiic objecta 
conîacting ouîside of aboveground 
plastic tank. 

Bond only the metal puts on a 
plastic wnîainer to fill pipe. 

Avoid sheet plastic for lining 
dnims; lab tests show incendiary 
sparks- 

WHAT 
OTHER STANDARDS 

SAY 

No information. 

No idormation. 

Discussea induction charging & 
charge sharing in relation to 

unearthed personnel in vicinity of 
charged high resistivity items. 

unearthed metal equipment & 

Discusses high resistivity 
nonconducting maîerials in detail. 
No genemi resistance vaiue to 
eprthcanbewiggested. safety 
measum should be developed on 
an individual basis. 

Discusses umtainers d e  from 
high resistivity matenalti in detail. 
Depends on where cmîainer is 
being used. 

containers made of 
nonconducting material do not 
need to be specially bonded or 
P a -  

Sheeting made from high 
resistivity materials can become 
charged by various processes, 
causing a possible ignition 
hazard. Discussesuseofsheeting 
in different mes. 

STANDARD 
REF 

British 
Standards 
Institute 
Ref. #4 
Sect. 11.2.6, 
11.3.5 

British 
Standards 
Institute 
Ref. #4 
Sect. 11.3.5, 
14.3.3, 14.3.5 

British 
Standards 
Institute 
Ref. #5 
Sect. 12.1 - 
12.5 

Handbook of 
industriai Loss 
Prevention 
Ref. #9 
30-7 

British 
Standards 
Institute 
Ref. #5 
sect. 25 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

No 

Not addressed 

No 

YeS 

I 

l 

l 

l 
I 
l 
l 
I 
I 
I 
1 
I 
I 
1 
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COMPARISON OF RP 2003 
N" OTHERSTANDARDS 

1 RP2003 
SECTION 

2.20.4 

2.20.5 

i 

WHAT 
RP 2003 

SAYS 

(continued) 

Static ignition of petroleum 
vapors by Wepring cipparel 
Constitutes low hazard. Not 
necessary to ground personnel or 
provide antistatic clothing. 

WHAT 
OTHER STANDARDS 

SAY 

Discusses metai wnîainers with 
mter non-metaliic 
mntings/jackets in relaxation to 
ESD haairds. 

Locations where flammable 

should be. studied carefully to 
determine effect of personnel 
charging. Esîablish individual 
guidelinm. 

if personnel are mifficienîly 
insulated from earth, sparks can 
wise îhat CM ignite flammable 
mixtures or caw electric shocks. 
Diecusses sature of sparks from 

liquids & gases ale handled 

Wclo th ing  & safety 
precautions. 

Earth personnel in contact with 
flammable vapor with MIE up to 
100 mT. Antistatic clothing not 
required in presearce of vapor-air 
mixaire with MIE greater than 
0.2 ml. 

Many flammable liquids & air 
mixtures can be ignited by static 
discharge from a person. 
ñec~mmea.ui use of conductive 
floors & shoes. 

Personnel receiving shocks can 
causeoccidents. Bodycan 
accumulate high levels of static 
charge in low humidity 
conditions, causing a hazard. 
Recommend natural fabrics & 
grounding via shoes. 

STANDARD 
REF 

British 
Standards 
LustitUte 
Ref. #5 
Sect. 18 

NFPA 77 
Ref. ü2 
77-12 to 77-13 

British 
StalldflrdS 
Institute 
Ref. #4 
Sect. 13 

British 
Standards 
Institute 
Ref #5 
Sect. 29.3, 30 

Army Safety 
Manual 
Ref. #ó 
7-2 

National 
Safety Council 
Ref. #7 
1, 3-4 

IS RP 2003 

DATION 
SUPPORTED 

RECOMMEN- 

YeS 

No 

No 

No 

No 

No 

3 
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WHAT 
OTHER STANDARDS 

SAY 

COMPARISON OF RP 2003 
WITH OTHER STANDARDS 

IS RP 2003 
RECOMMEN- 

STANDARD DATION , 

REF SUPPORTED 

WHAT 
Re 2003 
SAYS 

(continued) Groimdpemmet install /,. I N O  1 
coL1<1uctive flaor coverings. Chemicai 

Ref. t 8  
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APPENDIX C 
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AMERICAN PET POLEUM INSTITUTE 
ATTC ETdECTRICITY R F U C H  PROJECT 

This monograph is based on the assumption that the API will sooner or later extend its 
recommendations to all flammable liquids handled in the Petrochemical Industry. The existing MI 

RP2003 was developed for the safe handling of petroleum distillates such as naphtha, gasoline 
and other fuels. The industry is increasing@ involved in the handling of additives (alcohols, 

ethers), solvents and processed products. These products can be quite unlike simple 
hydrocarbons in their ranges ofjlarnmabiliry, ignition energy, and conductivity. In many cases 

the use of antistatic additives is not an option owing to product contamination (although in the case 
of solvents there is frequently the option of blending a nun-conductive solvent with a compatible 

conductive solvent to create a mix thut does not accumulate static). Quality control and other forces 
are increasing the use of microfilters, ofren in conjunction with plartic components and plastic 

linings; as a result simple "relaxation" consderatioas are no longer smcient in all cases to 
detemine the conditions for stm*c accumulation. European practice has introduced the general 

requirements for personnel grounding, and much work has been done in the area of plastic 
hazarh. Words such as "brush discharge", and 'propagating brmh discharge" are in common 

use but are not found in MI RP2003. 

In some parts of this monograph it has been necessary to refer to terms such as "inernon", 
'Lflammable limits" and ''minimum ignition energies". Also, the usual definition of "jlammable 

liquid needs to be made more workable. The first few pages are therefore devoted to these 
considerations. Appendices are provided giving extensive listings of liquid conductivities, 

ignition energies and other properties, derivations and dscussions of subjects summarized in the 
text, plus a cross-referenced literature survey. While the presentation attempts to be general in its 

considerarions for liquid handling, a principal focus is upon the present text of RP 2003. 
Highlights: 

While Figure I in API RP2003 is a good approximation for fuels such as paraffinic 
mixtures with regular ASTM distillation curves it is erroneous for many single component 
hydrocarboas and otherjlammables. A better illustratwn is recommended for these cases 
and Figure I should be accompanied by a use limitarion statement including a caveat about 
mist and foam ignition. The ignition energy of mist below about 30 micron diameter 
converges to that of a vapor. Very fine mist can be produced during splash filling and as 
foam breaks up. 

I t  should be noted that exponential relaxation (above about 2 pSlrn) is not governed solely 
by "rest conductivity'' as measured in the laboratory. The Mecrive conductivity in the field 
is significantly reduced by reduction in temperature vor example from about 100 pSlm at 
25 C to about 30 pSím at -I O C). Further, highly charged liquid muy display a relaxation 
time that is up to one order of magnitude greater than predicted (this effect is usually 
unirnponant unless a microfilter or other source of high charging is present). To address 
the temperature problem, either the nominal "static accumulation" conductivity mi@ be 
raised to IS0 pSlm, or a temperature correction can be d e ,  or the conductivis, measured 
at the remperature of interesr. 
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The velociry-diameter limit developed experimentally for tank nuckfilling only hol& for 
smooth-bore pipes and hoses during overhead filling via a dip pipe. Products between 
036 and 050 m2ls are suggested in the literanue, while higher values may be used for 
compartment lengths greater than 2 m. For bottom connection filling (which can be more 
hazardous and not less hazardous as stated in RP2003) the product should not exceed 036 
&Is and the inlet should befitted with a dejlector to prevent jetting. Composite hoses 
containing an internal grounding spiral should be avoided when loading non-conductive 
flammables because of the excessive static generation apparently caused by the spiral, 
especially in hoses of small diameter. To allow for the limited test conditions under which 
the MI velocity-diameter limit was developed (uniform charge distribun'on, no free water 
etc.), and some fires which have occurred at low product values, it should be stressed that 
a lower v*d product is desirable particularly for bad actors like toluene. An important point 
to make is that for equal values of ved product, the maximum s@efilling rate is 
proportional to filling pipe diameter. Where there is a choice, larger diameter pipes are 
intrinsically sqfer. This is additionally important for rough bore (spiral wound etc) hoses 
where for smaller diameters the blockage ratio and chging should be greater. Rubber 
boors on the end of dip pipes should be conducrive. 

A potential problem with wound composite hoses is that the inner spiral is often not 
attached to the end connectors and in some cases the gap is an eective spark source during 
draining of non-conductive liquidfrom the hose. To avoid this hazard, a semiconductive 
liner may be used. Alternatively, the hose can be designed to provide bonding via the 
inner spiral. To show that the inner spiral is bonded, one design uses an isolated outer 
spiral and other designr (such as an outer spiral bonded to a single, grounded end 
connector to avoid complete isolation) might be specified. 

Section 2.42 in API 2003 states that non-conductive hose can be used provided the end 
connector is bonded. Use of non-conductive hose for non-conductìvejlammables is 
hazarabus since discharges may occur on the swace. At high levels of charging, such as 
downstream of a filter, powerful propagating brush discharges may occur. The meaning 
of the statement made that "continuity is not required in bottom or top loading through tight 
connections" is unclear. 

Hoses (and pipe) coMaining a continuou non-conductive liner may undergo pinhole 
puncture by small propagating brush discharges when charged non-conducting liquid 
accumulates swface charge on the liner. This is most likely to occur downstream of filters. 
The problem has occurred in steeljlaible hose with extruded thermoplastic liner, where 
repeated puncture at a point caused leakage. With composite hose containing a coated 
spiral any pinholes will go to this spiral rather than through the carcass, so since leaks 
should not be caused the phenomenon probably has not been noticed. I t  is unknown 
whether there is an ignition hazard due to these discharges, which would require them to 
occur afser a flammable gas mixture has formed, such as at the end offilling. This type of 
discharge can be avoided using a semiconductive liner (metal or carbon filled polyolefin) or 
any type of hose with internal bare metal swfaces such as an uncoated inner spiral. 

Figure 7 shows what appears to be a close-coupledfilter in drum filling and states that the 
hose can be non-conducting. Both are extremely dangerous for non-conductive 
flammables as is well supported by literature and by accident histories. 

Purging recommendations should refer to NFPA 69 to generalize the coverage. 
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e The 30 second residence time downstream of afilter is not conseTvm+ve for liquidr of very 
low conductivity (less than about 2 pSJm) and should be increased to 100 secoruis. This is 
proved theoretically and is verified by published test work. The reason for this need is that 
filters generate high levels of charge even at low conductivity; even were this not the case 
the charge density dependence of hyperbolic reluxation makes the time taken to relax to 
acceptable levels (20 - 30 pCim3) almost independent of the initial charge density above 
about IO0 pCld.  Temperature e#ects on conductivity should be considered to make 2 
pSlm a meaningful &murcation. Note that the NFPA and BS guidelines calling for "3 
relamion times" residence would require 27 seco& for a typical hydrocarbon at 2 pSlm 
which is close to the "worst case" 30 seconds presently given by MI. However, below 2 
pSlm the 100 seconds criterion should be applied. 

While 50 pSim is a uefuì demarcation for stmk accumulan'on in grounded equipment, it 
does not represent the conductivity level above which a liquid is "conductive". This has 
been drawn at variou levels according to the handling operation involved. I0000 pSim is 
a conservative "ceiling" ievel while IOûO pSlm has been established as a "s@e" 
Conductivity for almost all operations, including those involving stirred slurries and pipes I 
hoses lined with high resistivity material. Other levels Ifor example 200-300 pSlm) have 
been applied to certain military applications such as warplanes. 

Plastic containers and equipment are responsible for many fires and injuries and the present 
coverage is entirely inaaèquate. In the case of FRP anà other plastic abovegrouna' tanks, 
splash filling must not be done. There was a recent FRP tank explosion involving splash 
filling of a conductive liquid; conducrive liquih give rise to s e a c e  sparks rather than 
brushes and only a few kV is needed to ignite vapor. It is important to stress that with 
plastic containers there is no safe liquid conductivity. Sparksfrom conductive l i q ~ ~ &  can 
be produced by splash filling or simply rubbing the outside of the container, which 
induces very high potentials in the liquid. A charged plartic swface can give rise to 
incendive brush discharges or may induce hazardous potenrials on nearby conductors. 
Even plastic tubing and small sample bottles have causedfires. 

I t  is untrue that special measures to ground personnel are not necessary; for example, 
there is some evidence that ungrounded personnel are a direct or indirect came of hose fires 
following tanker filling. In the indusny in general, ungrounded personnel are a frequent 
cause offires when handling flammable liquids and grounding is often recommended in 
codes. It is true that clothing is not usually a problem unless it is removed cawing 
crackling discharges (brush types). The type of clothing can determine the charge on an 
ungrounded person, however. Personnel grounding may be achieved using a variety of 
commercially available devices (conductivelanhtatic shoes, foot grounders, bracelets) and 
commercially available accessories such as conductive paint for floors, LUICI resistance 
testers to ensure the aévices are operating properly. 

To avoid stray currents in wharf lines an insulan'ngjlange (commercially available) should 
be installed. Non-conductive hose should not be recommended. 

RF stray currents in the vicinis, of radar and radio transmitters should be addressed. Shell 
has published a nomograph allowing ignition hazardfield strength thresholds to be found 
for methane and hydrogen with respect to source frequency and the loop perimeter of any 
advem*tious antenna. 
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INTRODUCTION 

This Monograph and Literature Search was written in partial fulfilment of Technical and 
Cost Proposai No. 8906-004, by C. James Dahn of Safety Consulting Engineers Inc., to the 
Americai Petroleum Indusq Committee on Safety and Fire Protection. Primarily it fulfills Phase I 
: Tasks I and N of the Proposal. However, by witing in Monograph format, it was possible to 
largely address aU areas of the Proposal. Safety Consulting Engineers Inc. will separately develop 
the comparisons of RP 2003 with Literature and Standards, which will be presented in tabular 
format for summary use. 

In view of the limited development time available, it has been written primarily as a 
resource document rather than a comprehensive text. It has been necessary to omit any discussion 
of powder handling except where this relates to stirred slunies or powder addition to flammable 
liquids. The document is written in WORD version 4.0 for the Macintosh, making use of CA- 
CRICKET GRAPH version 1.3.2 and MACDRAFT version 2.0 software packages. 

The first section of this monograph deals with a working definition for "flammable" that 
can be applied to all cases, inespective of location or handling temperature. Next, specific 
handling recommendations are developed based on liquid conductivity and equipment used In a 
first appendix, a discussion of the concept of "conductivity" and its practical limitations is made. 
In a second appendix, an extensive listing of conductivities and other dielecmc pmpemes is given. 
A third appendix lists ignition energies and "most sensitive" compositions for ignition. A fourth 
appendix lists Limiting Oxygen Concentrations (LOCs). Subsequent appendices discuss charge 
generation and accumulation processes in liquid handling, and simple mathematical models. Some 
theoretical aspects of charged non-conductive surfaces are discussed. The conclusions are 
summarized in the text. 

By courtesy of MI, extracts of this Monograph were submitted for publication in 
"Plant/ûperations Progress" and the paper is scheduled to appear in the April 1992 issue. A copy 
of the paper is attached. 
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FLAMMABILITY 

Co- . .  
The definitions given in NFPA 321 "Basic Classification of Flammable and Combustible 

Liquids It are: 

Flammable Liquid : A liquid having a flash-point below 100 O F  (37.8 OC) and having a vapor 
pressure not exceeding 40 psia (2068.6 mmHg) at 100 O F  (37.8 OC). Materiais with higher vapor 
pressures are considered to be fiammable gases. 

Combustible Liquid : A liquid having a flash-point at or above 100 O F  (37.8 OC). 

As explained under "Flash-Point" below, it is prudent in general application to consider that a 
liquid handed at a temperature greater than the "closed cup flash-point minus 10 OF' might form 
flammable mixtures under certain conditions. 

The flash-pint is the minimum temperature of a liquid at which sufficient vapor is given 
off to form an ignitible mixture with the air near the surface of the liquid gr within the vessel used 
as determined by appropriate test procedure and apparatus as specified. Further definitions and test 
methods are given in NFPA 321 "Basic Classification of Flammable and Combustible Liquids". 

In this document the closed-cup flash-point will be referred to exclusively. This is because 
the closed-cup simulates the attainment of vapor-liquid equilibrium as is the ideal case in closed 
containers. Closed cup fiash-points are typically at least 10°F lower than for the open-cup, in 
which vapor is continually convected away from the surface. If minor components of low flash- 
point are present in a bulk liquid, these might not show up in an open cup test. However, the 
concentration of these components might be critical to the formation of a flammable atmosphere in 
equipment. Even the closed cup might not adequately represent the gas-space conditions in a 
nearly full, large tank, where minor components or degassing processes might greatly exceed the 
flammable component concentrations attainable in the smaii closed cup apparatus. An example 
would be degassing of dissolved hydrocarbon gases from oils following temperature changes, 
pressure changes or turbulence, especially in a nearly full tank. 

The average pressure at latitude 50 ON and an elevation of 2 km (1.25 miles) is only 11.5 
psia (595 mmHg) as opposed to a standard 14.7 psia (760 mmHg) at sea level. As elevation 
increases, ambient pressure fails and liquids evaporate faster. As a result, a greater fuel fiaction 
is present in the equilibrium vapor and the flash-point faiis. A "rule of thumb" for estimating this 
effect will be given in the 1991 edition of NFPA 325M: 

Flash-point at pressure of interest (OF) = (FIash-point at 760 mmHg pressure) 

minus (0.05 x (760 - ambient pressure, mmHg)) 

By this rule, at high elevations such as Denver and Mexico City (1-2 miles) the effect is small but 
significant (about 8OF at 1.25 miles). Owing to this effect, compounded by local changes in 
atmospheric pressure and reproducibility errors in the original flash-point measurement, it is 
prudent to consider that a liquid handled ;it up to 10°F less than its listed flash-point might flash 
under certain conditions. 
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Working D D  l e  * I l  
. .  

To account for reproducibility and other fìash-point errors, plus to &ow for special 
precautions for liquids handled above ambient temperam, the following definition is suggested: 

Flammable Liquid : "A liquid handled above its flash-point, or within 10°F of its 
flash-point, where flash-point is measured by closed cup" 

With regard to small ignition energy sources such as static electricity, this definition incorporates a 
further margin of safety since the ignition energy at the flash-point composition is very high (of the 
order 1 or 10 Joules). The flash-point is determined using a naked flame. It requires richer 
compositions, and correspondingly higher liquid temperatures, for the vapor to become 
susceptible to ignition by most static discharges. 

This definition best applies to single component liquids. Where blends are involved and 
there is less certainty in the flash-point, a larger safety margin might be necessary. Klinkenberg 
[ 1, p.221 suggested 15 "C below the fiash-point as indicating non-flammability for petroleum 
distillates. Where significant mist formation is possible, no flash point consideration is valid (see 
Appendix C). Liquid foams (froths) may also b u m  below the flash point but the extent of 
combustion will normally be limited to the volume of disrupted foam which "mists" and evaporates 
as any flame propagates through or close to it. 

le Co- 

Non-Flammable Component (vol%) 

O 

FP 
FP 

(gas-DCM) 
(aic-water) 

Figure 1 [84] shows two cases first where a higher boiling non-flammable component 
(water) is added to ethanol and second where a lower boiling non-flammable component 
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(dichlaromethane, DCM) is added to gasoline. In the first case, the flash-point of ethanol is 
increased with the addition of water (the figure neglects the azeotrope at high ethanol 
concentration). In the second case, the flash-point of the gasoline (IBP = llS°C) initially 
decreases as the lower boiling DCM (BP = 40°C) is added, but then begins to increase. Above 20 
vol% DCM no flash-point is exhibited. However, with continued evaporation the mixture wili 
become depleted of DCM and become flammable again. Similar effects are found with initially 
non-flammable mixtures of ethylene oxide and Freon R-12 (dichlorodifluoromethane), where free 
evaporation of the non-flammable liquid mixture will deplete the lighter non-flammable component 
and the residual mix can eventually flash. A further point regarding the gasoline-DCM curve is that 
although mixtures containing more than 20 vol% DCM will not initially flash in the closed cup 
tester, the vapors are in fact flammable given larger sources of ignition. Thus, in listings such as 
NFPA 325M and NFPA 49, flammable limits are often cited for liquids having no flash-point. 
This is a highly confusing state of affairs, but there is great opposition from some quarters for 
changing the classification of such materials (mostly halogenated hydrocarbons) from non- 
flammable to flammable. To summarize, initially non-flammable mixtures may become flammable 
by depletion of more volatile components. This is a case where open cup techniques may be 
usem. Also, some vapors of high ignition energy and large quenching distance may produce 
flammable mixtures in air yet have no flash-point. The latter concern is not relevant to most static 
ignition sources (which are weak) but instead to high energy sources such as flames and welding 
arcs. 

It is necessary to consider OSHA's rule in 1910.106 (a) (18) (b) (Ui) which requires that 
when a combustible liquid (Fp > 100 OF) is heated to within 30 OF of its flash-point it shail be 
handled in accordance with the requirements for the next lower class. For example, Class DIB 
liquids (Fp > 200 F) must be treated as Class IIIA (140 O F  < Fp < 200 OF), Class IIIA must be 
treated as Class II ( 100 O F  < FP c 140 O F )  and Class II must be treated as Class IC (that is, a 
"flammable" liquid by the definition of a flash-point less than 100 OF). From OSHA's perspective, 
all liquids having a flash-point less than 130 OF should be treated as flammable. As noted in the 
previous paragraph, 15 OC (- 30 OF) has been suggested to give a flash-point safety margin for 
distillate mixtures. Whatever safety margin is used, it is necessary to comply with the OSHA 
requirements. The 10 O F  safety margin (which is considered more realistic for single components) 
can be used to indicate where special precautions should be taken. 

UDDe r Flammable Limit TemDerature (Ume r Flash Point) 

It can be hazardous to establish non-flammability based on the upper flammable limit 
(UFL) or the temperature at which this limit is exceeded under equilibrium conditions. This is 
primarily because flammable volumes may exist locally in a vessel due to non-equilibrium, 
temperature gradients and air ingress. For water soluble liquids, it is not always appreciated that 
water addition can render vapor spaces flammable by affecting vapor-liquidequilibrium, a classic 
case being water-ethanol mixtures (HERC Tech Notes Number 3). Above about 42 OC the 
equilibrium vapor above 100% ethanol is above its UFL. However, if water is added the vapor 
space is rendered flammable at much higher temperatures (for instance, at least 60 OC at 80 vol% 
diiution with water). 

Oxygen Concentration 

The limiting oxygen concentration (LOC) is the lowest concentration of oxygen given in 
volume percent at which a fuel at any concentration can propagate a flame under conditions 
specified by test. To render an atmosphere inert the oxygen is reduced to some specified fraction 
of the LOC by adding inert purge gas. The requisite concenmtion of oxygen depends on the fuel 
and the required margin of safety. The requirements are given in detail in " P A  69 (1986 Edition) 
Chapter 2, and a table of LOCs is given in Appendix C of the Standard. Very few data are 
available for oxidants other than oxygen. 
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Safety M W  Appendix A in NFPA 69 requires that where oxygen content in a vessel is 
continuously monitored the concentration should be maintained at no more than 60% of the LOC. 
If it is not continuously monitored the maximum should be 40% of the LOC. By Committee action 
in June 1991, the requisite safety margin was relaxed. in the next edition of NFPA 69 the margin 
will be 2 vol% below the LOC for continuously monitored oxygen (óû% of LOC if the LOC is less 
than 5%) and 60% of LOC where oxygen is not continuously monitored (40% of LOC if the LOC 
is less than 5%). 

Consider a practical situation in which neither continous nor "spot" tests of oxygen 
concentration are carried out. In an extreme case, a nitrogen or other purge gas line might be 
dropped into equipment and left there for an arbitrary time. Neither the flow rate nor flow time has 
been predetermined using N R A  69 provisions, or if it has, it is ignored. Gas in the equipment 
may therefore be well above the LOC and capable of deflagration. This is a particularly hazardous 
situation since the act of "purging" engenders the idea that the gas has been rendered non- 
flammable, when in fact it might not have been. While any reduction in oxygen concentration is 
likely to increase the ignition energy of the vapor mix=, litele or no quantitative information is 
available on the variation of ignition energy above the LOC. 

Inemng procedures should be carefully drawn up and followed. For example, the flow 
rate, flow time, and depth of insertion of a purge gas line to reduce the oxygen concentration to an 
acceptable level (typically a nominal 5 vol%) can be determined by a series of experiments on a 
drum or tankcar. Acceptable minimum flow rates and flow times can then be prescribed for 
identical situations. Such procedures should be subject to scheduled checks using an oxygen 
analyzer plus maintenance to ensure that the purging equipment is operating properly. 

APT Vanor Pressure-Flammabilitv Co rrelation 

Figure 2 (adapted from API RP 2003) was compiled for petroleum-based materials and can 
in form be traced back to Klinkenberg [i, p. 221 who states that it is an approximate correlation for 
hydrocarbon products having a regular ASTM distillation curve. The original Klinkenberg Figure 
lines were more divergent than currently shown by API and the two Figures are not equivalent. 
The two exponential equations shown describe the upper and lower limit lines based on the 
indicated reference points taken from API W O O 3  Figure 1. Figure 2 has obvious uses when 
mixnires of different hydrocarbons are involved and an assessment of flammability at a prescribed 
temperature is required from a single vapor pressure measurement It must be appreciated however 
that Reid Vapor Pressure is lower than mie vapor pressure for multicomponent liquids (average 
factor 1 .O9 for gasoline) and can underestimate minor high-volatile component vapor pressures. 

The generality of Figure 2 can readily be checked. HERC Data Guides, Kuchta [213 and other 
sources of vapor pressure can be used to find the vapor pressures of various liquids at 100 O F ,  

while NFPA 325M or HERC Data Guides can be used to find the flammable limits. If the Figure 
is used for "petroleum products" other than paraffmic fractions the relationship shown is unsafe. 
Several liquids commonly handled in the Petrochemical IndusUy were examined: 

dioxane (VP - 1.54 psi @ 100"F, flash-point = 12"C, upper limit attained @ 57°C) 

Fieure savs liauid will onlv flash between about -13 and 22 OC. Uupe r limit is unsafe. 

butylene oxide (VP - 5.79 psi @ 100"F, flash-point = -15°C upper limit attained @ 21°C) 

Figure savs liquid will onlv flash between about -40 and -8 "C. Upper limit is unsafe. 
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dibutyl ether (VP - 0.31 psi @ 100°F, flash-point = 25*C, upper limit attained @ 65OC) 
. . .  
I O m s  11 'auid will onlv flas h between a- 55 C. UDper 1 mit IS unsafe. 

Even cyclohexane, a hydrocarbon, is in error at the upper limit. Its VP is about 3.47 psi 
at 100 T, and its flash-point and upper limit temperatures are -17 and +15 OC respectively. While 
it is difficult to interpolate the logarithmic axis of the Figure, it suggests a flammable temperature 
range from about -30 to +5 "C. Similar emrs exist for the hydrocarbon ethyl benzene. The vapor 
pressure-temperature-flash-point curves given by Kuchta [21] show differences in the behavior of 
normal paraffuis versus other hydrocarbons. Large errors will always occur in upper limit 
estimates when the liquid has a large flammable range when compared with normal hydrocarbons. 

equilibrium takes time to be established and would never be realized in the vicinity of an open 
manway, for example. Also, as outlined above, the flash-point (approximate equilibrium lower 
limit temperature) is a meaningless concept when applied to a mist (or foam). In view of possible 
application emrs using API Rp 2003 Figure 1, the limitations to its use and cautions about 
equilibrium attainment should be noted. 

In general, the use of an equilibrium upper temperam limit is not conservative, since this 

.. re 2 : -v Corr-on for P e t r o b  P r o m  
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IGNITION SENSITIVITY 

Measures of Ignition Sensitivity 

Two measures of ignition sensitivity are the lowest minimum ignition energy, and the 
temperature at which this equilibrium mixture is fomed in air. At the flash-point, the mixture is 
close to the lower flammable limit (LFL) and the ignition energy is very high, of the order Joules 
(the flash-point tester employs a naked flame). At this limit, static sparks are in general too weak 
to ignite the mixture. The minimum ignition energy varies with gas composition as a skewed 
parabola, reaching the lowest minimum ignition energy &MIE) somewhere in the middle of the 
flammable range then increasing to several Joules at the upper flammable limit (UFL). Depending 
on the liquid, the LMIE of the vapor in air can be about 1 mJ or a small fraction of a millijoule. 
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Figure 3 shows how ignition Characteristics can be superimposed on a vapor composition 
curve to show the ignition-sensitive regions, in this case for benzene. Benzene has a flammable 
range from 1.3 - 8.0 vol%, corresponding to equilibrium temperatures of about -1 1 and +16 "C. 
Its stoichiometric mixture (2.72 vol%) is formed at about - 1 O C ,  and its most sensitive composition 
of 4.7 vol% (corresponding to the LMIE of 0.2 mT> forms at about +7 OC. As will be shown, 
brush discharges have effective energies less than 4 mJ, hence brush discharge-sensitive 
compositions and temperatures can be found from such a graph. While it is mie that vapor 
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equilibrium is slow to be established throughout the vapor space, it is achieved relatively quickly 
close to the surface and is therefore relevant to surface discharges. 

Table 1 shows that the most sensitive ( L E )  composition for many vapors in air occurs 
roughly half-way between the lower and upper flammable limits. This "ruie of thumb" works best 
with simple hydrocarbons (benzene, heptane) and less well with oxygenated compounds (acetone) 
or with compounds that have unusually high upper flammability limits (ethylene oxide, carbon 
disulfide). In many cases the most sensitive composition is 1.5 to 1.75 times the stoichiomemc 
composition ($ = fraction of stoichiometric). This composition is formed at an equilibrium 
temperam significantly above the flash point. Acetone is a poor example, since its most 
sensitive composition is lean and is formed only about 4 OC above the flash point, However, in 
other cases the liquid needs to be well above the flash point before the ignition energy nears its 
minimum value. Thus it can be seen why toluene is so prone to static ignition. Not only is it a 
non-conductive iiquid, but it forms a flammable atmosphere from about 4 - 37 OC and its most 
sensitive composition is formed at about 26 OC, ail well within the range of ambient handling 
conditions. Benzene is most sensitive at 7 OC, although such a value should be used with caution 
to ailow for non-equilibrium vapor compositions by which the most sensitive mixture can be 
present at higher temperatures. Xylene isomers should be most sensitive at about 50 OC and the 
vapors only prone to static ignition at temperatures above the low 30s Celsius. 

le 1. PrQperties of s ~ d  u r  V m  . .  
~~ ~ 

Liquid m a  4 LFL UFL (LFL+rm)n True Optimum 

acetone 1.15 5x106 21 2.6 -18 12.8 7 7.7 -4 4.5 -14 0.9 
acrylonitrile 0.16 7 ~ 1 0 ~  38 3 -5  17 28 10 17 9.0 15 1.70 
benzene' 0.2 ~ x I O - ~  2.3 1.4 -12 8.0 16 4.7 7 4.7 7 1.73 

cyclohexane* 0.22 2 2.0 1.3 -17 7.8 15 4.6 6 3.8 3 1.67 

ethyl acetate 1.42 lx105 6.1 2.5 -4 9 19 5.8 8 5.2 8 1.29 

heptane* 0.24 ~ x I O - ~  2 1.05 -4 6.7 26 3.9 16 3.4 14 1.8 
hexane' 0.24 I x I O - ~  1.90 1.2 -22 7.4 5 4.3 -4 3.8 -8 1.7 
methyl alcohol 0.14 lx105 32.6 7.3 12 36 42 21.6 33 14.7 25 1.20 

toluene' 0.24 I 2.38 1.27 4 7 37 4.1 26 4.1 26 1.8 
xvlenes (mixed) 0.2 o. 1 2.4 -1.0 -29 -7.0 -62 -4.0 -50 d a  nia d a  

cmn (DSlm) I%l ("0 (%I ("0 (%) (Y3 ( %) (Oc) 

carbon disulfide* 0.009 8 ~ 1 0 - ~  2.6 1.0 -30 50 25 25 11 7.8 -16 1.19 

diethyl ether+ 0.19 30 4.6 1.85 -45 36.5 9 19.1 -10 5.1 -28 1.51 

ethylene oxide 0.06 4x106 12.7 3 -18 100 none 52  -5 10.8 -34 1.35 

methyl ethyl ketone 0.53 5x106 18 2 -7 12 22 7 10 5.3 6 1.45 

* liquids so marked usually have a rest conductivity below 50 pS/m (non-conductive); this may vary significantly with 
sample purity and temperature. NOTES: 

LMIE - - Lowest Minimum Ignition Energy (optimum vapor-air mixture) 
d - - JX rest conductivity of liquid 

- - 
LR. - - E, 

vn. - - 
(LFL+UFL)R = 

@ - - Fraction of stoichiometric mixture 

Dielectric constant of liquid 
Lower Rammability Limit (mol%) of vapor in air; ais0 given is the closedcup flash point 
Upper Flammability Limit of vapor in air; also given is the corresponding liquid tcmperaturc 
First approximation of optimum vapor concentration in air plus corresponding liquid 
temperature 

Conductivity is the reciprocal of resistivity. Conversions: 1 pS/m = I x ~ O - ~ ~  0 h - l  m-l = 1 ~ l O - l ~  0 h - l  cm-l. 
Some of the liquids listed have a conductivity exceeding that of pure water ( 4 . 3 ~ 1 0 ~  pS/m). To be "conductive" with 
respect to static accumularion in grounded equipment. a conductivity of more than 50 pS/m is all that is usually needed. 
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An important feature of "most sensitive" compositions is that they correspond closely to the 
mixtures having the fastest burning velocities. Thus, the mixture that is susceptible to ignition by 
the weakest static ignition source is also that which can give the most violent deflagration. 
Flammable mixtures are not always uniform in composition. 

Many accidents in the handling of petroleum products have been attributed to switch 
loading, in which typically a high flash-point liquid such as gas oil or kerosene is loaded into a 
tanker containing low flash point heels of gasoline or naphtha (etc). Both components can be 
considered "non-conductive" and miscible. The frequent occurrence of fues during switch loading 
is attributable only to the existence of a flammable atmosphere in the tank, which would normally 
be either too rich (gasoline loading) or too lean (gas oil loading) to be ignited by static. This 
suggests that static accumulation is commonplace and many fires are prevented by the absence of a 
vapor composition sensitive to small static discharges. The frequent occurrence of toluene tanker 
frres supports this View, since as discussed above toluene usually creates a vapor space mixture 
weil inside its flammable range, as if switch loading were always taking place. 
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GENE RATION O F STATIC IN PIPES AND HOSES 

StreaminP - Cu rrents in PiDes a nd Hoses 

Flowing liquids become charged by a process of preferential ion adsorption at solid 
interfaces followed by convection of the oppositely charged b u k  liquid downsmam. Owing to the 
importance of boundary layer effects, it is both expected and observed that the electrification 
markeúiy increases when the flow changes h m  laminar to turbulent. In the following discussion 
turbulent flow will be assumed. In pipes and hoses the effluent charge densiy is found to reach a 
steady state after a certain length of flow after which the net rate of charge transfer across the wall 
boundary layer is nil. Theoretical and empixical models (Appendix E) have k e n  developed to 
predict the charge density convected downstream. Often the effect is described in terms of a 
“streaming current” (Is) which can be expressed in Coulombs per second (amperes): 

Is = S * A * v  (C. s. -1) 

where S - - charge density (C.m. -3) 
A - - pipe cross-sectional area 
V = liquid flow velocity (m.s.-l) 

Figure 4 
Proposed Schon Equation 
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Appendix E discusses empiricai models for estimating the maximum charge density  an^ stream,ig 
current in terms of pipe diameter and flow velocity. 

ct of W t i D I e  

The charge density is greatiy increased in the presence of a second phase such as solids or 
non-miscible liquid droplets. In the case of water in oil the charging can increase greatly with little 
attendant increase of conductivity. 
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I l ,  Effect of Non-Conductive 

Completely non-conductive hoses such as 100% polypropylene should not be used for 
transfer of non-conductive liquids. The end connectors are not bonded by the hose and may 
become spark sources. When charging levels are high (such as downstream of filters) propagating 
brush discharges can occur causing hose failure and possible fire. The hose surfaces may become 
charged during handling, for which reason alone they should not be used in flammable 
atmospheres. 

12) Effect of Non-Conductive T,iw 

Various types of conductive chemical hoses have non-conductive liners such as 
polyethylene or Teflon. The liners do not affect the action of the outer metai element (spiral, 
sheath or steel carcass) in bonding the end-connectors. However, the liners can accumulate 
charge due to flow of a nonconductive liquid. The charge might be generated in situ by the flow, 
or deposited from an upstream generator such as a fiiter. If charging is uniform, it follows that the 
electric field will be directed radially through the liner and the maximum accumulation will be 
limited by the dielectric strength of the liner plus any geometric factors introduced by the metal 
element (such as a spiral). 

in 1963 Aeroquip reported [51] failures of fuel hoses consisting of extruded Teflon 
reinforced with braided stainless steel. The cause of the failures was electrostatic discharges 
through the liners, appearing as fractures rather than punctures (a network of eroded lines and 
channels was associated with each pinhole). The discharges did not occur within two inches of the 
ends of the hoses nor in hoses less than 18 inches long. It is inferred that the pinholes occurreù 
downstream of filters. Time to failure varied from 4 minutes to 2000 hours. The phenomenon 
was further investigated by the National Bureau of Standards, the Naval Research Laboratory and 
others [5 i]. The intention was to set standards for liner conductivity such that charge accumulation 
leading to pinhole puncture would not occur under the most adverse conditions. 

The pattern of failures suggests that the propagating brush discharges responsible for the 
pinholes do not occur where strong end effects exist but instead require radial field conditions. 
Thus the pinholes were not observed either in short hoses or near the ends of long hoses, where 
the adjacent metal connections wouid introduce an axial field component and (presumably) axial 
discharges in preferences to discharges through the plastic layer. 

The phenomenon was discovered because of leakage from the hoses involved. Whether 
leakage occurs will depend on the type of hose. For example, a steel flexible hose with braid over 
an inner plastic liner can puncture and leak because the discharge must penetrate through the entire 
plastic liner thickness to dissipate to ground. However a composite hose with plastic over a metal 
inner spiral might puncture to the spiral but not leak, since there are many layers of plastic wrap 
unpenemted. Thus, if these discharges are occurring in composite hoses we may not know about 
it and it is not necessarily a problem anyway. 

There is no experimental evidence that non-conductive liners are an ignition hazard, which 
might be expected in view of the fact that they would normally occur when the line is liquid-full. 
For ignition, simultaneity of a discharge and a flammable atmosphere in the hose is required. The 
latter may occur at the end of unloading a liquid such as toluene, where the gas mixture sucked 
into the hose might well be flammable. During loading, a flammable atmosphere may form in the 
hose as it drains and air is pulled in from the tank. However, the discharges are caused by liquid 
flow and are therefore more likely to occur prior to air gemng into the hose. 
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Semiconductive hose liners are available fiom Peraflex, Wiîicox and others. Alternatives 
would be to use a composite hose with no plastic liner on the inner spiral (galvanized or more 
usually stainless steel spirals might be used) or a convoluted flexible steel hose which has metal 
sections inside. Any of these should avoid the pinhole puncture problem; the semiconductive 
liners would conduct the charge away while it is inferred that the steel spiral (or convoluted flexible 
steel sections) would prevent very high surface charge densities by creating lateral surface fields 
and by direct conduction of any mobile surface charge layer. 

which blames discharge from a plastic coating on the inner wire of a Compoflex 0951 hose for 
causing a fire after toluene tanker loading. The available information on this and a similar incident 
which had occurred immediately previously (same report) does not nile out discharge from 
ungrounded operators or from decoupled (ungrounded) hoses. Both incidents occurred after 
disconnection of the hoses and flames exiting the hoses were observed when the hoses were being 
manually handed. The information does not rule out that a bush discharge might have occurred 
from the liners as the hoses were handled by their ends, but the spark discharge scenarios 
probably deserve more attention. One hazard of ungrounded personnel handling an uncoupled 
hose containing flammable vapor is that the hose can charge as it drains and the ends can spark. 
Even if the operator is grounded, unless the gloves are antistatic or conductive this event may still 
occur. Alternatively, charge carried by an ungrounded operator could be the some of a spark. 

Willcox North America Inc has circulated information ("Incident Data Report No. 7") 

al Ro- 

Hoses containing inner spirals may introduce a "roughness factor" which serves to increase 
turbulence and the effluent charge density may be increased significantly [7]. Figure 5 shows how 
the charge density of kerosene was increased in 1.5 inch id chemical hoses (Chemiflex) with 
polypropylene coated inner spirals, compared to a hose with a smooth bore (Coronado). The 
"smooth bore" hose data are enveloped by the least conservative Schon equation predictions, as 
discussed in Appendix E. However, the other hose data [7] are in excess of any published Schon 
equation predictions, even those allowing for pro-static agents. It can be seen that even at very 
low flow velocities, the charge densities are weil in excess of the 20-30 pC/m3 "hazard" levels 
established for tank truck filling and at higher velocities might approach the charge densities 
generated by filters. The effect of the spirals might be emphasized in smail diameter hoses, owing 
to the greater blockage ratio. While such small hoses (less than 3 inch) are relatively uncommon in 
petroleum tanker operations they are not uncommon in the chemical industry, where toluene and 
other non-conductive products may be handled. The most important aspect of this high charging is 
that the hose might be the last component in a loading system and such hoses often go directly into 
the receiving tank with no relaxation volume at ail. 
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J4) Effect o f Unbonded or Broken Inner SDiral 

The following is a brief account of a toluene ñre involving a conductive composite hose: 
The fire occurred as a toluene tank ( 8 5 0  galion aluminum) was bottom-unloaded through a 
composite chemical hose. The tank had been at the loading rack for at least an hour prior to 
unloading, which was carried out at 250 gpm. The fire was observed 5-7 seconds after the 
change in pump sound indicated the tank was empty. There was no explosion, but flame and 
black smoke came out of the tank manway. Fortunately, the mixture in the tank was sufficiently 
rich to aliow the deflagration to be vented from the manway without overpressuring the tank. After 
the incident it was observed that the hose carcass was strongly charged and a spark was in fact 
produced on its outer surface. The charging was caused by the passage of toluene (a static 
accumulator) through the hose. The toluene became charged and static was deposited on the hose 
wails. The static was not drained away to ground. 

The hose was a lightweight plastic type with both inner and outer metal spirals. The inner 
spirai was coated with an insulating plastic. After the accident, it was found that there was no 
continuity between the end connectors. The outer spiral was either broken or failed to make 
contact with at least one end connector. The inner spiral was isolated from both end connectors by 
a substantial gap (about 1 cm). This was inherent in the hose design, in which the inner spirai 
served only to form and strengthen the hose. Also, even had the inner spiral been connected at 
both ends, its plastic coating would have prevented dissipation of charge inside the hose to 
ground. It was subsequentiy found that other hose manufacturers had neglected the hazards of an 
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isolated inner spirai. A major problem is that if the external spirai is intact, resistance tests will not 
show whether an inner spiral is intact or bonded at the ends. 

The probable cause of ignition was a spark from an isolated inner bonding spiral in a highly 
charged hose. While the hose was full of toluene, any sparking across the spark gap(s) to the end 
connectors (or other gaps) was of no significance because of the lack of oxygen (also, the 
presence of liquid toluene would increase the dielectric strength of any spark gap relative to a vapor 
and suppress sparking). When the toluene drained out, sparking would have occurred as soon as 
the liquid toluene was replaced by vapor, owing to the drop in dielectxic strength. Evidently, the 
toluene-air mixture ignited and a flame propagated back to the tank. 

This hazard exists only for flammable, non-conductive liquids duing hose draining, 
when there is a vapor-air mixture formed in the hose. 

Where such a hazard exists, hoses with semiconductive liners might be considered and are 
commercially available using carbon or metal-filled polyolefins. "Semiconductive" hoses made 
entirely of carbon black impregnated rubber are a less desirable option in cold climates since they 
become stiff and may crack. 

Other solutions to the "unbonded inner spiral" problem involve means of checking 
continuity. One hose design uses a deliberately unbonded outer spirai and a bonded inner, 
ensuring that the status of the inner spiral can be checked. Other designs use bonding of both 
spirals, or this plus a semiconductive liner. The author has suggested that in order to both achieve 
end connector bonding and allow simple tests of inner spiral continuity, one might simply 
disconnect one end connection of the outer spiral while bonding the inner at both ends. The 
advantage of this over a completely unbonded outer spirai is that the latter would represent an 
ungrounded conductor. Bonding at one end would remove this possible spark hazard. These 
options are required in manufacture owing to the mechanical importance of the outer spiral and the 
need for careful inner spiral design if this is to be the means of bonding. 

Lack of end connector bonding is more likely to pass unnoticed than inner spiral breakage, 
since the latter should soon cause visible hose collapse. 

Rubbe r Boots o n Fill Pioes 

It was found in (331 that a semiconductive (5 x 108 S2.m.) rubber boot on the end of a dip 
pipe greatly increased charging and was described as "potentially hazardous". Tests with a 
conductive rubber boot (2.3 x 104 S2.m.) showed no significant charge generation. This suggests 
that intermediate and high resistivity boots should not be used for tanker filling. 

~ 

I 

l 
i 
l 
l 
I 
I 
I 
l 
I 
I 
I 
I 
I 
l 
I 

l 

I 
, 

2 3  

                                      
                                         
                                      
                                         



API Velocitv-Diameter Criterion for Tank Truck Filling 

It is shown in Appendix F that for unlined metal container filling there is no significant 
static accumulation for conductive liquids and most semiconductive liquids. It is only necessary to 
iimit the fding rate for non-conductive liquids and some semiconductive liquids which under field 
conditions might have effective conductivities of about 50 pS/m or less. Additional measures are 
required if fdters are present. API RP2003 gives the following criteria for safe tank truck filling: 

ved I 0.5 

where flow velocity ( d s )  
pipe diameter (m) 

- V - 
- d - 

and V < 7 m/s 

The only justification for the limit of 7 m/s is that it is outside of the range of test work conducted 
up to about 1976. In practical terms, loading velocities are normally less than 7 m/s. 

eter Criterion . .  

Research by Shell [8,24, 311 is described in detail in Appendix F. In a series of papers 
it was concluded that: 

(a) For the safe filling of road tankers with tank length 5 2 m, the velocity-diameter product 
should be Iimited to: 

v*d I 0.50 m% for top filling 

ved 5 0.36 m2/s for bottom filling (25% lower than for top filling) 

For longer tanks: 

v*d I 0.50*(L/2)0-5 for top filling 

v*d I 0.36.(L/2)0-5 for bottom filling 

For long compartments such as rail cars without baffle plates, a vd of about 0.6 m2/s was 
acceptable. If the car has baffles, the length is defined by the baffle separation. 
Hazardous discharges were not observed for charge densities below 30 pC/m3 during 
overhead filling via a dip pipe and below 20 pc/m3 during bottom connection fdling. 

(b) Splashing does not itself generate significant amounts of charge, although overhead filling 
pipes should be fully inserted as an additional safeguard to minimize their action as spark 
electrodes. 

(c) Foam was not found to be a source of static discharges either from its surface or when 
conductive objects were buoyed up in it. 

(d) "Sparking" could readily occur to roof projections as well as to a partly inserted pipe. 
There is no need to impose additional limits on loading rates in the early stages of filling 
("slow start"). 
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Residence time downstream of microfilters should be 100 s. 

Precautions should be taken to avoid the presence of free water in the product and the 
severe blockage of wire mesh screens. The effect of h e  water was not examined in [311 
for a truck Niing system and the recommendation was conservatively based on eariier work 
with Iarge tanks such as [i]. The latter point derives from [34] in which over 10oO pUm3 
was produced by a 1 18 wire/cm strainer blocked with rust, and from (311 in which 350 
pUm3 was produced by a 80 &/cm strainer blocked with rust. 

Research by British Petroleum [24] concluded that: 

For fuel with a conductivity greater than 10 pS/m no restrictions on flow rates are required 
except that the flow through a single loading point should never exceed 3500 litedminute. 

For fuel with a conductivity between 5 and 10 pS/m the velocity-diameter product should 
not exceed 0.5 m2/s. 

When the conductivity is less than 5 pS/m the velocity-diameter product should not exceed 
0.36 m*/s. 

A "slow start" is unnecessary provided the fuel is dry. If the fuel has more than 0.5% free 
water the initiai velocity should be limited to 1 m/s until the fding pipe is submerged. 

The hazardous level of conductivity for tank uuck filling is less than 10 pS/m and a survey 
of petroleum products showed that a quarter had conductivities less than this. It was 
suggested that antistatic additives raising the conductivity above 10 pS/m would solve the 
problem. 

The conclusions (b-c) with respect to conductivity are aïficult to put into practice owing to the 
non-constancy of conductivis, (temperature and other effects). I t  was a major objective of the 
Shell work to avoid any conductivity dependence in their ved product limit. The finding that 10 
pSlm is a better "hazard demarcanon than 50 pSlm agrees with a Shell [8] f idng  that sparks 
were not observed above 4 pSlm. The apparent existence of this safety factor in taking action at 50 
pSlm is signiJicant in mitigathg the "flective conductivity" effect (Appendìx A)  in which charged 
liquiak display a much reduced (and unpredictable) conductivity when highly charged. The slow 
start criterion at 05% water is rather higher than that of 0.1 % water recommended by Gibson and 
Lloyd 1341 in a study involving toluene. 

Research by PTB (Physikalisch-Technische Bundesanstalt) of Braunschweig, 
Germany led to a velocity-diameter limitation of 0.38 m% for top loading of tank truck 
compartments [24,32]. This was considered valid provided that the filling pipe extends to the 
bottom of the tank, there is at least a 100 second residence time downstream of any microfilter, 
the product contains no free water or coiloidal material, and the overall filling velocity does not 
exceed 7 4 s .  For lengths between 2.8 rn and 7 m the velocity-diameter limit should be: 

where L - - diagonal of midheight cross sectional are3 of tank (m) 

Differences between these findings and hose of Shell i311 arose principally because of digerem 
assumptions d e  about the muximum charge density arriving from the supply system. 
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A possible oversight in all the above research is that the filling was done 
by pipe. Additional charging by spiral wound chemical hoses with rough bores 
[7] or some types of flexible steel hose might make the recommended velocity- 

company reports that they have replaced composite hoses with aluminum pipe for 
this reason. 

diameter criteria non-conservative in cases where such hoses are used. One 

Tr&-te F W  Pradces in t,& UK . .  . .  
A Petroleum Institute mad tanker discussion meeting in 1979 [24] revealed the following 

current practices for operations in the UK: 

EXXON: 

BP OIL: 

MOBIL: 

TUTAL: 

TEXACO: 

BURMAH: 

SHELL UK: 

400-500 igpm through 4 inch lines (ved = 0.38 - 0.48 m2/s) with the flow 
resmcted to 25% of this for the first 100 imperial gallons. 

500 igpm (ved = 0.48 m%) through 4 inch lines. 

250-300 igpm through 3 inch lines (ved = 0.32 - 0.38 m%) and 650 igpm through 
6 inch lines (ved = 0.41 m*/s), with both slow start and antistatic additives added 
to ail middle distillate products. 

500 igpm through 4 inch lines (ved = 0.48 m2/s) with initial slow start on arms 
used solely for middle distillate products. 

300 igpm through 3 inch lines (ved = 0.38 m2/s) and 450 igpm through 4 inch lines 
(ved = 0.43 m2/s), both with a slow opening valve which allows the first 70 
gallons to be transferred at a flow velocity of 3 feet per second 

500 igpm through 4 inch lines (ved = 0.48 m2/s) with the first 100 gallons loaded at 
100 igpm (v-d = 0.095 m%). 

500 igpm through a 4 inch arm (ved = 0.48 m2/s). A slow start was not used and 
had not been used for 25 years. 

From this it can be seen that somewhat different practices had been evolved by different companies 
both in the maximum value of velocity-diameter and in the need for a slow s t m  By this time all of 
the experimental research on safe tanker filling described above had been published. 

A US company reported (private communication) two recent switch loading fires during 
bottom connection filling. In the first, mineral oil of conductivity about 2 pS/m was loaded into a 
3000 gallon tank truck previously containing toluene. Filling was via a 4" spiral wound chemicd 
hose with slow start of 100 gprn going to a cut-off maximum of 500 gpm. There were no unusuai 
static generators in the filling circuit, and all ground connections had been properly made. At the 
time of the ignition, 11 19 galons had been loaded and the estimated flow rate was about 400 gpm. 
Thus, the velocity-diameter product varied between 0.08 and 0.39 m2/s, with probable value of 
about 0.32 m2/s at the time of the incident. The API velocity-diameter criterion of 0.5 m2/s 
suggests that up to 625 gprn should have been safe for tank truck fdiing using a 4" loading arm. 
Whether this incident was caused by the spiral wound hose or jetting effects, or a combination of 
both, is unknown. It is noted in BS 5958 that bottom connection filling produces higher liquid 
surface potentials than top loading, because the grounded fill pipe is absent. It recommends that 

2 6  

                                      
                                         
                                      
                                         



STD.API/PETRO PUBL 2230-ENGL L77Li H 0732270 Clh03'i52 L L L  II 

fiow rates be reduced to 25% of those for top loading unless there is an equivalent grounded fitiing 
such as a dip tube, standpipe or baffle plate mounted centrally in the tank and reaching from top to 
bottom. The possibility of bottom connection filling is not considered in API RP 2003. 

occurred with a velocity-diameter product of 0.39 mZ/s (v = 2.6 m/s) and a fuel conductivity of 2.5 
pS/m. There was no evidence of free water or strainer blockage. Another incident in Leeds, 
England in 1979 occurred when a road tanker was being Nled with gas oil of 2.8 pS/m 
conductivity at no more than 500 igpm through a 4 inch line (vad -c 0.48 m2/s). This was a switch 
loading incident in which there were no Nters or free water and only 60 mesh strainers present. 

As reported in [24] two top filling tank truck loading incidents in the BP Rhur refinery 

Fire I n v o l v i n g h  F M  P&t Liquid . .  

ICI [24] described the ignition of gas oil mist in the absence of switch loading, when a rail 
tanker was being splash filled at 1200 igpm through a six inch pipe (ved = 0.76 m%). A short 
duration fire occurred when the tank was one-third full. As shown in Appendix C, the ignition 
energy of fine gas-oil mist approaches that of the vapor when the representative droplet diameter is 
less than about 30 microns. In [38] it was observed that fine diesel oil mist (representative 
diameter 7 pm) could be ignited by positive brush discharges at surface potentials above 60 kV. 
Ignition at lower potentials might well be possible for large liquid-to-wall discharges ("go devils") 
on the assumption that these should carry far more charge than brushes. Since this was a gas-oil 
(high flash point) tanker it was apparently not considered necessary to adhere to a velucity-diameter 
resmction. 

Even at high flow rate the incident should have been avoided by bottom connection filling 
via a deflector, which would have greatly reduced the mist concentration. Very dense mist clouds 
are necessary to achieve the lower flammability lunit of about 50 mghiter throughout the vapor 
space, although this is readily exceeded close to the surface of a disrupting foam layer. 

er Fire(s) Involvmp S D b h  -Fillhe Conductive 1 , i a U  . .  

Reference [52] describes a fire during butyl acrylate 0 = 50 C) splash-fdling of a rail car 
containing methyl methacrylate (FP = 13 C) vapor from a previous lading. Pumping rate was 92 
liters/sec through a 10 crn loading spout. Diagrams in [52] suggest that the deflector/thrust 
neutralizer at the bottom of the loading spout extended about two-thirds the way into the tank, and 
that the incident occurred when the tank was filled to about onequarter of its height. The car had 
been flushed of liquid but not gas freed before filling. The tank was not inerted since oxygen is 
needed for acrylate polymerization inhibitor action. A suction vapor hose was in the open dome 
but no ignition source in the vapor line was identified. There was "absolutély no external ignition 
source within a reasonable distance". The paper [52] considered the ignition scenario to comprise 
the formation of a 0.5 m long liquid slug in a charged mist at a separation field gradient of at least 
30 kV/m, followed by static discharge. The paper [52] stated that fields of 40-50 kV/m have been 
observed in this size of tank, referring to [2] for justification. 

This author was unable to fmd justification for the "slug" mechanism in reference [2] or 
other work relating to such small tanks. Normally it is considered that the size of slugs and the 
elecmc fields produced by misting would be too small to yield the requisite stored energy. By 
comparison with conservative analyses made of marine chemical tankers with 3000 m3 tanks, high 
velocity water washing does not produce hazardous "slug" conditions with a variety of chemical 
residues in the tank [53]. Since space potentials increase with tank cross-section and since the 
marine tanker tanks concerned are much larger than railcar tanks, for the "slug" mechanism to 
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have occurred in this case would suggest much larger space charge densities than have been 
observed. 

Reference [54] describes experiments using high velocity sprays of water, acetone, 
toluene, xylene and mixtures which could contain solids. The experiments with singie phases did 
not support the "slug" mechanism in tanks at least the size of r o a d d  transport tanks. 

Paper [52] did not discuss whether the tank was lined or, indeed, whether the tank had 
become lined by an insulating layer of acrylate polymer. While acrylates wili be inhibited to avoid 
hazardous polymerization runaways this might not prevent a slow surface accumulation of polymer 
especially since it is clear in this case that the cars were not completely cleaned after use. For 
highly conductive liquids one safety feature of a dip pipe is to deliver a continuous stream of liquid 
to the bottom of the tank. The conductivity of this stream then provides a ground path for small 
currents and polymer formation on the dip pipe itself is not a great concern. The company 
involved in the incident described in [52] privately reported to the author that in this case the tank 
was unlined and that they did not believe polymer had accumulated. The following mechanism 
might have been considered otherwise: 

For a lined tank containing charged conductive liquid, there are two principal spark 
mechanisms. The fmt occurs as the liquid surface approaches a grounded surface such as the fil1 
pipe, hose end connection or tank projection. The second is a liquid-to-liquid discharge as the 
liquid stream, initially above its break-up length, becomes continuous and forms a ground path. 
The spark in this case occurs between the charged liquid surface and the grounded stream of liquid 
impinging upon it. Initially a spark cannot occur because the stream breaks up into slugs and 
droplets before reaching the surface. 

An order-of-magnitude calculation for tanks with insulating liners (Appendix H) indicates 
that the surface potential is proportional to the ratio of charge in the tank to the wall capacitance. 
Neglecting the tank end wall capacitances, the potential in a half-full tank will be given by: 

tank diameter 
- - charge density 

liner thickness 

- where d - 
- - 

S 
a 

dielecmc constant of liner - - Er 

While an exact calculation could be made, the important pc.x is that liqu, surface potentia 
roughly propomonal to tank diameter, charge density and liner thickness. 

is 

For a 2m diameter tank with 50 mil (1.27 mm) liner having a dielecmc constant = 2, the 
potential in volts is about 36 times the charge density given in pUm3. For incendive sparks, a 
surface potential of a few kV wili be needed to ignite most flammable vapors. These 
approximations indicate that significant charge densities, in combination with relatively thick 
insulating wall layers would be needed to give a hazard. High charge densities might arise from a 
deflector/thrust neutralizer considering in addition that a vapor extraction hose would remove fine 
droplets (which should cary a net charge opposite to that of coarse droplets and bulk liquid 
deposited in the tank). 

There are few data for charge densities generated by conductive liquid spraying. Reference 
[54] used acetone (o = 5 x l@ pS/m) spraying at 50 bar from a 1.8 mm spray nozzle and found 
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250-300 pUm3 in the collected liquid The charge densities were similar to that for water spraying 
from the same nozzle (250-750 pC/m3). While the test conditions do not simulate the loading of 
tanks, these numbers support the general hypothesis that the spraying of conductive liquids into 
lined tanks might create hazardous surface potentials, particularly where rapid shear conditions 
exist at the nozzle (such as might occur in a deflector/thrust neutraiizer). 

For lined tanks it is clearly unadvisable to use filters at the bottom of loading circuits for 
conductive liquids, such as clamping a bag filter to the end of a hose or dip pipe. In this case 
significant surface potentials might arise prior to submersion of the grounded pipe. 

es before 1979 

An analysis of accidents with non-conductive liquids worldwide [24] indicated that prior to 
1973 then  were approximately 10 per annum and that between 1973 and 1976 there were 
approximately 6 per annum. 59% of the accidents were with splash filling, 72% were with switch 
loading and 84% involved one or other of these procedures. 

t of Foam Productipn 

In addition to the avoidance of splash Nling, slow starts have been recommended partly to 
avoid foam production. It has been supposed [2] that foam accumulates charge and furthermore 
can give rise to incendive discharges, and Strawson [31] cites a paper in which foam was believed 
to be a common cause of tank truck explosions owing to the buoying up of loose metal objects 
inadvertantly left in the tank. However, large-scale research by Sheil[31] showed no such 
behavior. Even at high inlet charge densities exceeding 300 pC/m3, no unusually high charge was 
measured in the foam. Further, a large number of filling tests using metal objects (spheres 
ranging from 37-1 15 mm diameter and some rectanguiar plates) guided in various ways through 
the foam to wall-mounted targets gave no incendive discharges. 

Foams of high flash-point liquids can readily be ignited by capacitance sparks. In [6] it 
was reported that diesel oil foam could readily be ignited by 2 mJ sparks and that the foam 
proceeded to burn slowly and erratically according to droplet size and concentration of the mist 
produced. However, brush discharges could not be made to ignite the foam even at liquid 
potentials up to 85 kV, regardless of electrode size and liquid polarity. It was observed that the 
foam was attracted towards the grounded electrude and that the foam tended to disperse the 
discharge over a larger volume. In [38] it was shown that ignition in a brush discharge must occur 
in the region close to the discharging electrode, where the greatest potential drop occurs. This 
region has the greatest power density and is visible as a highly luminous "root". It was observed 
that the root region of positive brush discharges could not be made to coincide with the foam 
surface owing to foam attraction towards the elecmde. The s d  power density of the dispersed 
discharges produced in the presence of foam was insufficient to cause ignition. A major difference 
between brushes and capacitor discharges of equal energy is the low power density of the former. 
In order to ignite foam, it must first be vaporized. It is unproven that brush discharges are 
incendive towards foams of high flash-point liquids. The accidents that have been reported might 
have involved large surface-to-wail discharges similar to those seen during silo fdling or a large 
ambient mist concentration caused by splashing, surging or a copious disrupting foam layer. 

Baffle P lateg 

It is well known that grounded objects positioned above charged liquid surfaces can d n w  
static discharges to themselves and that this is especially hazardous in the middle of large tanks and 
when the object has a radius of curvature of about one-quarter inch to an inch. Baffle plates may 
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have large openings in them, made by punching out the metal. This can leave a rounded edge 
which might perform as an effective electrode. It is prudent to avoid any rounded surface with 
radius of curvature more than about 2.5 mm. However, there is no infomation on this possible 
effect of baffle plates and it is known that "Go Devils", which appear as wail-tesurface 
discharges up to two feet long, may in any case develop at high levels of charging. b 

The inference from any velocity-diameter criterion is that there exists a maximum acceptable 
value of streaming current This follows from equation E.2, viz: 

where x = empirical proportionality constant (C.s.m.4) 

If (v-d)max = 0.5 the implied maximum acceptable streaming current (Im) may be determined 
from (E.2) using various published values of the constant x ,  as shown in Table 2. 

2 (C.s.m.A) Worker TRefl Pipe or Hose Twe k l . a ~  
3.75 x 10-6 Schon [22] : 1-8" pipe 0.94 

Brinon [7] : smooth bore hose 

9.42 x 10-6 Smwson [4] : 4" pipe 2.36 

25 x 10-6 Britton [7] : 2" Pipe 6.25 
(Klinkenberg data) 

87.4 x 1056 Britton i71 : 2" Rough Bore Hose 21.8 

The latter two cases involved exceptional levels of charging produced in the first instance by the 
addition of a pro-static agent and in the second by the use of a spiral-wound hose of small 
diameter. Since the first two values of x are held to cover most cases, it can be seen that a single 
velocity-diameter criterion of 0.5 m2/s will not be 100% safe owing to the possible use of 
composite hoses and the presence of pro-static agents. Based on the incident analysis and the 
findings of BP and PTB, a safer limit for velocity-diameter is 0.36 - 0.38 m2/s for top filling. 

The analysis can be further extended as follows. If it is assumed that the Schon equation 
adequately envelopes streaming currents during the overhead filling cases studied by Shell, one 
can take 0.94 p4  as the maximum acceptable sueaming current (or 2.36 @ if the Smwson value 
for x is used). To allow for the effect of prestatic agents (such as the Nasuleds corrosion 
inhibitor used by Klinkenberg), one would need to modify the v-d product: 

v-d = (Is / X)O-5  - - 0.19 - 0.31 m2/s 
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where Is = 

x - - 

0.94 or 2.36 pA (maximum safe streaming current @lied by Schon OT 
Strawson) 
25 x 10-6 C.s.m.4 (Klinkenberg data from Table 2) 

This suggests that if pmstatic agents are present the recommended v-d product should be reduced 
by 50% (for example from 0.50 to about 0.25 m2/s). 

Similarly, were a 2 inch spiral wound composite hose used (Britton data from Table 2), x would 
be 87.4 pC.s.m.4 and the v-d product would be reduced to the range 0.10 - 0.16 m%. Such low 
values of v-d product (about 0.13 m2/s) would ca l  for low flow rates that might be commercially 
impracticai. 

The existence of a maximum velocity-diameter product for safe tanker ñiiing implies that 
for fut4 rates of filing a small diameter pipe is more hazardous. For some safe safe v d  product 
K: 

Since flow rate f - - v-A (m3s-1) 

where A is the pipe cross sectional area, it follows that: 

f < x-K*d / 4 (m3s-1) 

So whatever value of K one adopts, one can use a proportionally larger flow rate with larger 
diameter pipes and still be safe. Conversely, a small pipe will raise the level of charging and 
furthermore compound the effects of turbulence and additional charging caused by internal spirals 
or other flow blockers in the hose. 

This Standard is based largely on the Shell work [31] and recommends: 

Avoid splash filling. Use bottom loading or use a dip pipe that reaches to the bottom of the 
tank. Where filling is made through an open hatch without an intenial fili pipe, the hose or 
loading arm should be inserted to the bottom of the tank without actually touching i t  

Avoid air or gas entrainment in liquids up to 50 pS/m conductivity where there is sedinient 
or immiscible liquid in the tank bottom. 

(The me of air eliminators is common practice. These contain &ber intenrals and there is 
no available snrdy addressing whether these are static generators and should be pùaced 
some distance upsneam of a tank. Experiments at Southampton University [33] showed 
that rubber boots designed to fit on the end of dip pipes generated significant static) 

For liquids of conductivity up to 50 pS/m the flow velocity should not exceed 1 1 4 s  in the 
presence of a second immiscible phase such as free water. in the absence of a second 
immiscible phase the velocity should not exceed 7 d s .  

l 
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For liquids of conductivity above 5 pS/m the velocity-diameter product fur top filling 
should not exceed 0.5 m2/s. The product is calculated based on the diameter of the smallest 
upstream pipe run except where (i) the run is less than 10 m and (ii), the diameter is not 
less than two-thirds that of the next larger run. If these two conàitions are met the diameter 
of the next larger pipe run can be used 

For liquids of conductivity less than 5 pS/m a velocity-diameter product of 0.5 m2/s is used 
in the UK although a value of 0.38 m2/s has also been accepted. 

Special cases are dowed for tanks or compartments longer than 2 ~ll. If the velocity- 
diameter limit is calculated as above, the calculated flow rate can be increased by a factor of 
d u )  for lengths between 2 - 4.5 m and by a factor of 1.5 for lengths above 4.5 m 
provided that the upper limiting velocity of 7 d s  is not exceeded. 

For bottom loading the flow ram shodd be 25% less than those calculated for top loading 
unless there is a grounded body mounted centrally across the height of the tank (bafíie 
plate, standpipe or dip tube) to compensate for the absence of the top ñiling dip tube. 
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GENERA TION OF S TATIC IN FIJI TERS 

Theory and Experiment 

The theory and experimental findings for charging in various types of filtration device are 
presented in Appendix F. Existing theories are inadequate for quantitative predictions of either 
magnitude or sign of charge density leaving the filter device. Changes in filter material, and very 
small changes in the type and concentration of contaminants in the liquid can greatly change both 
magnitude and polarity of charge. 

charge. Not only the more common Nters (paper, clay, textile) but also filters made of metal 
sinters [47,48] can give high levels of charge. 

The filter material has a significant but unpredictable effect on the magnitude and polarity of 

Experimentally it is shown that a microfilter (nominal pore size less than 50 microns) can 
transiently increase the charge density by up to about 3 orders of magnitude relative to flow in 
smooth pipes. Whereas the charge density in pipe flow is roughly proportional to flow velocity, 
the charge densities produced by Nters can be roughiy independent of flow velocity, and in some 
cases may actuaily decrease with increased velocity [7,43]. The charge density varies enonnously 
with small amounts of ionizable contaminants but little correlation is found between charging and 
conductivity for non-conductive liquids [37,43]. 
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Large Container Filling 

A microfilter should be placed a sufficient distance upstream of a container for transient 
high levels of charge produced by it to relax back to the steady-state "smooth pipe" value as shown 
in Figure 6. If sufficient relaxation time is not provided between the filter and the receiver, very 
high levels of charge can be introduced from the filling line. Eichel [57] describes the following 
observations by Shell Oil Co. made in 1963 during loading of filtered kerosene-type aviation fuel 
onto tank mcks at night: 

"A crackling noise was heard and sparks up to 2 ft. in length were observed inside the tank. 
Fortunately the atmosphere inside the tank compartments was non-explosive. They had previously 
contained gasoline but had been flushed. All equipment was thoroughly grounded." 

Subsequent investigation showed that the appearance and intensity of discharges depended 
on flow rate and therefore had an inverse dependence on relaxation (residence) time downstream of 
the filter. When the filter was bypassed no discharge phenomena were observed. Some of the 
tabulated observations were: 

Observations 
Flow Rate (m m) Relaxation Time (s) - - DS/m O = 0.84 DSlm 

100 63.5 none none 
200 31.7 none none 
300 21.2 none none 
350 18.1 corona none 
400 15.9 sparking none 
450 14.1 severe sparking none 
500 12.7 n/a none 

10.6 n/a corona 

Corona was defined as a pinpoint of bluish light on metal projections above the product 
level inside truck compartments. These points of light could be transferred to the fingertips when 
contacted with the bare hand. Minor sparking was defined as lighming-like flashes under 1 inch in 
length while severe sparking referred to flashes up to 24 inches long; the latter generally 
commenced when the compartment was twethirds filled. As discusssed below, the effect of 
conductivity might have been enhanced by changes in liquid relaxation behavior in the region 
around 1 pS/m. 

Since this was not a definitive study it is not a basis for determining safe filter location. 
The levels of charge encountered might be very much greater using different filters and test liquids. 
It did however define the problem, showed the importance of relaxation time and conductivity, 
and indicated that safe relaxation times must be at least 20 seconds. 

For large tank (such as tank truck) filling, NFPA 77 and API 2003 call for a global 30 
seconds relaxation time whenever a liquid with conductivity below 50 pS/m is involved. The 
figure of 50 pS/m was originally suggested in the 1950s [ 1, p. 1383. BS 5958 suggests 3 time 
constants for liquids with conductivity down to 2 pS/m and a global 100 seconds relaxation time 
for liquids of lower conductivity (this allows for non-exponential relaxation rates at very low 
values of conductivity). In practice, for flow velocities of 1-10 feet/sec, pipes or hoses of 100- 
loo0 feet would be provided for downstream of the filter by the BS 5958 Standard under the very 
low conductivity provisions. Under US Guideline provisions (NFPA and API), hoses of 30-300 
feet would be needed for these flow velocities. A relaxation tank has been suggested to provide the 
required volume downstream of a filter, alternatives are to employ a large diameter pipe or hose 
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plus a low flow rate, use antistatic additives or neutralizing devices, or inert the tank. As shown 
in Figure 6, it is impartant that the final pipe and hose connections at the loading rack be designed 
to mieet v*d limitations, electrical continuity if swivel joints are present, and be internally as 
smooth as practicable. 

Comparison of API and British Standard Provisions 

In view of the variability of conductivity due to purity, temperature and excess charge, the 
provision for three relaxation times in BS 5958 offers no greater precision than API's use of a 
global 30 seconds for liquids of less than 50 pS/m conductivity. However, for conductivities of 
1-2 pS/m of less, where liquids relax hyperbolically, it is shown in Appendix A that about 100 
seconds of relaxation is required to reduce excess charge to acceptable levels, and this is 
recommended in BS 5958. Although charging is often much reduced for liquids of such low 
conductivity, this is compensated for by the fact that the time for charge dissipation to a safe level 
is practically independent of the magnitude of initial charge density. If less charge is generated, 
the presence of a charge density term in the hyperbolic relaxation rate equation means that the 
charge will take longer to dissipate. The research of Shell and iTB also conclude that 100 seconds 
relaxation time is needed for very low conductivity liquids. 

Need for 100 Seconds Relaxation at Low Conductivity 

Experimental data by Bustin 121 also show that a global 30 seconds relaxation time is not 
safe. The tests compared the charge density leaving a microfilter in an 8 inch pipe to that remaining 
30 seconds downstream, using liquid of rest conductivity in the range 0.01 - 2.2 pS/m. The 
following table lists and analyses the experimental results. It can be seen that in several cases the 
charge density remaining after 30 seconds "S30" was greatly above the hazardous threshold (20 - 
30 pUm3). In the final column, it can be seen that the errors in assumption of exponential (EXP) 
relaxation switch from positive to negative at a conductivity around 1 - 2 pS/rn, whereas the 
hyperbolic (HYP) model (assuming Er = 2.0 and p = 1 x 
may have been within experimental measurement errors. 

m2V-is-i) gave agreement which 

er F l o ~  

HYP EXP 
0.0 167 64.6 32.3 50 47.7 97.5 
0.0205 78.2 41.4 53 43.0 97.0 
0.0223 78.0 30.4 39 43.1 96.7 
0.0252 75.5 28.7 38 43.9 96.3 
0.0980 60.9 26.2 43 49.2 86.3 
O. 130 65.3 21.5 33 47.5 82.3 
0.247 253 70.8 28 18.9 69.0 
0.305 188 54.5 29 23.9 63.3 
2.07 332 33.2 10 15.1 4.48 
2.2 1 257 42.1 16.4 18.7 3.68 

Clearly, relaxation time provisions developed for containers the size of tank trucks would 
have severe practical limitations for a drum filling operation, which might involve a range of quite 
different liquids. NFPA 77 recognizes this in recommending that the relaxation time be made as 
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large as practicable (there is far less risk of hazardous static accumulation in containers of drum 
size as opposed to tank trucks, but accidents due to close-coupled filters [6] have occurred). 

For conductive liquids, no Standard or Guideline quires  any relaxation time downstream 
of a filter. These liquids ail have conductivities above loo00 pS/m, excluding them from " P A  
and MI. By the BS 5958 "three relaxation times" provision, Appendix B shows that this 
amounts only to milliseconds of relaxation. Semiconductive liquids can usually be excluded, but 
i€ their nominal conductivities are less than a few hundred pS/m the effect of temperam reduction 
in lowering conductivity (Appendix A) should be considered. This could make it hazardous to 
place a mimfdter too close to a tank entry, but the required relaxation time should not introduce 
practical difficulties. Mounting of filters on the lower ends of dip pipes and hoses should not be 
carried out for some semiconductive liquids. This arrangement would provide no relaxation time 
and might be especially hazardous in lined tanks during the early stages of filling. No data are 
available to assess the actual hazard 
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GENERAT ION OF S TATIC DURING SETTLING AND STI RRTNG 

Enhanced electrification can occur during relative movement of solids or insoluble liquid 
droplets in a non-conductive continuous liquid phase. Examples include stirred slurries, water 
droplets settling in a tank of gasoline and the pumping of non-conductive liquids containing free 
water. Electrification occurs due to shearing of the double layer produced at the surface of the 
discontinuous phase. 

Kiinkenberg (i] considered a dilute dispersion of equally charged solid spheres settling 
according to Stoke's Law in a quiescent liquid with very low conductivity (-1 pS/m). It is 
assumed that each droplet has a thick double layer surrounding it and transports a net charge to the 
bottom of the container, leaving a net countercharge in the buk liquid. As a result a "settling 
potential" appears at the liquid surface. The following derivation is for the electric field in the 
liquid. 

The force acting downwards on a particle (or droplet) is: 

panicle radius (m) - where a - 
i2 - - acceleration due to gravity ( m s 2 )  
Pi  = density of particle (kg / m3) 

density of liquid (kg / m3) 
charge on particle (C) 

E - - electric field (V/m) 

From Stoke's Law the particle temiinai velocity : 

where T - - liquid viscosity (kg / m-s) 

The current density due to "n" failing particles plus a conmbution from conduction: 

where WE = conduction current 

At an electrically steady state, if there is no c m n t  leaving the system: 

O - v*n*Q + CT *E 

If "X" is defmed as the volume fraction occupied by the particles: 

I 

I 
I 
1 
1 
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Rearranging for "E" one obtains: 
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where a = ratio of uncharged particle settling velocity : charged particle settling 
velocity 

a - - 1 + n-@ / (ó-lc-q-a*o) 

For thick double layers (see Appendix E) the charge " Q f  can be related to the zeta potential "Y" 
using the expression for capacitance of a charged sphere: 

The inclusion of the "a" term in the expression for E indicates that the force exerted by the 
electric field on the particles reduces the settling velocity and consequently the final field sirength. 
The factor (2 / 3) may change according to the double layer thickness [i]. For thick layers the 
constant is always (2 / 3), but for thin double layers the value varies from 1 for particles that are 
relatively non-conductive, to (2 / 3) for equal liquid and particle conductivity, to zero for relatively 
conductive particles. In the latter case, water falling through an oil will give zero electric field at 
high values of oil conductivity which will yield thin double layers. The theory should apply to 
settling of a few percent by volume of water in oil, provided that the tank has a large diameter-to 
fill ratio, which provides an approximation to zero current loss h m  the system 

present at a volume fraction of 5%: 
Klinkenberg [i) worked an example for oil pumping in which 100 micron droplets are 

(P 1 

2 
0.025 V 
0.05 
10 m.s-2 
300 kg/m3 
0.0005 kg/m-s (0.5 centipoise) 
1 x 10-12 S/m (i pS/m) 
5 x lO-5 m (50 micron radius) 

Substitution in the equation for "a" (a = 1.016) the elecmc field in the liquid is found to be 
- 90 kV/m, showing that large fields might be possible as small droplets settle. For much larger 
droplets, settling will be so fast that X and therefore E will quickly diminish. For much smaller 
droplets, the factor "u" will increase and E will decrease. In [i] this effect is described as a haze 
which floats in the electric field the constituent particies are producing themselves, and large fields 
are not attained. The settling potential at the surface of the liquid is given by (E-h , where "h" is 
the filling depth. If the tank has a tord height "H', the field in the vapor space is E*h / (H - h)) . 
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: Stirred Slurries 

There is limited information on the hazards involved With stirred slurries. Vos et al. [82] 
discussed a flash fire caused by stirring epoxy resin into xylene of conductivity about 50 pS/m. 
There were no operators near the blender and the conductivity level was too high for charging via 
simple agitation of the liquid It was clear that the rate of charge generation was such as to 
overcome the charge relaxation. Experimental work showed that the charge density increased with 
stirrer speed and that the chemical composition of the solid phase was less important than particle 
size. Both organic and inorganic solids caused high charge densities. 

The preferential adsorption of ions from the liquid causes the particles to become charged 
with surrounding countercharges which can be sheared due to the velocity gradient. The counter- 
ions thus become separated h m  the particle and its elecmc field, explaining the formation of the 
separate charges. 

Increased stirrer speed (or power input) increased charge density rapidly until a maximum 
was attained. There was found to be an optimum panicle size for charge generation, believed due 
to an optimum combination of high surface area and high velocity gradient between the particles 
and the liquid. Thus, large particles (-4 mm) have a low siarface area and also tend to sink to the 
bottom of the vessel, while small particles (< 0.3 mm) have a small settling velocity and tend to 
float through the liquid phase. Particles of intemediate size have a relatively high surface area plus 
a sufficient settling velocity to give surface shear effects; charge densities as high as 450 pWm3 
were measured in the test apparatus. The charge density decreased fairly linearly with increased 
temperature in the range 20-1ûû°C, amounting to about 5% per degree Celsius. 

It was found that addition of polar solvent or antistatic additive initially increased charge 
density despite the elevation of conductivity. To reduce the charge density to 10 pC/m3 it was 
necessary to increase conductivity to 2000 pS/m, such as by adding up to 10 vol% of a polar 
solvent to the xylene. Large scale tests indicated that loo0 pS/m conductivity would reduce the 
charge density to about 10 pC/m3, which was similar or less than that obtained with xylene alone. 
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CHARGE G ENERATION IN .TE TS AND SPRAYS 

During mechanical disruption of liquids such as spraying, a type of charging sometimes 
referred to as "balloelecmc" charging occurs. This is observed with liquids of all conductivities 
including water. 

The maximum charge that can be held by an isolated droplet is limited by the condition that 
repulsive farces due to the charge will eventually balance the surface tension force holding the 
surface together. Above this limit the droplet divests excess charge by deforming, disrupting and 
spxaying off the excess charge. The theoretical limit is given by: 

where Q = charge(C) 
surface tension coefficient ( N d )  
panicle radius (m) 

- - 
- Y 

a - 

Appendix H shows derivations of fields and potentials in grounded containers containing 
homogeneous space charge. These are applicable to containers containing charged mist such as 
created during tank washing. 

. .  d Prolection or Fi- 

van de Weed [55] considered a grounded spherical probe of radius 'Y at the center of a 
sphere of radius "R" containing charged mist of charge density "S", where R >> r. For practical 
purposes, the field at the surface of the probe Er is given approximately by: 

This expression is numerically equal to the maximum space potential without the probe present, 
which occurs at the center of the spherical container. Hence, if an elecmc fieldmeter is lowered 
into a tank containing charged mist, the maximum tank potential that would be exerted in the 
absence of the fieldmeter should be directly related to the measured elecmc field. In practice, an 
adjustment is required to the measured field to allow for the actual geometry. Chubb [56] gives 
this as 11 kV/m per kV, for an approximately cylindrical fieldmeter head 90 mm in diameter. 

Without the probe present the maximum field is exerted at the wail of the spherical container (Ew) 
and is given by: 

Hence the maximum field with the probe present is magnified by a factor: 

The onset of discharges in the container will therefore be dominated by the effect of projections in 
the charged mist. 
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with Water .leb 

The formation of charged mist during tank cleaning has been reviewed by Barreto [831. 
Water molecules are by nature! permanent dipoles. In the bulk material thermal agitation keeps 
these dipoles randomly oriented. However at the air-water interface this effect is reduced and it is 
estimated that about 1 in 30 molecules is selectively oriented with its positive end towards the 
water. Even pure water contains free ions by dissociation, so the positive ends attract negative 
ions to the surface from the water bulk. Since dipoles themselves carry no net charge these 
negative ions foxm a net negative charge layer just beneath the surface, while thermai agitation 
prevents formation of a positive neutralizing layer below this. For pure water it is estimated that 
there is one negative ion for each 104-105 water molecules at the surface in a layer about 8 x 10-9 m 
thick. At the air-water interface there are about 10’9 molecules per square meter. 

During rapid shear processes such as splashing and spraying, very thin filaments and films 
are formed having thicknesses of the same order as the charged surface layer. Fine mist formed 
f’rom such Naments and films thus carry a net negative charge while comer droplets formed fiom 
the bulk liquid carry a positive charge. As the coarse droplets settle out of suspension the mist left 
behind has a negative charge. 

In practice impurities from the water and tank waiis may affect this simple description of 
the charging process. This may involve surface tension changes and changes in the ions present. 
Sea water, for example, usually creates a positively charged mist. 

The charge density found experimentally in the mist created during high pressure water 
washing of tanks is of the order 10-8 to 10-7 a m 3  and does not represent a hazard in most tanks 
including barge tanks. The loss of three supertankers was attributed to sparks produced from 
slugs of water traveling through charged mist contained in enormous center tanks, where space 
potentials could attain 30 kV or more. In smaller tanks such as on barges, such large space 
potentials are not attained unless live steam is introduced during the hot wash cycle. This can 
occur during start-up or poor control of steam injector systems and may be avoided using a hot 
water tank. Other differences in smaller tanks are that the wash nozzle diameter is smaller than 
those used on supertankers, there are few (if any) complex internais from which water can drain, 
and the jet travel distance is smaller. These considerations plus the fact that choppy seas will not 
be throwing up water heels make it unlikely that water slugs of any significant size (or capacitance) 
will form. 

Steaming 

Charging studies were made by Lundquist et ai. with application to airless spray painting 
i491 - 
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ACCU MULATTON O F STATIC 

Definitions of Conduct ive. Antistatic and No n-Conduct ive 

Groundinp Terminations 

Final temination of grounding buses or other systems must comprise a good earth ground 
such as a buried plate, driven rod, or underground metal pipe. Structural steel building frames 
which are effectively grounded, particularly when designed for lighming protection, are suitable. 
Semi-permanent connections of the bus or other temination should result in a ground resistance of 
less than 10 ohms according to BS 5958, or 25 ohms in [46], or other small value much less than 
the 106 ohms needed for simple static dissipation (see below). This is because greater values are 
indicative of poor connections which might fail altogether. As desaibed in [a] underground 
piping equipped with cathodic protection is unsuitable as a termination, owing to the possibility of 
stray currents. Also unsuitable are underground piping systems with non-conductive sections or 
which might be disconnected for repair or alterations. Reference [4q recommends that sprinkler 
piping and electrical conduit also be avoided owing to the presence of joints and connectors, plus 
the likelihood of interruption for maintenance or alterations. Equipment such as water meters in 
piping should be jumped. 

The capacitor "C" in Figure 7 represents a conductor (for example, plant equipment or a 
tanker) being simultaneously charged by a current (for example a streaming current) "Is" and 
discharged by a leakage current 'IL'' flowing through some parallel resistive path to ground. The 
charge "Qt" on the capacitor at any time 'Y is given by the equation for a "leaky capacitor": 

Qt = (c.1s.R~) { 1 - exp (-t / RL*C)) 

The leakage current varies with time according to: 

IL - - Is ( 1 - exp (-t / RL*C)} 

When the capacitor is fully charged it implies that IL = Is. At this time the capacitor is at its 
maximum charge anax and potential @-: 

The maximum stored energy Wma is given by: 

Often the charging process will be limited by a parallel spark gap which will break down at a 
potential less than or equal to bax. 
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L 

With reference to Figure 7, the criterion for semng an acceptable value of RL should 
ensure that even with the assumption of the highest practical vaiue of Is the maximum system 
potential cannot give rise to an incendive spark. There are two basic considerations: 

(1) The maximum current Is observed in liquid transfer systems (such as if a filter is present) 
is of the order lo4 amperes. Currents are typically of the order 10-6 amperes or less. 

Owing to quenching distance considerations there is a minimum potential at which a static 
"capacitance" spark may ignite a gas mixture. Often the iiteram has made reference to the 
"quenching distance" which is based on flame propagation between e l e c d e s  fitted with 
large parallel guard plates around their tips. This has led to the misconception that about 
1500 volts or more is needed for gas ignition; it is quite possible that a spark might 
originate between pointed electrodes, in which case the "flanged electrode quenching 
distance" is not a valid consideration. 

(2) 

As shown in [25], the ignition energy of diethyl ether is only about 2 d (only moderate 
quenching effects) using pointed electrodes at loo0 V potential. While in the same 
reference it is shown that the minimum sparking potential in ambient air is approximately 
300 volts at a spacing of 7.5 microns, low voltage capacitance spark ignition can occur at 
voltages as low as about 10 V depending upon the gas and the capacitance involved, 
provided some form of make or break contact occurs. The largest items of plant equipment 
have a capacitance of about loo00 pF. At this capacitance hydrogen in air has been ignited 
at about 100 V while other gases tested (methanol or methane in air) required more than 
800 V. To cover the cases of low ignition energy and relatively large capacitances, a 
conservative Qmax of 100 V might be used. This can be increased to at least loo0 volts for 
smaller capacitances (less than 150 pF) as shown in Appendix C. 

Even with the conservative criterion of 100 V, a leakage resistance RL of 106 ohm is satisfactory 
for grounding of static elecmcity, since if Qmu = 1s.R~ = 100 volts, this is satisfied at RL = 106 
ohm for a current as high as 10-4 amperes. in the absence of any prolific charge generator such as 
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a fdter, and if only common solvent or hydrocarbon vapors (MIE - 0.2 d) are considered, the 
grounding requirement may be safely relaxed to about i@ ohm. 

capacitance is known and the current Is can be estimated, the resistance can be selected so that the 
maximum stored energy is lower than the ignition energy of the gas or vapor mixture in question: 

An alternative approach may be used to set higher acceptable ground resistances. If the 

where wign = ignition energy of gas or vapor (Joule) 

Static accumulation on non-conductors usually occurs by a streaming current into 
containers, relaxation of charge in pipes or in-situ generation by tribocharging. Other mechanisms 
include deposition by corona or (less important) polarization and dielectric absorption processes. 

Provided the charge generation rate exceeds the rate of charge dissipation, the total 
accumulation is limited by electrical breakd~~rn. This may involve breakdown of the liquid 
involved, the gas phase or the nonconductor itself. A special case involves a conductive surface 
coated with a non-conductor, such as a charged sheet of plastic in contact with a sheet of metal. in  
this case, the electric field has almost no air component for thin plastic layers and the field is 
exerted through the plastic to the metal substrate. As the plastic is made thicker, the air component 
of the field becomes significant. At moderate thicknesses, brush discharges can be produced 
above the charged plastic by introducing an electrode. However, for thin layers, no brush 
discharges are produced, instead, very high charge densities can be supported by the plastic, 
limited only by its breakdown strength (typically about 400 voltshil). if the system is perturbed, 
such as by striking the plastic surface or introducing an electrode above it, massive electncal 
breakdown in the form of a "propagating brush" discharge can be produced. These cases are 
discussed in Appendices G and H. 

Rubber Tvres : CharPinP and R e s i m c e  to Ground 

Bulgin [68] showed that the electrostatic charge caused by separation of the non-conductive 
tyre treads from the pavement can raise a tank truck potential up to 100 kV, depending on road 
surface roughness, vehicle speed and y e  tread resistance. This typically occurs on dry roads 
when the ty-re treads have a resistivity of 108 - 1011 R-m. When the road surface is a good 
insulator, for example, asphalt in dry weather, both the tank truck and the road surface can retain 
high potentials for significant periods after the truck has stopped. It was shown that lowering the 
tye resistance from the typical lo9 - loi2 i2 to below 109 i2 avoids the hazard of high truck 
potentials. "Non-static" tyres were shown both to decrease the peak potential on the truck and 
increase the rate of charge dissipation once the truck came to rest. 

Mancini [70] gave ground resistances for a small van with four tread 4 polyester, 2 nylon 
ply tyres (sidewall 6 polyester plies) showing the effect of ground surface. Either resistance to an 
aluminum plate or to a nearby fire water line was measured at a source potential of 50 V. The 
weather was clear and dry (73 F, 41% RH) with no rain for four days. Results were: 
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aluminum plate (one tyre) 
concrete 

grass 
clay/gravel - hard packed 

asphalt 

4 x  le 
5 x 108 
2 x 1010 
4 x  107 
3 x 108 

The results showed that with the tyre used all the ground resistances would be less than i@ ohms 
except on dry asphalt. The decay time constant h m  an initiai 300 V on the van was much less 
than 1 second except in the case of c i q  asphalt (several seconds). For a tank mck with typically 
about a dozen tyres Mancini concluded that the resistance would be about one-third of those 
measured and that grounding of the auck was primarily dependent on ground surface except where 
independent bonding/grounding is c h e d  out 

. .  iteria for CharFe -Hazards on Non-Co- 

High resistivity materials such as thermoplastics usually have volume resistivities in the 
range 1015-1018 ohm-m but their surface resistivities may be much lower owing to contamination 
by water, dirt or topical antistatic agents. Normally, charge wili bleed off the surface of non- 
conductors faster than through the bulk and common tests for “antistatic” plastics involve surface 
resistivity or relaxation time measurement. 

Test methods are given in NFPA 99 and MIL-SPEC B-81705B. 

Paint 
In [49] a variety of solvent-based paints were applied as thin layers on metais and the 

thicknesses, resistances and resistivities measured before and after drying. For wet paint the 
resistivities were of the order 104 - 107 $2-m and the layers could be considered conductive. For 
dry paint the resistivities were found to be in the range loi4 - 1015 R-m; the resistances for layers 
less than 1 mm thick were in the range 1011 - loi4 ohm. All of the dried paints were non- 
conductive and couid hinder proper grounding of metais. Under certain conditions, high 
resistivity paint coatings might accumuiate hazardous levels of surface charge. 

Liauid Phase C harpe Accumulation in Tanks 

For liquid flowing into a conductive tank the charge “QC and charge density “ S ï  remaining 
at any time is given approximately by the “leaky capacitor” equation: 

Qt = I~*RL*C { 1 - exp. (-t / RLC)} 

since 7 - - RL*C = W E I  / (3 (relaxation time constant) 

where IS - - streaming current to tank (amperes) 

1 
l 
l 
l 
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Complications are that in practice V is not constant as a tank is being filled, and if the tank is filled, 
some of the charge will flow out as it is displaced by incoming flow. However, the approximate 
relation holds fairly weli for partly filled tanks provided the contents are weli stirred. The 
streaming current to the tank Is can be expressed in terms of flow rate f (m%) and incoming 
charge density So: 

For a typical hydrocarbon with Er = 2, substitution can be made for the relaxation time constant T - 
18 / o where o is given in pS/m. For a large tank in which the filling time t is much longer than z, 
the expression reduces to: 

st - - S,*f*T/V - 1 8*S0*f / (V.o) 

These equations show that for conductive liquids the charge accumulation is negligible. If we set 
the inlet charge density So at the very high value of 5000 pC/m3 and ailow a tank to be Nleú in the 
very short time of one minute (V / f = 60 s), we have: 

From Appendix B, conductive liquids have z values less than 10-3 seconds, giving negligible 
charge densities during filling. Semiconductive liquids have z values ranging from about 0.4 
seconds down to about 10-3 seconds, and only barely represent a hazard at the highest value of T. 
For grounded, unlined tanks only non-conductive liquids with conductivities less than about 50 
pS/m will nomially accumulate hazardous charge densities. 

Use of Antistatic Additives 

A project begun in the 1950s [I] set out to develop additives that at concentrations of the 
order 10 ppm would increase the conductivity of hydrocarbons to several hundred pS/m. The need 
for effectiveness at low concentration is due to quality impairment and cost. The workers found, 
importantly, that synergistic effects occurred when combinations of electrolytes were used, much 
greater increases in conductivity could be obtained for mixtures than for the single component 
additives. A more or less empirical search for an optimum additive blend resulted in several 
conclusions [i]: 

O One component must be a divalent or polyvalent metal sait Substituted salicylic salts 
compared favorably with other acid salts. 

O The other component must be an electrolyte which by itself imparts a conductivity of at 
least 104 pS/m to benzene as a 0.1% solution. It may also be a metal salt but should not 
have the same cation as the first component. Numerous candidates included salts of 
sulphonic acids. 

The interaction of the components should be such as to produce a low charging effect. O 
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Shell's additive ASA-3 is a dark, viscous mixture of equal parts of chromium diaikyl salicylate, 
calcium didecyl sulfo-succinate, and a c+polymer of lauryl methacrylate and methyl vinyl 
pyridine, supplied at 50% solids in a hydrocarbon. Competitive additives include Mobil's Stadis- 
3. 

Bustin [2] reviews the following problems experienced particularly in aircraft fueling 
systems: 

O Depletion of additive in pipelines or (especially) in filters and ñiter-coalescers. This 
problem was offset by the good US accident record for Jet A which made the use of 
antistatic additives rare, and abroad by the low use frequency of clay filters. 

Effect of surfactant pmpemes of additives on efficiency of water coaiescers. This has been 
offset by new coalescer design. 

Potential for overdosing of additive and its effect on aimaft capacitance-type fuel gauges 
that are sensitive to fuel conductivity. This can be offset by making spot conductivity 
measurements in the field 

O 

O 

O Potential for underdosing to less than about 10 pS/m with attendant pro-static agent effects 
rather than anti-static effects which occur at higher conductivity owing to the dominance of 
charge relaxation. Again this can be offset by measurements of conductivity in the field. 

I 

1 
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STATIC D ISCHARGES 

Most static sparks occur between conductors and are simple capacitance discharges 
(negligible inductive elements) with stored energy "W" given by: 

where w =  spark energy (Joule) 

Q = potential difference across capacitor (Volt) 
Q = charge held by capacitor (Coulomb) 

C - - capacitance of system (Farad) 

The capacitor can be any ungrounded conductor including a person, tank car or wrench. For 
equal stored energies, sparks are the most efficient static discharges in terms of incendivity. 
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on Voltage D-es with Decreased Electrode 
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As shown in Appendix C the spark MIE of gases is decreased with decreased storage capacitance 
and electrode diameter. Figure 8 shows the effect with hydrogen in air. Figure 9 shows that the 
minimum voltage for ignition is decreased with decreased e l e d e  diameter and also with 
increased capacitance. In fact, hydrogen in air can be ignited at about 100 V when capacitance is 
increased to loo00 pF (see "Grounding Criteria"). This information is important when designing 
tests or when applying data. For example, although hydrogen has a LMIE of 0.016 d, most 
charged components will not have as low a capacitance as 6.1 pF. A person wouid have a typical 
capacitance of about 146 pF. Also, pointed discharge electrodes will not usually occur. Hence, 
L M E  data are conservative in most cases even given an optimized gas mixture. 

ce of Ob- 

The capacitance of objects can sometimes be estimated if the geometry is simple, although 
this will vary with proximity to other objects which can cause stray capacitance and increase the 
overall value. 
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Use of Stored F u v  to E- Probability .. 
C o r o n a d  B r u  Discharges 

. .  

The propagating brush discharge is the most energetic type of static discharge encountered 
in process operations and can ignite most flammable materials including powders. Energies of 
several Joules may be released. The phenomenon is due to the charging of a non-conductive layer 
(such as plastic) on a conductive substrate (usuaily metai); the electric field is directed through the 
dielecmc and produces a charged double layer (capacitor). The external elecmc field is therefore 
very small and air ionization (dowing discharge of the surface) does not take place. Provided the 
dielecmc resistivity is high enough to ailow continued charge accumulation, dielectric breakdown 
(puncture) to the conductive substrate wiii eventually occur. if certain aiteria are met, the radiai 
surface field surrounding the puncture point will be sufficient to ailow flashover via stepped 
discharge which discharges al i  the surface within the flashover distance. The stepped discharge 
process (analogous to lightning stepped leaders) allows flashover at relatively low potentials of a 
few kilovolts. The phenomenon has been termed "propagating brush discharge" in Europe. It is 
the stepped discharge process that allows "propagation" of the discharge. 

backing. if charge accumulation is sufficiently high on one side, the other side can develop a 
countercharge either via ionization processes or by conduction if this side is semiconductive. The 
former may occur due to corona discharge from any grounded metal point in the vicinity while the 
latter can be due to moisture or other contamination that raises the surface conductivity. 

Thus, the discharge may develop on an isolated plastic pipe accumulating charge internally 
by powder flow or by being placed downstream of a liquid microfilter. The outer surface will 
accumulate a countercharge and under the right conditions the pipe wall may puncture and give 
massive discharge. If the countercharge is not present, large fields can develop around such pipe 
and personnel may encounter mild to unpleasant shocks. Also, the small discharges responsible 
in building up the countercharge via ionization may be ignition hazards. if a propagating brush 
discharge occurs the energy released (tens of Joules) represents a severe to dangerous shock 
hazard in addition to ignition hazards both inside and around the pipe. 10 J is a recognized lethal 
threshold dependant on conditions (resistance to ground, body path etc) involved. 

This discharge type can also occur on a charged non-conductor in the absence of a metai 

ctive Energy (lo- f t  

The "ignition energy" of various materiais is generaily measured using a spark discharge 
from a capacitor. The stored energy (W = 0.5 C p) is easy to calculate from the capacitance (C) 
and voltage across the capacitor prior to discharge (V). The spark approximates to a point source 
of ignition, since the energy is dissipated rapidly in a smail cylindrical volume. It is extremely 
difficult to measure the energy of spatially extensive discharges such as brushes. Even were this 
done, the total energy is a poor measure of igniting power relative to sparks. Brush discharge 
energy is dissipated non-unifody in a divergent elecmc field, with a hot spot at the metai 
electrode end. Much of the energy is dissipated wastefully (with respect to ignition) in the "brush" 
end of the discharge, so brushes are always less efficient than sparks of equal energy. 

To circumvent this difficulty, the concept of "effective energy" has been used to assess 
either maximum energy or ignition probability for non-spark discharges of various types. Briefly, 
a gas mixture is made up which has known ignition energy as determined by spark. Then, the 
mixture is exposed to a series of non-spark discharges. From a count of the relative frequency of 
discharges producing ignition, ignition probabilities can be established against variables such as 
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arca of dielectric surface, metal electrode curvature, polarity and gap. From these, it is possible 
to establish ignition probabilities for a variety of cases and then to establish safety critena 

There is a probability involved in determining whether static accumulation will cause 
ignition of a flammable atmosphere. This is true even of spark ignition where the stored energy 
and geometry can be kept practically constant. in the case of complex discharges such as brushes, 
there is a wide range of possible power densities. Using the effective energy approach, one can 
detexmine ignition probabilities experimentally for particular cases where meral-meral sparks are not 
involved and the energy cannot be calculated. Examples are plastic rubes or bottles that may be 
rubbed and give rise to brush discharges, brush discharges from oil surfaces, and discharges 
from charged people. Gibson 131 discusses the case of charged plastic and argues that "worst 
case" laboratory conditions of gas composition and humidity (etc) allow a safety criterion to be 
drawn at a probability of 0.001 rather than O.OOO1 as used for rigid risk quantification. Tests made 
at ignition probabilities of 0.01 and greater may be extrapolated to the 0.001P level. This approach 
was made for determining the maximum acceptable surface area of charged polyethylene sheet in 
the presence of gas mixtures of àifferent spark ignition energies. To ensure that the ignition 
probability did not exceed 0.001 (1 in lO00) the areas could not exceed 10 cm* for 0.2 mJ (typical 
hydrocarbon) and 4 cm2 for 0.04 mJ (coal gas). A similar approach was taken for polyethylene 
tubes, which showed that tubes having diameters more than 0.8 cm readily ignited m i x m s  with 
ignition energy of 0.2 d but a 0.5 cm diameter was intxinsicaily safe at 0.001P for gas mixtures 
of ignition energy up to 0.17 mJ. These experiments clearly showed the hazards of even small 
arcas of charged plastic in flammable atmospheres. 
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STRAY CURRENT ARCS 

Until the mid 1970s little work was done outside of military studies in relation to weapons 
systems. Exceli (79) gave a technical and historical background showing that close to high power 
radio or radar transmitters there is a real possibility that sparks can be produced at discontinuities in 
metal structures. In these cases the metai structures act as adventitious antennas. Examples 
include metal cranes (spark gap from hook to load) and bonded fuelling hoses which might 
constitute loop antennas during make / break contact. Richards and Rosenfeld of Shell [78] gave a 
more recent review of the problem in relation to gas ignition, electro-explosive devices, personnel 
burns and computer / process control systems. 

Historical examples include [78] personnel injuries (burns) in Honolulu Container Terminal 
and measurement of up to 1 kV relative to the ground on large jib cranes in Hamburg docks, this 
l a m  case being due to a 300 kW broadcast transmitter some 7 km away. An undocumented 
incident referred to in 1781 involved a road tanker explosion at a US gas station caused by a radio 
transmission h m  a police officer repomng in. 

Below 30 MHz loop structures such as cranes, tanker loading loops and loops formed by columns 
and pipes are most effective. In [78] it is shown how to calculate the inner perimeter "P' for 
typical loop antennas. The efficiency of such antennas varies with the ratio of perimeter to 
wavelength. 

n o d  ignition criterion for clean metal surfaces of a minimum voltage drop of about 300 V does 
not apply. The power thresholds for ignition vary with the impedance of the structure. To assess 
the hazard RF field strength analysis is recommended in conjunction with worst-case antenna 
assumptions [78]. Comparison is then made with a nomograph showing field thresholds at 
different frequencies for different gas ignition sensitivities (methane or hydrogen) and antenna 
inner perimeters. Vulnerable distances of 20 km or more might apply especially for vemcally 
polarized 1-2 MHz signals, assuming an output power of 150 kW feeding an antenna with gain of 
7. Remedial actions short of relocation include RF screens, reduction of transmitter power or 
smcnual redesign. 

The effectiveness of an antenna depends on its size and shape plus the radio frequency. 

Curiously, rusty surfaces increase the incendivity of sparks created in this way, and the 

An assessment of typical offshore platform hazards in relation to electro-explosive devices 
[78] indicated that MF and HF radios may present a hazard, individual VHF radios may present a 
hazard only if several are operating on similar frequencies, UHF (450 MHz) radios present no 
hazard and nor do line-of-sight or tropospheric scatter installations. Further information relating to 
onshore use of electric blasting caps is given in [75]. It has been suggested [78] that handportable 
radios be banned from computer suites and control rooms, since external protection is totally 
defeated by their close proximity to the systems. 

h Vol- Transmission Lines . .  

Objects close to ground level with overhead UHV transmission lines are situated in an 
elecmc field which may be of the order 5 kV/m. Isolated objects or people might give rise to 
sparks when shorted out. The maximum energy released can be effectively related for an 
alternating field by the object's capacitance to ground and its open circuit voltage. A practical 
analysis of short-circuit current was made using an object's individual Norton equivalent network 
characteristics [77]. Examples were given of a well insulated fence (dry fence posts) and an 
automobile. Practical measurements supported the analytical method used. While the analysis 
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used was directed at personnel shock thresholds, the same principles could be used for gas 
ignition hazards. 

Elecmcal potentials may exist between vessels and mooring structllfes due partucuiarly to 
electrical or chemical cathodic protection. Significant currents can be generated when contact is 
made electrically and this might represent an ignition hazard. Jet Propulsion Labs [76] made a 
literature review and practical study of this problem for the US Coast Guard in relation to tanker / 
terminal operations. It was shown that significant stray currents could be produced when opening 
the loading circuit, in one case even with two bonding cables and a connected loading arm present. 
In April 1982 the Coast Guard terminated the project for lack of funds (Federal Register 47, 
No.73, 16242). To avoid sparking or arcing in loading circuits, insulating flanges (Willcox and 
others) are commercially available to prevent short-circuits. Insulating hoses are hazardous in this 
application due to possible discharges from charged non-conductive liquid flow or external 
mbocharging. I d d y  the flange should be semi-conductive to avoid external discharges due to 
rubbing, but it is highly improbable that a non-conductive flange would represent any significant 
hazard. 
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HANDLING RECOMMENDATIONS 

Ali metal containers for flammable liquids should normally be bonded and grounded so that 
their resistance to ground is less than 10 R. In practice, up to 1 Msz resistance will drain static 
perfectly adequately, but such a high resistance would normaily mean there is a loose or c o d e d  
connection that could suddenly fail altogether. The ground reference should be a water pipe or 
other metallic point suitable for n o d  electrical grounding. Normally the ground connection 
should be an uninsulated braided copper îype so that breaks are immediately obvious. In corrosive 
environments insulated cable might need to be used, in which case routine resistance checks 
should be made. In critical applications where connections are frequently made and broken, such 
as drum fdling, a ground indicator (such as Crouse-Hinds EGL or Russellstoli GSU) or other 
warning device might be considered. Such devices might introduce a ground resistance up to 
about 1 kQ, but this is perfectly acceptable. Proper grounding clamps (screw types with hardened 
points) should be used, their size and type depending on the application. 

points, whenever there is the chance that a flammable atmosphere might be present For example, 
in a h m  filling operation involving several different liquids in one area, a flammable atmosphere 
might result from a previous or adjacent operation. High flash-point liquids such as mineral oils or 
home-heat kerosene can accumulate static and generate sparks from ungrounded containers. 

Metal containers should be grounded even when filling liquids at well below their flash- 

Stirred Slurries 

As shown by Vos et ai. [SZ] hazardous charge densities may be produced in stirred slurries 
involving either organic or inorganic solid phases. For example, a flash fire was caused by 
stirring an epoxy resin into xylene of conductivity 50 pS/m. To limit the charge density to safe 
levels of around 10 pC/m3, it was necessary to increase the conductivity to about loo0 pS/m. 
This could be effected using of the order 10 vol% of polar solvent or small amounts or antistatic 
additive. BS 5958 cites [82] in suggesting a minimum conductivity of loo0 pS/m or a 
combination of elevated conductivity and reduced power input from the stirrer. The phenomenon 
is complex, depending on power input, particle size, conductivity, particle loading and the 
installation plus materials concerned. For non-inerted operations investigation using a field meter 
might be justified if the conductivity cannot be increased above loo0 pS/m. 

Small Metal Containers 

Some authorities [58] allow the omission of grounding of small  containers below a certain 
volume, depending on the static hazard of the liquid loaded. The demarcation volumes are based 
on the container capacitances and the largest stored energies given reasonable assumptions about 
the maximum charge density in the loaded liquid. Also, it is tacitly accepted that the volume of the 
container detemiines to some extent the risk of the operation by limiting the volume of flammable 
liquid involved. Table 4 given in [SS,  p. 81 has some inconsistencies, but basically states that for 
containers up to 5 liters grounding is not required except for carbon disulfide, which is a non- 
conductive liquid of exceptionally smal l  LMIE. It neglects other liquids of exceptionally low LMIE 
such as trichlorosilane. Containers for alcohol (methanol and ethanol) do not need grounding up to 
10 liters. It is significant that methanol should be singled out, because although it is conductive it 
has a relatively low LMIE. The exceptions for alcohols might possibly be based on experimental 
test results, although [58] does not give any explanations for its recommendations. 
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Aerosol Cans 

Concerns have been expressed about the use of aerosol cans in flammable atmospheres and 
the possible ignition source that would exist h m  an ungrounded can, particularly if the can were 
dropped and puncture& The flammable atmosphere might result from the propellant used. A 
study [7 i] found that liquid products developed only 100 volts or less on the isolated cans when 
suddenly punctured while if the can contained a powder it could charge up to 24 kV with a charge 
of 5 x 10-6 C, corresponding to a stored energy of 60 mJ on the can. Gas ignitions were obtained 
only with mixes of powder plus propellant or powder plus liquid plus propellant. It was found 
possible to use water or other antistatic agent in the formulation to deal with the problem. 

For conductive liquids no special precautions apart h m  standard bonding and grounding 
are required It should be determined that the tank cannot become lined by non-conductive 
polymer or cooled/crystaliized solids. Were thick layers to form, large potentials might build up in 
the liquid during splash fuling, including partial insemon of the drop tube or hose. 

temperature) might have a conductivity below 50 pS/m, microfilters should be placed 30 seconds 
residence time upsmam. Where a close-coupled filter is required in semiconductive liquid service, 
such as on a filiing lance, it should be determined that at least three relaxation times contacting 
grounded meml are available between filter and tank. This precludes the location of a filter at the 
bottom end of a filling tube or hose. If non-conductive liquids are loaded and it cannot be assured 
that the conductivity wili never be less than 2 pS/m the microñiter should be placed 100 seconds 
upstream. 

For liquids of nominal conductivity below 150 pS/m, which under field conditions (low 

The maximum flow velocity-diameter product for nonconductive liquids top filled through 
smooth bore pipes and hoses should not exceed 0.50 m2/s and in no case should the flow velocity 
exceed 7 d s .  Smooth bore pipes and hoses should be used in preference to hoses containing an 
inner spirai or equivalent turbulence generator (rough bore), which can greatly increase charging. 
For bottom f f ing  the velocity-diameter product should not exceed 0.36 m*/s. Operation at lower 
product values is desirable. 

Splash filling of non-conductive liquids should be avoided even for liquids of high flash 
point since they may generate a flammable mist. 

Slow start filling is beneficial for avoiding discharges to the filling pipe (or hose) and in 
reducing mist formation in combustible liquid service. It is required when the product contains 
more than O. 1% free water and should limit the flow velocity to 1 m/s until the fdl pipe is 
submerged. 

These procedures are required for flammables (including cases where switch loading might 
occur) and for combustibles loaded in such a way that significant amounts of flammabie mist (or 
foam, a mist precursor) may form. 

Floating Roof Tanks 

Two types of floating roof tanks are conventional "open-top" tanks and "hard hat" tanks. 
The latter have external weather roofs over the floating roofs which, together with the shell, form 
a Fmday Cage over the floating roof. The hard hat tanks therefore should offer additional 
protection against ignition by lightning and by personnel [8 11. However, questions have been 
raised about whether vapors might be trapped between the floating roof and the weather roof. 
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Tests with gasoline [8 11 showed that this might occur particularly during fding of an empty tank 
and prior to floating of the roof, but that once the roof is floating the vapor concentration 
diminishes rapidly to a negligible level. The bond between the floating roof and shell must be 
entirely dependable and the need for inspection must be incorporated in the design. Personnel 
should not be permitted on the floating roof except for inspection and maintenance following 
adequate preparation and supervision. When receiving into an empty tank, hand line gauges or 
samples should not be taken for 12-18 hours (depending on wind conditions) after the roof has 
begun to float [ 8 11. 

For floating roof tanks in general, liquids with conductivities less than 50 pS/m should be 
treated as static accumulators until the floating roof is buoyant. This may involve upsîream filter 
placement, velocity and splash-fill restrictions plus precautions in the presence of a second phase 
such as water (slow start), The resmctions recommended in BS 5958 are similar to those for road 
tankers. 

Unlined Drums 

Drums are often grounded by resting on grounded weigh scales, but in general it must be 
veriñed that grounding exists. This is because drums can accumulate thick paint coatings or other 
non-conductive layers which can defeat "contact" grounding. Clamps such as the Crouse-Hinds 
20109B assembly or its equivalent are designed to penetrate to the underlying metal. 

Drums should prefembly be bottom filled using a lance with pointed tip. This is strictly 
necessary only when non-conductive liquids are handled, plus a high amount of charging occurs 
(such as from a microfilter). The pointed lance tip (for example, a 45 degree cut-off at the tip) 
discourages incendive brush discharge formation and instead promotes non-hcendive corona. If 
only conductive liquids are being drummed, splash filling is allowable. 

maintain the lance above the liquid surface while ensuring that a corona discharge device stays in 
the liquid. 

To avoid the dripping from the extracted lance after filling, equipment is available to 

Drum Pumps 

Drum pumps should be equipped with syphon breakers. 

COATED METAI, CONTAINERS 

A metal container with an internal coating of paint or epoxy/phenolic resin up to 20 mil (0.5 
mm) thickness can be treated as unlined. Often such coatings are less than 10 mil thick. Thin 
coatings have a large capacitance and charge trapped at the boundary does not conmbute 
significantly to electric field in the vapor space. Also, such coatings usually have resistivities 
several orders of magnitude less than thermoplastics such as polyethylene. There is no evidence 
that propagating brush discharge can occur in this situation. 

Thicker coatings and larger volumes may give rise to a hazard if conductive or 
semiconductive liquids are sprayed in, creating large charge densities. If devices such as 
deflector/thrust neuualizers are used in a roadhail tanker, large charge densities might be created 
by the high velocity lateral jets. For conductive and semiconductive liquids, only a few kV 
surface potential is needed to give an incendive spark The surface potential is readily estimated by 
treating the area of the contacted walls as a plane capacitor, where the charge is given by the total 
charge loaded to the tank. Where a coating must be used with devices that can create large charge 
densities, and bottom filling is not used, a discharge electrode of a compatible metal might be 
considered. This might consist of a vemcai grounded rod or metal grid attached to the tank floor. 
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Plastic linings such as polyethylene are typically more than 20 mil thick and have very high 
resistivities that electrically isolate the liquid h m  the container sheil. The sheii must be bonded 
and grounded as with unlined metai containers. Special precautions are needed for both conductive 
and non-conductive liquids. 

Splash filling should not be done and instead, bottom fdling using a lance with a pointed 
tip is required. The hazard of splash fíiiing may be greater for conductive and semiconductive 
liquids than for non-conductive liquids. This is because the more conductive liquids can release 
more energy in a single discharge. Conductive liquids may release much of their total charge in the 
form of a spark to the filling pipe, and ignition may occur for liquid potentiais of only a few 
kilovolts (as opposed to more than 20 kV for incendive brush discharge from non-conductive 
liquids). 

Plastic Lined Fiberdrums 

NFPA 30 recently voted negatively on Tentative Interim Amendment #334 proposing to 
permit storage of flammable liquids (Class 1B and 1C) in fiberdrums. Major concerns were with 
fire exposure, weathering and breakage during dropping (for example the 4 ft drop test). Future 
use of these will likely be limited to Class II and III combustible liquids as in the case of 
polyethylene drums. 

All-plastic containers cannot be grounded unless they are constructed of a conductive or 
semiconductive plastic. Any isolated metai of patches of water on the surface may be sources of 
sparks. Non-conducrive all-plastic containers in excess of 5 liters should not generally be used for 
"flammable" liquids. Where their use is required (such as disposable sample botties) the smallest 
size needed to do the job should be selected. Where the flash-point of the liquid is high relative to 
handling temperature, such as FP > 9O0F, a variance might be made in some cases where the use 
of plastic is essential. For example, pentanedione and certain other fine chemicals cannot be 
stored in steel drums and lined drums (including polysteel) have given problems. In such cases 
plastic might be used provided adequate handling procedures are employed and fidl compliance is 
made with OSHA and NFPA 30 resmctions regarding storage. It is essential not to store plastic 
drums in the vicinity of flammable atmospheres owing to possible brush discharges from their 
surfaces during handling. The drum should not be opened if the ambient temperature is close to 
the flash-point of the stored iiquid, such as within 10 OF of the flash-point The margin of safety 
adopted should anticipate the possibility of elevated liquid tempemture if the storage temperature 
has not been carefully regulated. The liquid may retain an elevated temperature for an extended 
period after transport or storage at high ambient temperature (truck, sunlight, storage shed). This 
problem would of course exist were the flash-point slightly above 1OOT (combustible) rather than 
slightiy below lW°F (flammable), since the demarcation for ffflammable" is arbitrary. 

and by induction: 
Non-conductive (particularly plastic) containers give rise to hazards by charge accumulation 

( i )  Charge Accumulation 

Since plastic containers such as polyethylene are extremely good insulators, charge 
flowing in will accumulate independent of the conductivity of the liquid. The quantity of charge 
will depend on the volume of the container and the charge density in the liquid stream. 
Accumulation and staac discharge from the liquid can be mitigated by bottom filling using a 

5 7  

                                      
                                         
                                      
                                         



grounded metal lance with pointed tip. However, îhis does not prevent charging of the outside 
container wall, and the possibility of incendive brush discharges must be considered. 

(i¡) Induction 

Figure 10 shows the principle of charge induction from an externally charged non- 
conductive container such as a plastic beaker or bottle. External charging is most likely to occur in 
dry weather (relative humidity < 45%) and may be caused by removal of the container from a 
bucket stack, from a coat pocket (etc) or by surface cleaning. The external charge attracts opposite 
charge from the liquid to form an internal charged layer. In the case of a conductive liquid 
especially, this layer is tightly bound by attraction to the non-conductive wall leaving a net 
countercharge in the body and on the surface of the liquid. The simple act of rubbing the outside 
of the container can elevate the liquid potential to thousands of volts, and sparks may be produced 
at the surface to any of the following: 

O metal Nluig pipe 
O finger 
O sample thief 
O conductive stream of liquid flowing in 

Conductive liquids are especially prone to this phenomenon and there have been numerous 
incidents of fires with methanol and isopropanol (methanol furthermore has an unusually low 
ignition energy and forms its most easily ignitable mixture in air at 25 OC). 

m u r e  10 ; Charpe Induct ion from Plastic Co ntainer on Conductive Liauia 
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The third example given above (discharge to stream of liquid flowing in) is particularly 
interesting and has been theorized as the only explanation for one incident. While a stream of 
conductive liquid can form a path to ground, this is only the case up to the break-up length for the 
jet. Otherwise, it is a discontinuous stream. As a charged container is being filled, the liquid jet 
from the filling pipe decreases in length and finally constitutes a continuous stream to the surface. 
Shortly before this occurs, there will exist a spark gap between the surface and the stream. If the 
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correct mixture is present and the system has sufficient potential and capacitance, a spark may 
ignite the vapor. 

Non-conductive liquids are unable to discharge a significant portion of their charge in the 
form of a spark and are less prone to induction. Thus, they are safer from the standpoint of this 
hazard. 

Glass bottles are safer than plastic in terms of static discharge, but have the disadvantages 
of breakage and difficulty in disposal (plastic sample bottles can readily be incinerated). The 
breakage problem of glass bottles can be mitigated by selection of types having chemically-resistant 
thennoplastic coatings designed to prevent shattering and to provide containment of the liquid 
(Wheaton Safety Container Co). No static hazard evaluation of the coated glass bottle is available. 

Hoses are available in several types which can be broadly grouped into: 

"Conductive" : a hose with an incorporated grounding element (usually spiral or braid) 
between the end connectors but whose carcass can be totally non-conductive 
(polypropylene etc). 

"Semiconductive" : a hose made fiom a static-dissipating material such as carbon- 
impregnated rubber, The static dissipating material is often applied as the outer hose layer. 
The hose may contain metal spirals or braids to give strength, but these are not in elecmcal 
contact with the end connectors. This is because this type of hose is ffequentiy used for 
aircraft fueling, and in case of ground faults the semiconductive hose has too high a 
resistance to allow the passage of large ground currents which could melt the hose or ignite 
the fuel. 

Conductive hoses featuring both grounding element and semiconductive carcass or liner. 

Conductive stainless steel flexible hoses (various types). 

"Nonconductive" : a hose made entirely of non-conductive material 

All of these hoses except (5)  provide "static" bonding between the equipment at both ends. The 
conductive hose does this via the grounding element provided that this is in good condition 
(continuous and bonded to the end connectors). Unless equipped with a grounding element the 
semiconductive hose does not provide low resistance (< 10 a) bonding. To dissipate static, the 
resistance from any point of the hose to the connected equipment should be less than 108 S2 
Independent grounding of the equipment should be considered where resistance is above 106 R. 
One advantage of semiconductive hoses is their relatively high resistance (1@-108 Q) which 
prevents the passage of large currents in the event of power equipment failure. Severai fires have 
occurred during aircraft fuelling owing to large currents passing through the grounding wires of 
"conductive" hoses, which then acted as elecmc heater elements. A disadvantage is that 
semiconductive hoses can become exceptionally stiff and brittle in very cold weather. 

Hose types 1-4 also provide protection against static accumulation and discharge inside the 
hose where non-conductive liquids are handled. Types (2) and (3) are superior in this area since 
their inner surfaces are semiconductors and rapidly dissipate static. Types (1) and (4) may be 
subject to internal discharges if the inner sleeve is non-conductive. This may lead to "pin-hole" 
punctures to buried metal spirais. Whether incenáive discharges can occur from non-conductive 
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inner sleeves during hose draining is not known, but since the electric field is mainly directed 
radially outwards this should be hazardous only in extreme cases such as if drainage from a 
microfilter occurred This might cause sufficient static accumulation on the internal hose surfaces 
for lateral discharge to occur. For this reason, hoses downstream of microfilters in non- 
conductive liquid service should have static-dissipating propemes such as antistatic liners or 
uncoated metal inner components. All-metal pipe is prefmed. 

atmospheres. This is because surface rubbing might create incendive discharges. Also, in non- 
conductive liquid service, such hoses can accumulate enough internal static to give a propagating 
brush discharge, often involving puncturing of the wall. This should only occur downstream of a 
significant static generator such as a filter. 

When loading open dome tank cars and trucks with flammable liquids, hoses of types (3) 
and (4) are recommended. An accident was believed caused when reinforcing wires in a neoprene 
loading hose were isolated from ground and exposed through the carcass. The spark was believed 
to have occurred from the isolated metal wires to the dome. 

Non-conductive hose should not be used in flammable liquid service ur in a flammable 

When overhead loading a non-conductive liquid into a tank car or truck via a flexible hose 
connection using a stainless steel flexible hose, some time should be allowed after filling before 
removal of the hose. As the hose is removed (or if the hose falls back into the liquid) the= is the 
chance of liquid surface discharge to the end. As in the case of sampling and gauging, about 3-5 
minutes should be allowed for charge relaxation. If a two-phase mixture (for example water plus 
oil) has been loaded, at least 30 minutes should be dowed so that the settling potential has time to 
dissipate. 

Periodic testing of elecmcal continuity of hose ground wires is required. 

Hose Disconnection 

It is essential that when disconnecting hoses from trucks (and other containers) after 
unloading, the tank valves are first shut. Failure to do this was a conmbutory event in a recent 
toluene tank truck explosion and fue that seriously burned two people. Valve closure prevents any 
external ignition source from allowing flash-back into the tank. Since any explosion will occur in 
the vapor space, an "empty" tank containing vapor-air mixture is the worst-case. 

6.1 
with flammable atmospheres. BS 5958 introduces this need whenever the Irmsphere has a MIE 
of less than 100 ml. 

Personnel grounding is required in NFPA 77 and BS 5958 where people come into contact 

. .  I l  itgrion for Personnel G r o u  

People involved in indusmal operations have attained body potentials of 1@50 kV due to 
static charging, corresponding to stored capacitor energies in the range 5-375 mJ (assuming a 
range of body capacitances from 100-300 pF). Studies cited by Gibson [ 121 have shown that for 
gas ignition, the effective energy of a discharge from the human body is only about one-quarter 
that of a spark of equal energy. Other studies with dusts gave similar ratios of between one-half 
and one-third efficiency relative to sparks of equal energy. As a result BS 5958 set a 100 mJ 
criterion for the maximum ignition energy of a flammable mixture (as determined by spark) that 
should be at risk of ignition by a charged person. The criterion is conservative in view of the very 
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high maximum body potential considered; owing to the v;! dependence of energy the usual range 
of stored body energies is far smaller. 

6.2 Grounding via the f i o r  should give a body resistance to ground less than IO0 MR, and 
can be achieved using conductivelantisran'c shoes or a foot grounder, p l u  a conductivejloor in the 
flammable work area. The latrer may be t$ected using a grounded platelgrid or with the use of 
conductive paint. The jloor must be keprfree of insulating deposits. An alternanve to grounding 
via the floor is to we a grounding bracelet. 

Conductive shoes or boots give a body resistance less than 500 kQ to ground and meet the 
criteria given in NFPA 99, MIL B-817093, EN-1s-5A or ASTM D-257-78. BS 5958 defines 
conductive footwear as having a resistance less than 150 kn, or in practice giving a body 
resistance to ground less than 100 W. Ty-picai resistances of commerciaily available shoes are a 
few thousand ohms. Safety shoes and boots are commercially available. 

tic Shoes 

Antistatic shoes or boots via BS 5958 Part 1 (1980) have a resistance between 50 kR and 
50 MR, but in practice should give a body resistance to ground between 50 k!2 and 100 M!2. 
NFPA 99 defines "antistatic" in terms of the decay time measured by one of two standard methods 
(4046 of Federai Test Method Standard 101B or 761972 of ANSI L14.112). Typical resistances 
of commercially available shoes such as Lehigh "Positrax" safety shoes are of the order 10 MR. 

A variety of foot grounders are available. They consist essentially of a conductive 
neoprene rubber attachment on the sole or heel of the ordinary shoehot which connects to the 
bare skin of the lower leg using a wire connection to a conductive garter strap. An alternative type 
uses a conductive innersole inside the shoe. The devices can be purchased using a range of 
available resistors built in to give the desired body resistance to ground. 

Wrist Strags (Groundinp Bracelets) 

These consist of a snug strap around the wrist plus a grounding cord that connects to any 
available ground terminai. They are available in a variety of resistances and styles, such as straight 
cord, coiled cord, alligatorhulldog clip termination, etc. The resistance to ground is determined 
by the size of resistor incorporated into the snap end (typically 1 M!2), which is a safety feature 
designed to prevent electrocution when working near powered systems. They typically use banana 
plug inserts in the clip to allow fast decoupling. The devices may have application for fume hoods 
or can be hung from overhead to give some mobility while avoiding trip/tangIe hazards. 

Condutive Floor 

Per NFPA 99 the conductive floor shaü have a resistance between 25 kR and 1 MR using 
prescribed test methods. No deliberate ground connection to the floor is required. For chemical 
industry (not health care facility) application the lower resistance limit is unnecessary and the 
conductive floor can be grounded metal such as steel grid walkway. For grounding of personnel 
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in most chemical industry applications, provided the body resistance to ground is less than 100 
M R  everywhere on the floor the fundamentai grounding need has been met 

Simple testers are available for checking the resistance of grounding bracelets while being 
worn. The Legge model #WT25 accepts and passes resistances in the range 0.75 - 10 MQ. A 
"stand-on" device is also available (model SLTM- 1) for checking conductive footwear. It reads 
"green" in the range O - 2.25 MQ, however, and is therefore not ideal to measure resistances in 
the usual range for antistatic shoes (typically about 10 m). The instrument could be modified 
using shunts according to the type of shoe to be used. BS 5958 Part 1 (1980) gives the elecmcal 
circuit for a device to check antistatic shoes (up to 100 m). Legge also supplies a floor 
conductivity tester (model #LA-l) to ensure compliance with NFPA 99. It reads in the range 10 
mto5m. 

Special items are available from Waiter G. Legge Company Inc., Static Control Division, 
444 Central Avenue, P.O. Box 591, Peekskill, NY 10566. Toll Free 1-800-345-3443. 
Antistatic safety shoes are available from Lehigh Safety Shoe Company. 

Where personnel might walk in areas containing powders or laquer-type solutions capable 
of rendering the floor or shoe contact non-conductive, the need for frequent (daily) inspection and 
testing is an important consideration. It is recommended by suppliers that special test devices be 
purchased for regularly checking effectiveness of floor and footwear grounding. 

It is recommended in BS 5958 that antistatic or conductive gloves be worn when handling 
metal objects (wrenches etc) in flammable atmospheres so as to avoid sparks from the ungrounded 
object. That is, no type of personnel grounding will avail if the person is wearing non-conductive 
gloves. However, unless some mechanism exists to attain high potentials on the metal object, 
such as proximity to a charged plastic surface, this provision might be seen as too conservative. 
Where non-conductive gloves must be worn owing to indusmal hygiene considerations it is hardly 
practical to ground the metal item unless it is in common use at the location and can be permanently 
attached to a grounding cable. 

While it is impractical to issue special shoes to people temporarily in a designated 
hazardous area (since one would need to maintain a store of sizes and preferably sterilize them 
before reissue) the foot grounder can be checked out in the same manner as goggles and helmets. 
Even foot grounders have a logistics problem in that personnel wearing a variety of shoes or boots 
will have different needs; for example, a foot grounder designed for a flat shoe will not work with 
a boot. Rather than stock a variety of foot grounders, the Legge "Heelstat" might be considered as 
it works for both flat and heeled shoes. The grounding bracelet is unaffected by this problem or by 
floor contamination but is often an encumbrance owing to its grounding cord. Also, as in the case 
of foot grounders, the body connections of bracelets are subject to loss of effectiveness over time 
so these must also be regularly tested. 

A final problem is how to designate the area in which the devices should be worn and in 
which the floors should be conductive. An entire building containing a drum filling operation 
might be electrically classified while it is evident that the static hazard due to personnel only exists 
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in the immediate vicinity of opened drums. This foilows h m  the consideration that were the 
general area considered to be susceptible to vapor ignition by static discharges from people the 
vapor concentration would be toxic in almost every case and well above the STEL in most cases. 
If the entire building were designated for personnel grounding, every visitor, supervisor and 
inspector would need to be issued grounding devices and the entire floor area would need to be 
conductive for the policy to make any sense. The best solution is to literally interpret the 
electrically classified area (NFPA 30) and supply a grounded metal floor covering (grid or plate) 
only in this area, for example, the immediate vicinity of the container involved. To address the 
visitor problem, designated walkways can be painted on the floor outside the area considered a 
flammable vapor hazard. 

. .  of "cl00 M R" Criterion for of Peon& 

Justification for this was described in [6] using two approaches. 

In the first it was assumed that the person receives a continuous charging current and acts 
as a leaky capacitor. From Ohm's Law even were the charging current as high as 10 pA, a 
ground resistance of 100 MX2 would maintain a body potential of only 1 kV. For body 
capacitances in the range 100-300 pF the stored energy at 1 kV is in the range 0.05 - O. 15 d, 
below that of most flammable vapor-air m i x ~ s  even neglecting the efficiency factor of one-half 
to one-third [ 121 for discharges from people. 

In the second the time taken for a leaky capacitor to discharge having received a single 
initiai charge was considered. From equation A.6 the charge wiil relax by a factor e-I (37% of its 
initial vaiue) in one time constant and aimost completely disappear (0.67% of initial value) in five 
time constants. Since the time constant is the product of resistance and capacitance (RC), and a 
range of body capacitances from 10-300 pF, the range of time constants at 100 Ml2 is 0.01 - 
0.03 seconds. 

Early work addressing the area of operating theaters [69] concluded that a specification for 
antistatic rubber should involve a resistance between 100 
area represents an extreme case since gases with low ignition energy enhanced by oxygen-enriched 
atmospheres are present both in equipment and the patient's lungs. 

6.3 
the shoe or other device should be more than 100 k.R. 

and 10 MR. It is evident that this 

To prevent electrocutwn risk should the person contact a power source, the resistance of 

Justification for this was described in [6] using Ohm's Law. The threshold "can't let go" 
response to AC current is 6 mA. For a body resistance of 10s Q, this current will not be exceeded 
at up to 600 volts AC. For lower supply voltages, the response will vary from imperceptible 
through perceptible to annoyance, depending on the individual [50]. DC response threshold 
currents are considerably higher. Hence, the minimum ground path resistance should avoid 
hazardous shock from powered equipment due to the punding device. It will not, of course, 
prevent shock if a ground path is completed by any other part of the body. 
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Where flammable mixtures of very low ignition energy a~ present, such as in operating 
theaters or when handling explosive dust, typical precautions in addition to footwear and floor 
conductivity (see above) include the use of antistatic clothing and @articularly in the explosives 
industry) the prohibition of jewelery including rings and wrist-watches that might be spark 
sources. In the latter case, this also lessens the risk of sudden mechanical impact by a hard 
surface. 

After loading, charge in the buk of the liquid relaxes to the wails and free surface, and the 
potential at the free surface can continue to rise for some time after loading. If a second phase is 
present such as free water or solids, either from the loading circuit or from the tank heels, a 
settling potential can be created as the second phase falls out. Literam and Standard 
recommendations give various "wait" periods prior to sampling or gauging of non-conductive 
liquids loaded into tanks and tankers. The "wait" period should depend on the liquid conductivity, 
the size of the tank and the presence of a second phase. 

It is found that metal pipelines axe almost invariably grounded at several points by vimie of 
their connection to equipment and other grounded points. It is not usually necessary to use 
jumpers or special grounding cables. Spot tests on plant pipelines have shown that Teflon or other 
plastic coatings on nuts and bolts at flange connections do not prevent continuity, but if this is a 
concern it can be taken care of using star washers. The criterion for static grounding of pipelines 
and other large equipment is that the resistance to ground should be less than 1 megohm h m  
every point. 

electrical continuity, The need fur jumpers around swivel connections is not acknowledged by all 
sources but there should be little impediment to taking a conservative approach. A conductive 
liquid will provide its own continuity with regard to static when the line is N1. After drainage and 
evaporation however, one would require continuity to prevent internal or external sparks due to 
any mechanism. 

Special grounding jumpers are sometimes used on pipelines containing unstable or 
autodecomposable materials such as peracetic acid and acetylene. However, no evidence for their 
necessity is available even from the point of view of direct lightning s e e s .  On oxygen lines, 
Kirk cells are often installed for lightning protection since resistance heating can sometimes start a 
fire involving combustion of the inner wail. 

Jumpers may be needed on line items such as flow meters that represent intexruptions in 

BS 5958 states that liquids with conductivity up to loo0 pS/m can accumulate hazardous 
levels of charge on pipelines with high resistivity linings and coatings. An ignition might occur as 
the pipe drains (see also hoses). Criteria given in BS 5958 for the safe use of linings provide that 
before the hose can drain, a minimum relaxation time must be allowed. This time must exceed the 
shorter of (ti, tz), where these times are defined by: 
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r = lining resistivity (Qm) 
Er = dielectric constant of iining 

That is, 3 relaxation times for the lining materiai, or: 

where EL = dielectric constant of liquid 

CT - - conductivity of liquid (S/m) 
L 

r - - pipe radius (m) 
d 

TL = relaxationtimeofliquid - - (Eo'EL>/Q (SI 

= 

- pipe lining thickness (m) 

distance between grounded points in contact with liquid along the 
Pipe (m) 

Derivations and references for these criteria are not given in BS 5958. 

J9 1 

water. To avoid stray currents, bonding is usuaUy not tamed out and instead an insulating fiange 
is inserted into the loading line with the lines on each side being continuously bonded Long 
lengths of non-conductive hose are less desirable than the flange when non-conductive liquids are 
being handled and might be hazardous if placed downstream of a filter. in addition to the 
precautions for tank car and truck loading, special precautions such as uiiage space inertjng should 
be considered for non-conductive liquids since safe loading rates have not been clearly established 
for large tanks. Inert gas systems may in some cases be mandated. BS 5958 recommends use of 
a 1 m/s slow start until the tank inlet is covered with liquid, and that 1 m/s flow velocity be 
maintained when a second immiscible phase is present. BS 5958 further states that there is no 
evidence of flow velocities up to 7 m/s being hazardous. As in the case of tank trucks, plastic pipe 
should not be used in the filling line. 

D AND W E  LOBPING AND U W I N G  OPF&$TIOM 

Grounding of vessels is not necessary since they are already grounded by contact with 

Available information [ 10,111 does not indicate any history of static problems when using 
vacuum trucks, although this might be due to their nonnal mode of use rather than any intrinsic 
safety. Most trucks are made for use in water service such as sewerage, sludge, etc., and might 
not be suitable for flammable or combustible liquid service. Hoses normally supplied are non- 
conductive and the vacuum pump usually discharges at grade [lo]. While most liquid Pick-ups 
should be highly contaminated with water, dirt, etc., and have a high conductivity, precautions 
should be taken if flammable or combustible liquids might be picked up, particularly if the liquids 
might be nonconductive and water-immiscible. 

Of 12 vacuum truck fires considered in [ 101 the tank truck engines were usually the cause 
of ignition owing to the truck being located too close to the spill pick-up point One or two cases 
were probably due to exhaust backfires or sparks, and two cases were possibly caused by vacuum 
pumps discharging at grade near the engine. Concerns existed that ignitions might be caúsed by 
pick-up of rocks (flint-type sparks) and other sparking objects, or whipping of discharge hoses 
during unloading. One unloading accident might have been caused by an impact or static spark 
from a coupling one the end of an unloading hose dropped into a storage tank. 
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In [ 1 1 J it states that the use of bonding cables and venting above the truck through a safety 
venturi wiii eiiminate most fires. The following recommendations extracted from [i 11 are relevant 
to ignition hazards: 

O 

O 

O 

O 

O 

O 

O 

O 

Power the vacuum drive from the truck engine power take-off rather than a separate engine. 
Engine exhaust stack to be vertical and not under the truck. No catalytic converter or 
excessively hot attachment to be present. 

Discharge vapors through safety ventusi 20 feet above the mck. Venturi will dilute vapors 
below lower flammable limit (although vapors may become flammable during last 1-3 
minutes of loading). Design should prevent vapors accumulating under or near the truck at 
grade while loading on vacuum. 

Discharge flammable liquids by gravity flow or regular pump rather than by air pressure 
(note that air pressure discharge is a general unsafe practice for flammable liquids). 

Each txuck should be equippped with a combustible gas detector. Tests should be made on 
a calm &y before pick-up of a flammable liquid, whenever the truck is downwind of the 
pick-up point. 

Check safety valve routinely and schedule annual check and service of valve. 

Bond truck to source and ground source whenever flammable liquids are loaded or 
discharged (exception : remote flammable liquid spili). 

A minimm 30-40 feet of hose suggested for loading purposes to keep the îruck a safe 
distance from a flammable liquid spili. 

Position truck upwind of flammable liquid pick-up if possible, otherwise cross-wind, and 
downwind only if gas detectors show no flammable vapor present If little or no wind is 
blowing do not pick up flammable liquids unless gas detectors show no flammable vapor is 
present. Keep truck at least 30-40 feet away from spill area. 

To the above could be aàded specific precautions when handling relatively pure non-conductive 
products such as hydmcarbons. These would be similar to those for tank trucks and include the 
use of conductive or semiconductive hose, with bonded end-connectors. Several other 
recommendations in [ 113, such as chemical compatibility and fire protection should also be 
considered but are not relevant to static elecmcity per se. 

6 6  

                                      
                                         
                                      
                                         



RECO MMENDATTONS FOR FURT HER WO RY 
A project is recommended in which an e l d c a l i y  isolated tank truck (or less desirable, a 
tank of similar dimensions) would be grounded through an electrometer and filled with a 
high flash point minerai oil with a conductivity of about 2 pS/m, either through a pipe or a 
composite "rough bore" hose. The measurement of streaming current would detemiine 
whether such hoses are a cause of mysterious fires. Simultaneously it would be possible to 
use an image intensifier to observe any electrostatic discharges in the truck. An unbaffied 
truck would simplify this. Grounded probes could be used to simulate truck internals. 
Both top and bottom filling might be carried out using image intensification to verify the BS 
5958 recommendation to limit bottom fill flow rates to 25% those of top filling. 

Research is recommended to determine whether inner non-conductive sleeves in pipes and 
hoses are a brush discharge hazard during hose drainage and whether antistatic hose liners 
(such as used by Wiìicox) are needed in non-conductive liquid service where spiral 
breakage is not present. 

Plastic manually-operated drum pumps are frequently used to transfer flammable liquids 
and there has been a report of a fire originating inside a drum being transferred from. It 
appeared possible in this case that a brush discharge occurred from the pump handle being 
operated at the time, although a discharge from the operator might alternatively have 
occurred. The liquid was conductive. No published information has been found on drum 
pump hazards and some study should be made. 

Theoretical and experimental studies of the effects of non-conductive h e r s  and excess 
charge at free liquid surfaces are needed. While it is unlikely that propagating brush 
discharges are produced on plastic liners in liquid handing systems, this possibility is 
considered by various authors. 

Filters are being used on lances when handling conductive and semiconductive liquids. 
Research is needed into whether this practice is safe, particularly when filling lined tanks 
and drums. There would appear to be a problem during the early stages of filling 
especially. 

In the Petrochemical Industry the use of lances is often limited by personnel exposure 
problems when handling toxic or malodorous liquids. Research is needed as to whether 
splash-filling of lined drums is an acceptable procedure and what the limitations (ìiquid 
conductivity, liner thickness and resistivity etc) should be. In some cases the exposure 
problem can be mitigated by the use of a spring-type discharge electrode on the end of the 
lance, which uncoils into the liquid during flow, minimizing wetting of the lance itself. 
Such devices are relatively unheard of but may be purchased by special order. 

There have been numerous studies of brush discharges from liquid surfaces but apparently 
none on the formation and effective energy of the "go devil", a surface discharge that can 
be several feet in length and which is somewhat analogous to the "wall-to-cone'' (or 
"bulking brush") discharges seen during silo filling. By analogy one might expect the 
effective energy to be greater than for brush discharges, perhaps around 10 rd. Such 
discharges might be responsible for mist ignition of high flash-point liquids. 

It is recommended that the industry hold discussions with container manufacturers to 
determine the feasibility of antistatic plastics for use in all-plastic dnuns and other 
applications. For example, conductive carbon black-loaded polyethylene may be directly 
bonded to an inner polyethylene drum shell allowing direct grounding while avoiding the 
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mechanical problems of polysteel drums and retaining the advantages of a polyethylene 
liner. The conductive plastic will have a greater the& conductivity than HDPE and may 
improve fire resistance by the Factory Mutual test. By improving the fire resistance with 
respect to steel drums the present resmctions on plastic drum storage might be eased A 
groundable plastic drum would present no extemal discharge hazards and for conductive 
flammables could be safely loaded and unloaded using a metal dip pipe. 
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Glossa rv of Terms 

Area 
Mass transfer number 
Boiling Point 
Capacitance 
specific heat of air at constant pressure 
Diameter 
Sauter mean diameter 
Eiecmc field 
Volume flow rate 
Acceleration due to gravity 
Energy required to vaporize liquid 
Current 
initiai Boiling Point 
Leakage current 
Streaming current 
Gdons  per minute ( U S )  
Imperial galions per minute 
Current density 
Length 
Heat of vaporization 
Lowest Minimum Ignition Energy 
Limiting Oxidant Concentration 
Minimum Ignition Energy 
ionic number concentration 
number of droplets of diameter di 
Ionic charge 
Charge 
Charge element 
Resistance 
Leakage Resistance 
Surface Charge Density 
Volume Charge density 
Steady state charge density in long pipe 
Time 
Haif-vaiue relaxation time 
Liquid boiling point 
Initiai fuel temperature 
Temperam rise for stoichiometric combustion 
Velocity 
Volume 
Vapor pressure 
Energy 
Conductivity temperature coefficient 
Constant in Schon-type charge density equation 
Surface tension coefficient 

(m2) 
(dimensionless) 
ec> 
("F) 
(J / moi-K) 
(m) 
(w) 
Wlm) 
(m3. s.- 1) 
(m. s. -2) 

(J I mol) 
(C.s-1 or A) 
ec> 
(C.s-1 or A) 
(C.s-1 or A) 

ici 
(Cl 

( P á  or psia) 
(J) 
(K-9 
(Cs. m-4) 
(N.m.") 
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Charge transferred in discharge 
Permimvity of vacuum 
Dielectric constant 
Zeta potential 
Viscosity 
Ionic mobility 
Resistivity 
Density 
DC Rest Conductivity 
Effective conductivity 
Relaxation time constant 
Potential 
Fraction of stoichiomemc fuel concentration 
Constant in Schon-type streaming c m n t  equation 
Resistance 
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DDendix A : Electrical Conduct ivities a nd Resistivities 
. .  . . .  ctivitv and Resistivity 

The conductivity (o) is expressed in units of Siemen per meter (S/m), where the Siemen is 
the reciprocal Ohm. For liquids, conductivity units are frequently used (1 C.U. = S/m = 1 
pS/m = 10-14 ohm-1.ca-1). Sometimes the quantity resistiviv (p) is used. Conductivity and 
resistivity are related to the resistance "R" between the ends of a cylinder of material, of length "L" 
and cross-sectional area "A" by: 

Resistivity is therefore simply the reciprocal of conductivity. In the case of solids, a special type 
of resistivity (surface resistivity) can be directly measured and is useful for estimating the rate at 
which surface charge will dissipate. Tfiis takes account of the fact that the surfaces of solids may 
be chemically and physically different from the bulk material, and may have surface ueaments to 
change their elecmcal properties, such as topical antistatic agents. 

. .  . .  ivitv of Liauids 
Conductivity provides a measure of the ease with which a flow of charge (current) will 

occur in a liquid in the presence of an elecmc field. For charged liquid entering a grounded 
container, the conductivity gives a measure of how fast the excess charge will flow to ground. 
Conductive liquids (o nominally above 104 pS/m) have what can be termed "intrinsic" 
conductivity, and always contain positive and negative ions formed by molecular dissociation. In 
the presence of an electric field, for example in a conductivity cell, the positive ions (cations) will 
move to the negative terminal or cathode and the negative ions (anions) WU move to the positive 
electrode or anode. This flow of ions represents a current in the liquid. Since ions are much larger 
than electrons, the resistance to motion is much larger than for electrons in a metal. The ionic 
velocity after initial acceleration in the field is: 

- - ionic mobility (m2.V-I.s.-1) 
- elecmc field (V/m) E - where P 

The current density J - - n * q * v  (A.m.-2) (A.3) 

where n - - ionic concentration per unit volume 
9 - - ionic charge 

Therefore the current density (current per unit area) is given by the product of the concentration of 
ions, the ionic charge, the ionic mobility and the elecmc field: 

In practice several ionic species might be present and equation (A.4) could be summed for the 
individual (n, q, p) values for the anions and cations present. For liquids obeying Ohm's Law, (4 
= I R) the conductivity may be written: 
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o - - J/E (Ohm-1.m-1 or S.m.-1) (A.5) 

Therefore the conductivity is propomonal to the concentration and mobility of the ionic species 
present. 

"Non-conductive" liquids (o nominally below 50 pS/m) have what may be termed 
"exhinsic" conductivity and do not contain signifcant concentrations of ionic species when 
reasonably pure. They contain extremely small concentrations of charge caniers formed by cosmic 
rays and other processes, but in practice the measured conductivity derives mainly from impurities 
such as contaminants, additives, dissolved water and oxygen (plus their reaction products), and 
macroscopic charge carriers such as water droplets, gas bubbles and dust. The conductivity is 
especially dependent upon the amount of water absorbed from exposure to ambient air. 

A third group of liquids (nominally 50 pS/m < CJ < 104 pS/m) may be temed 
"semiconductive". They either have a small amount of intrinsic conductivity or sufficient levels of 
contaminants or additives to render them weakly conductive. They are treated separately in this 
document because experiments show that during flow processes they can generate significant 
excess charge. However, their conductivity is nonnally sufficiently great to offset significant 
charge accumulation when they are loaded into grounded containers. This places them in a 
different category than "conductive" and "non-conductive" liquids. For example, the USAF have 
specified conductivities between 200-600 pS/m while 50 pS/m has been used as a "safe" level for 
civil aircraft. The higher values used by the USAF were introduced as a result of fires in plastic 
foam-filled tanks. 

For a liquid-filled grounded container the degree of charge dissipation to the walls after 
some elapsed time in seconds is given by the equation: 

where 

Qt = Qo exp (-t 7) 

Qt = charge at time "t" 
Qo = initial charge 
7 - - relaxation time (s) 

The relaxarion time (2) is a time constant related to conductivity by: 

w E o / C J  (SI - - z (A.7) 

where k - - 
Er - - dielectric constant of liquid 
o - - conductivity (S/m) 

permimvity of free space (8.854 x 10-12 Faradmeter) 

From equation (A.6) it follows that the charge is reduced to (1 / e) of its initial value in one 
relaxation time. The half-value tim (t 0.5) is the time taken for the charge to fail to one-haif of its 
initial value. From equation (A.6) it follows that: 

7 loge 2 - - 0.693 1.7 t 0.5 = 
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From equation (A.6) charge relaxes at an exponentially decreasing rate with time. In one relaxation 
time constant it falls to exp (-1) or 36.79% of its initial value. in two time constants it has fallen to 
13.53%, in three to 4.98%, in four to 1.83% and in five to 0.67% of its initial value. These 
equations are commonly used to evaluate charge relaxation in ñlled or partly filled grounded 
containers. Often, hazardous charge can be assumed to relax to safe levels after three relaxation 
times in grounded equipment, after which approximately 5% of the initial charge remains. 

A conductivity value of 50 pS/m is often used to denote the maximum conductivity at 
which hazardous charges may accumulate in many items of grounded equipment The relaxation 
behavior of liquids with such low conductivities can differ from that predicted from a measurement 
made in a standard conductivity test cell. The factors influencing relaxation behavior in practical 
situations are: 

(1) 
(2) 
(3) 
(4) 

type and concentration of impurities in the liquid differing from those in the test sample 
temperature different from that at which the test was made 
charge carrier type and concentration perturbed by charging process concerned 
relaxation behavior changed at conductivity less than a b u t  1 pS/m 

Conductivities and relaxation times can vary by many orders of magnitude (Appendix B). 
In the case of inmnsically conductive liquids it is possible to state that a liquid will always have a 
conductivity above some minimum value at a given temperature even at ultra-high purity. For non- 
conductive liquids such as hydrocarbons the conductivity can vary not only with temperature but 
also with trace amounts of impurities. A reduction in temperature generally causes a reduction in 
conductivity and this effect was estimated by Mason [4]: 

where for liquids such as gasoline and kerosine the constant "a" has a value of 0.015 K-l. The 
application of this is that if a conductivity measurement in a test cell at 25 OC yields a value of 100 
pS/m, the same liquid will have a conductivity of about 30 pS/m at -10 OC. The conductivity can 
therefore vary significantly with temperature and this effect should be allowed for when laboratory 
test data are appled to practical situations. For example, the conductivity could be measured at the 
lowest temperature anticipated under practical conditions. 

At small values of conductivity, relaxation can be affected by the amount of excess charge, 
which changes the concentration or type of charge carrier present Thus the term eecrive 
conducrivis, (O& is often used to describe the behavior of highly charged liquids, while the term 
rest coductiviry (or) is used to denote the value measured for the quiescent liquid in a test cell. 
As discussed in [5] the effective conductivity of highly charged liquids with rest conductivity 
above 1 pS/m can be as low as one-fourth the value measured in a test cell. BP reported [8] that 
the effective conductivity could be as little as one-tenth the rest conductivity but on average one- 
half. Conversely, liquids with rest conductivities less than about 1 pS/m relax faster than 
predicted from the Ohmic relaxation time. 

. . .  erbolic Refaxahon at Cond- about 1 Ds/m 
As discussed in [2], the ohmic relaxation behavior predicted by equation (A.6) is not 

followed if Gr is less than about 2 pS/m. Instead the charge relaxes faster and follows a 
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hyperbolic rather than an exponential law. The integrated rate equation does not contain a 
conductivity term but depends on the initiai charge density and charge canier mobility: 

where the measured charge carrier mobility "p" is about 1 x 10-8 m*.V-l.s.-l and S is the charge 
density in Coulombs per cubic meter. To be equivalent to a criterion of "three relaxation times" for 
charged liquid to relax to non-hazardous levels, the ratio St / So should be 0.05. Rearranging (10) 
and substituting for ''p" and '&," gives: 

t - - 0.0168 Er / So (SI (A. 11) 

Table A. 1 shows the dissipation rimes to reduce the charge density to 5% of the initial values for a 
series of charge densities (So) and for liquid dielecmc constants varying from 2 to 4. Also shown 
are the dissipation times needed to achieve 20 and 30 cIcjm3 (the respective threshold hazardous 
charge densities [8, 851 for bottom fdling and top fdiing tank cars and mcks). 

le A.1 : Charpe D-n T h  for HvDerbolic R-on í ~ ~ =  2-4) . .  . 

&&C/mll Time ís) to 5% of Sp Time ís) to 20 u C / d .  Time (SI to 30 uC/ 6 

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 5 5 -  111 
100 336-672 71 - 142 41 - 82 

For most hydrocarbon liquids, dielecmc constants are closer to 2 than to 4, and the dissipation 
time is proportional to Er. To obtain the same fraction of initial charge density as would be 
provided by 3 relaxation times of a liquid which relaxes exponentiaily, a single charge dissipation 
time of 100 seconds should cover ail important cases plus provide the greatest margin for safety at 
the highest initial charge densities. Also, it is seen that in order to reduce the charge density to a 
safe level (20 - 30 pC/m3), the magnitude of the initiai charge density above about 100 pUm3 is 
unimportant for hyperbolic relaxation. The same dissipation time is needed in each case. The 
result is significant in relation to filter placement upstream of non-inerted containers. It is often 
argued that chargmg at low conductivities is much reduced and compensates for long charge 
dissipation times. However, it can be seen that to achieve safe charge density levels (20 - 30 
pC/m3) for tank filling, such a margin of safety does not exist and about 100 seconds of relaxation 
is still required. Bustin [2] showed that charge densities could exceed 500 pC/m downstream of 
filters even at conductivities in the range 0.01 pS/m, 

Figure A. 1 shows hyperbolic relaxation from an initiai charge density of 100 pUm3, 
compared with exponential relaxation at a series of conductivities. It is seen that for short periods 
of relaxation, such as the filling time for a drum, hyperbolic relaxation is similar to that of 
exponential relaxation at an effective conductivity of 0.5 pS/m. However, for longer time scales, 
hyperbolic relaxation is slower. The large errors that would occur if exponential relaxation were 
assumed to hold at low conductivities (O. 1 pS/m etc) is apparent. 
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Liquids can often be categorized by inspection into those which are inmnsically 
"conductive" and those which are intrinsically "non-conductive". The former have conductivities 
greater than i@ pS/m regardless of purity. The latter have conductivities less than 50 pS/m when 
reasonably pure. Appendix B shows a listing of liquids falling into these categories. Also shown 
is a group of "semiconductive" liquids which have intermediate conductivities. This group 
includes intrinsically nonconductive liquids such as hydrocdns  containing smal l  quantities of 
conductive additives. 

Intrinsically conductive liquids (o > 1@ pS/m) are always conductive, irrespective of 
purity. They include most acids, alcohols, aldehydes, amines, epoxides, esters, glycols, 
glycol ethers, ketones, nitriles, peroxides and other materials usually having a poix character 
(dielecmc constant greater than about 5). They may be hazardous in terms of flammabfity and 
ignition energy, and some may be readily ignited by static discharges, although the liquids rapidly 
lose excess charge in grounded equipment. 

Inmnsically non-conductive liquids are conductive (or semiconductive) only when they 
contain conductive additives or Contaminants. Non-conductors include aliphatic, aromatic and 
cyclic hydrocarbons, carbon disulfide, simple ethers, some halocarbons, some higher acids and 
their esters and some silicon-based materials (such as silanes). Dielecmc constants are usually less 
than about 4. Most petroleum distillates fall into this group, although commercial blends such as 
gasolines often contain additives that render them semiconductive. Heavier petroleum fractions 
tend to have larger conductivities, partly due to the presence of contaminants. Crude oils and most 
black oils, for example, have conductivities above loo0 pS/m and relaxation times of less than 
0.02 seconds. They fall either into "conductive" or "semiconductive" categories. 
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Liquids displaying some of the characteristics of both groups, such as substituted 
hydmxrbons containing other atoms or functional groups, may be difficult to categorize by 
simple inspection and measurement should be made. They may fall into the "semiconductive" 
category. 

Some materials which are normally conductive may become good insulators when they 
solidify. This may create hazards in equipment where the solidified material prevents liquid contact 
with grounded surfaces. Lungens [9] describes a biphenyl fire involving this mechanism. 

Non-conductive liquids are most likely to generate and accumulate charge. Semiconductive 
liquids generate charge during flow but owing to their smaller relaxation times are less likely to 
accumulate charge when a grounded container is being filled. Conductive liquids do not usually 
represent a static hazard when handled in grounded equipment, but may carry charge when 
sprayed or when handled in plastic equipment. 

Appendix B shows a compilation of liquid conductivities, dielectric constants, and 
relaxation times. Conductivities (and relaxation times) given are representative values only and 
may vary as described above. No relaxation times are given for liquids whose listed conductivities 
are less than 2 pS/m, since as discussed above the relaxation time is not a meaningful concept for 
these liquids and they are found to dissipate charge at a faster rate. They are assigned instead a 
"dissipation time" of approximately 100 seconds. 

Theories for Electrical Conduct ¡vit v 

Antistatic Additives 

Figure A.2 adapted from [36] shows the effect of adding alcohols to white kerosene having 
a nominal conductivity of about 10 pS/m (in the Figure it is assumed to be 14-16 pS/m). It is seen 
that the conductivity is raised above 50 pS/m upon addition of a few percent by volume of alcohol 
but that these levels are insufficient to render it conductive. The importance of this is that it is not 
practical to use conductive liquids like aicohols as antistatic additives for mass-produced fuels such 
as kerosene and gasoline (where a few parts per million of antistatic agent is required). However, 
the method offers a solution for some solvent mixtures where (for example) non-conductive 
heptane might be blended with a large amount of methyl ethyl ketone or other conductive solvent. 
Note that the variation of conductivity is not exponential as suggested by Figure A.2, since at 
100% alcohol the respective conductivities of propanol and ethanol are only 135000 and 917000 
pS/m. It is possible the relationship will be S-shape& 
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re A.2 : Effect of v o n  on Co-vitv of Kerosene . .  . .  
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Chawe Neutralization 

Charge neutralization is an alternative to the use of antistatic additives. The two broad 
types are passive neutralizers (where neutralization is produced as a result of the electric field 
produced by the charged liquid at sharp electrodes in the liquid) and active neutralizers (where high 
alternating or direct voltages are applied to sharp electrodes in the liquid, with or without conml 
feedback from a downstream sensor). 

Pagive C m  Neutral- . .  

in exponential (Ohmic) relaxation theory the relaxation rate is independent of geometry and 
it is not predicted that passive neutralizers (which typically comprise grounded needles promding 
from the inner pipe wall) will be effective. However, such devices have been shown to work and 
have been marketed. At very high values of electric field such as at the tips of needles or blades, 
ionization occurs allowing charge injection or absorption to or from the liquid. 
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Ciom [27] presented development work of the SCR which A.O. Smith was producing 
under iicense by Standard Oil of Indiana. A design description [28] was as follows. A three foot 
length of ten inch pipe was fitted with a two inch thick HDPE liner giving a six inch effective id. 
Sixteen sharply pointed electrodes were screwed through the pipe wail to protrude into the liquid 
flow. Electrically, the principle of operation was due to the action of the polyethylene liner in 
producing a high voltage capacitor at the wail, the inner plate being the layer of charged liquid. 
Without the liner, the device would not operate since the potential ciifference between the needles 
and the waU would only be that due to the potential gradient through the liquid. The device would 
not work effectively until the wall capacitor had charged up due to charged liquid flow. 

The device was designed to limit effluent charge density to below 30 pC/m3 with line sizes 
of 3, 4, and 6 inch and flow rates up to 1200 gpm. 30 pC/m3 was the "safe" level held at the 
tune for tank trucks based on the work of Ginsburgh et ai [29]. The average time taken to charge 
the wail capacitor was 20 seconds. 

Tests were made [27] with kerosene of "relaxation time" 30-538 seconds. Assuming the 
quoted relaxation times in [27] to be based on exponential relaxation theory, the rest conductivities 
were therefore in the range 0.03 - 0.6 pS/m for a nominal cr = 2.0. From the above discussion, 
hyperbolic relaxation would be expected in this range of rest conductivites. Tests reported in [27] 
for kerosene with a "relaxation time " of 264 seconds (o = 0.07 pS/m) in t e m  of charge density 
"s" in pUm3 were: 

S (inlet) s (out let) Cù 400 gpm @$OOgp m 01200 rn m 

1 60 
160 
175 
180 
185 
195 
200 
210 
217 
220 
235 
240 4 8 

AU of these outlet charge densities were less than 13 pC/m3, well below the hazardous threshold 
of 20 - 30 pC/m3 for tanker filling. 

ce of A.O. S m  SCR 

Despite the promising work described above, the SCR is no  longer manufactured and few 
devices remain in service. This disappointing outcome was due to the formation of a relatively 
conductive layer on the inside surface of the polyethylene, which derived from the petroleum 
product being handled. Deposition may have been due partly to the operation of the device. in any 
case, the layer prevented the formation of large internai potentials and efficiency fell off with use. 
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In practice, this meant that the devices had to be periodically removed for cleaning. In d e r  to 
ascertain when service was needed, it was necessary to use a downstream charge density monitor 
which unke  the SCR has moving parts and is relatively expensive. Another reason for the demise 
of the SCR is that in the 1970s the use of antistatic additives became widespread in the petroleum 
industry. It is possible that the SCR would be beneficial in fine chemical service (benzene, 
toluene etc) where antistatic additives cannot be used. It is possible that the deposition problem 
experienced with petroleum fractions would not occur in these cases. 

Few of these devices are in use today but they have been used in several research projects 
and a particular problem should be noted. The meter is a rotating vane type. It is inserted some 
distance radially from a fitted tee holding the motor and instrument body so that the sensing surface 
is in the flow. Unlike a flush wall mounted sensor, calibration for this geometry (proportionality 
between charge density and elecmc field) is not simple. The device is set up to sample the field 
due to a squat cylinder of charged liquid defined by a one-ended cylindncal metal attachment with 
holes in it (one design resembled a vacuum tube cover). Hence, the sensor looks into the end of 
this cylinder of liquid which is surrounded by the grounded metai surface. A calibration was 
supplied for the instrument based on the theoretical fieldcharge density relationship. 

The problem with the design is that as the liquid passes into the sample volume through the 
holes, it gets charged up. The charging increases with flow velocity. Unless this charge is small 
compared with the charge density generated upstream, the reading is wrong. A calibration curve 
could be generated using an isolated metai receiving tank downstream to act as a Faraday Pail, but 
the limitation due to charging on the sample screen may be sensitive to the particular charging 
tendency of the liquid in addition to flow rate. Therefore this type of charge sensor is accurate only 
for high values of charge density such as downstream of a filter. 

/2ì Active CharPe Neutralization 

To avoid the practical difficulties of the SCR a device was developed [35] using active 
charge neutralization plus a downstream charge density monitor having no moving parts. The 
principle of operation was that charge density would be sensed in a downstream relaxation 
chamber and the information fed back to a charge injector comprising a chamber containing sharp 
blades. The blades were supplied with positive or negative DC current using the downstream 
monitor as a null detector. The use of active injection at about 25 kV meant that no internai 
capacitor was required as in the SCR. However, it is possible that the internai HV spark plug 
insulators would ultimately cause excessive currents to be drawn should deposition occur as in the 
SCR. The principal problems with the device were (apart f?om cost and complexity): 

The USAF found that the blade injectors could fall off, possibly foliowing "singing" in the 
flow. 

To allow for effective conductivity effects it would be necessary to use two downstream 
charge density monitors and at low conductivity values it was doubtful whether there 
would be sufficient relaxation even with a large separation between the monitors. The 
calibration made for the charge density monitors neglected hyperboiic relaxation at low 
conductivity values and was based solely upon exponential relaxation theory. 

There were concerns about providing intrinsic safety for use in flammable atmospheres. 

The use of antistatic additives was prevalent at the time this device was developed and interest was 
correspondingly low. 
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m s i v e  Devices for Potential Reduct ion 

surfaces into a tank. The presence of baffle plates and dip tubes in tankers serve to reduce the 
liquid surface and space potentials. The effect is most readily modeled using finite element 
computer methods such as "THREE D" [40]. 

Potentials can be reduced by insemng grounded rods, baffle plates or other conductive 

es of Soli& 

ia for and Conductive S W  
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ivities. D ielectric Co nstants a nd mendix B : TvDical Conduct . .  . n (or D-1 Times . 

acetaldehyde (15OC) 
acetamide 
acetic acid (0°C) 
acetic anhydride (25°C) 
acetone (25°C) 
acetoniuiie (20°C) 
acemphenone (25°C) 
acetyl bromide (=OC) 
acetyl chioride (25°C) 
m i e m  
acrylonitrile 
allyl alcohol (25°C) 
aminoeth y lethanolamine** 
n-minoethyl piperazine** 
ammonia (-79°C) 
amyl acetaw 
aniline (25°C) 
arsenic Wromide (25OC) 
arsenic mchloride (25°C) 
benzaldehyde (25°C) 
benzoic acid (125°C) 
benzonir.de (25°C) 
benzyl alcohol (25°C) 
benzyl cyanide 
biphenyl (liquid: above 12OOC) 
bromoform (mbromomethane) (25°C) 
iso-butyl acetate 
iso-butyl alcohol 
Sec-butyl alcohol 
ten-butyl alcohol 
butyl CARBïïOL** 
iso-butyl chloride 
sec-butyl chiotide 
capronimle (25°C) 
m-chloroaniline (25°C) 
m-cresol 
ocresol 
Pcresol 
cyanogen 
cyclohexanone 
cymene (25°C) 

dichloroaceric acid (25°C) 
cis-dichloroethy iene 
dichlorohydrin (25°C) 

di bütyl-o-phlhalate 

1.7 x lo8 
8.8 x lo7 
5 x id 

4.8 107 

7 x 108 

4 107 
1-55 x 107 
7x105 
7 x 108 

> 1 x 106 

1.3 107 

1.5 x 108 
1.2 x 108 
1.5 i07 
3 x 1 6  
5 x 106 

<5 x 106 
>1 x lo4 

6 x lo6 

3.1 x id 
2.4 x 108 

2.4 x id 

1.6 x ld 
2.4 x lo6 

1.8 x lo8 

<2 x 106 
2.55 x 1 O l o  
9.12 x id 
<i 107 

2.66 x 106 
>1 x 106 
1 x lo4 
1 x lo4 

3.7 x i08 
5 x 106 

1.397 x lo6 
1.27 x id 

1.378 x lo6 
<7 x id 
5 x id 

<2 x 106 

7 x 106 

1.2 i09 

1.8 x i d  

8.5 x id 

21.1 
59 

6.15 
rúa 

20.7 
37.5 
17.39 
nia 
nia 
rúa 
38 
nia 
nia 
rúa 
rúa 

4.75 
6.89 
da 
nia 
nia 
nia 

25.2 
rúa 
18.7 
rúa 

4.39 
5 -29 
17.51 
16.56 
12.47 

6.49 
7.09 
nia 
nia 
11.8 
11.5 
9.9 1 
Na 
nia 
nia 

6.436 
rúa 

9.20 
nia 

nia 

1.1 x 10-6 
5.9 x 10-6 
1.1 x 10-4 

nia 
3 10-5 
5 10-7 
5.0 x 10-4 

nia 
nia 
nia 

4.8 x 10-4 
nia 
nia 
rúa 
nia 

2.6 x lo4 

nia 
nia 
nia 
nia 

4.5 10-5 
rúa 

>3.3 10-5 
nia 

>1.9 10-5 
1.8 10-9 
1.7 x 1 0 - ~  

>1.5 10-5 
4.2 10-5 

5.7 10-3 
6.3 10-3 

7.5 10-5 

6.4 10-5 
nia 
nia 
nia 

3 . 2 ~  lo4 
nia 

da  

2.5 10-5 

nia 

nia 
d a  

8.0 x lo4 

9.6 10-5 
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diethylamine (-33.5"C) 
diethyl carbonate (25°C) 
diethylene giycoi 
diethyleneaiamine** 
diethyl oxalate (25°C) 
diethyl suifate (25'0 
dimethyl acetamide 
dimethyl formamide 
dimethyl sulfate (0°C) 
dimethyl sulfoxide 
diphenyl oxide 
epichlorohydrin (25°C) 
ethanolamine 
ethyl acetate (25°C) 
ethyl acetoacetate (25°C) 
ethyl acrylate** 
ethyl alcohol (25°C) 
ethylamine (OOC) 
ethyl benzoate (25°C) 
ethyl bromide (25°C) 
ethyl chloride 
ethyl cyanoacetate 
ethylene carbonate 
ethylenediamine 
ethylene dibromide (25°C) 
ethylene dichloride (25°C) 
ethylene glycol 
ethylene glycol monobutyl ether 
ethylene giycoi monoethyl ether 
ethylene glycol monomethyl ether 
ethy leneimine 
ethylene oxide 
ethyl formate 
ethyiidene chloride 
ethyl isothiocyanate (25°C) 
ethyl iactate 
ethyl Iliaate (25°C) 
ethyl oxalate 
ethyl propionate 
ethyl thiocyanate (25OC) 
eugenol (25°C) 
formamide (25°C) 
formic acid (25°C) 
furfural (25°C) 
gly=rol(25"C) 
guaiacol (25°C) 
hydrogen bromide (-WC) 
hydrogen chloride (-%OC) 
hydrogen iodide (@b.p.) 
iodine (1 10°C) 
mercury (OT) 
methoxy triglycol** 
methyl acetamide 

2 2  x id 

5.86 107 
>1 x 106 
7.6 107 
2.6 107 
1.1 107 

1.6 x 107 
2 x  id 

3.4 x 106 
1.1 109 
<1 x i d  
4 x 106 

3.35 x id 

4 107 
<1 x id 
<2x 106 

6.9 107 
<i 107 
9 x 106 

<2x lo4 
3 x 106 

4.32 x i07 
9.3 x 106 
1.09 x 108 
8 x lo8 
4 x 106 

1.45 x id 
2.0 x id 
1.26 x i07 
1.0 x 108 
5.3 107 
7.12 107 

1.2 x 108 

4 x 108 
6.4 109 

2.8 107 
8 x 1 6  
1 x 106 
2 x  i07 

>1 x 106 
2 i07 

1.7 x lo6 

6 x lo6 

4 . 7  x lo6 

1.35 x id 

<3 x id 

1.16 x 108 

8.33 x 1O1O 

<1.7 x IO6 

1.5 x lo8 
6.4 x lo6 

1.3 x 104 
1.063 x 1Ol8 

nia 
2.82 

3 1.69 
nia 
d a  
d a  
nia 

36.71 
d a  

46.68 
4.22 
22.6 
37.72 
6.02 
15.7 
d a  

24.55 
d a  

6.02 
9.39 
9.45 
26.7 
89.6 
12.9 
4.78 
rúa 

37.7 
9.30 
29.6 
16.93 
18.3 
12.7 
7.16 
10.0 
nia 
13-1 
rúa 

1.8 (sic) 
5.65 
nia 
rúa 

111.0 
58.5 
d a  

42.5 
d a  
rúa 
nia 
nia 
nia 
nia 
nia 

191.3 

nia 
1.5 10-5 
4.8 x 

d a  
d a  
nia 
d a  

nia 
5.4 10-5 

2.1 10-3 
>2.2 10-5 
5.9 10-5 
3.0 10-7 

>5.3 x 104 
3.5 10-5 

nia 
1.6 10-3 

rúa 
>5.3 x 10-4 
>4.2 10-5 
>2.8 x lo4 
3.4 x 10-6 

>7.9 10-5 
1.3 10-5 

>2.1 x 10-3 
da 

2.9 x 
1.9 x 

1.4 x 
2.8 10-5 

2.0 10-7 
2.8 10-5 
4.4 x 10" 
4.4 10-4 

nia 
1.2 x 10-6 

nia 
2 2  10-7 
6 x 

nia 
nia 

2 x 10-6 

nia 
5.9 10-5 

nia 
rúa 
rúa 
nia 
nia 
rúa 
da 

8.1 x 

8.5 10-5 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
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methyl acetate (25°C) 
methyl alcohol (18°C) 
methyl cyanoacetace 
methyl ethyl ketone (25°C) 
methyl formamide 
methyl formate 
methyl iodide (25°C) 
methyl isobutyl ketone 
methyl nimue (25°C) 
n-methyl-2-pyrmlidone 
naphthalene (82°C) 

niaoethane 
ninomethane (1 SOC) 
l-nitropropane 
2-nitropropane 
o- or m-nitrotoluene (25°C) 
m y 1  alcohol 
phenol 
phenyl isothiocyanate (25°C) 
phosgene (25°C) 
polyaikylene oxide (Y-6132)** 
polyakylene oxide (Y-6854)** 

propionic acid (25°C) 
propionitrile 
Propyl acetate 
n-propyl alcohol (25°C) 

ninobenzene (OOC) 

propionaldehyde (25°C) 

iso-pr~pyl alCûhol(25"C) 
propyl formate 

pyridine (25°C) 
propyl PROPASOL** 

quinoline (25°C) 
saiicyddehyde (25°C) 
succinoninile 
suifoiane (tetramethylene sulfone) 
sulfonyl chloride (25°C) 
sulfuric acid (25°C) 
teuaethylenepentamine** 
tenamethylurea 
m-toluidine 
o-toluidine 
gtoluidine (100°C) ' 

mchiomacetic acid (25°C) 
1 ,l,l-nichioroehne (?) 
methylene glycol 
methy lenetetramine** 
trimethylamine (-34°C) 
water (extremely pure) 
W a u  (air distilled) 

3.4 x 108 
4.4 107 
4.49 107 

i 107 

<2 x 106 

4.5 x 108 
2 x 106 

5 x los 
s x 107 

3.3 x 107 
5 x 107 
<2 107 
1-39 x i07 
1 x 106 

7 x 16 
> i i07 
5.4 x 16 
8.5 107 
c1 x id 
2.2 x i07 
2 x 106 
3.5 x 108 
5.5 i09 
>1 x 106 
5.3 x 106 
2.2 x 106 
1.6 107 

5.64 x 10'0 
c2 x 106 
2 x i08 
1 x 1012 
>1 x 106 

5.5 x lo4 
3.79 i07 

3 x 16 
7.3 x 16 
8.4 x lo6 
> 1  x 106 
2.2 x lo4 
4.3 x 106 - i x i09 

8 x lo7 
1.92 x lo8 

4.2 x lo6 

4x104 

6 x lo7 

1.4 x lo8 

8.51 x lo6 

<6 x lo6 

6.2 x lo6 

6.68 
32.70 
29.30 
18.5 1 
182.4 
8.5 
d a  
13.11 
d a  
32.0 
d a  
34.82 
28.06 
35.87 
23.24 
25.52 

10.34 
9.78 
nia 
d a  
d a  
d a  
18.5 
3.44 
27.2 
6.002 
20.33 
19.92 
7.72 
d a  
12.4 
9.00 
13.9 
56.5 
43.3 
d a  
d a  
d a  
23 .Oó 
9.91 
6.34 
4.98 
d a  
7.53 
23.69 

d a  
nia 
80.4 
80.4 

d a  

1.7 x 10-7 

5.8 x 10-6 
1.6 10-5 
2.0 10-5 
3.9 10-7 

> 2.2 10-5 

6.6 x 

n/a 

d a  
1.4 x IO4 

nia 
6.2 x lo4 
5.0 x 

6.2 x 
5.3 x 10-6 

4.5 x 10-6 

8.7 10-5 

n/a 
6.9 x 

d a  
nia 
d a  
d a  

1.9 x 
>3.0 10-4 
2.8 10-5 

9 10-5 
5 10-7 
1.2 x 10-8 

2.1 10-5 
3.6 10-5 
7.5 x 10-6 
8.9 10-9 

2.4 x 

d a  

>1.9 x lo4 
nia 
n/a 
d a  

>3.4 10-5 
1.6 10-3 
1.5 x lom6 
7.1 x 

d a  
9.1 10-5 
2.5 10-5 

d a  
d a  

1.7 x lo4 
7.1 10-7 
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mm** 470 
biphenyl (liquid@ 69-1200C) 2500-1oooO 
bromobenzene 1200 
1 -bromonaphthaiene 3660 
butyl acrylate** 3580 
chlorobenzene 7000 
chloroform < 10000 
dibutyl sebacate 1700 
dichlorobenzene 3000 
ethylene dichloride 4000 
2ethyihexyl acrylate** 610 
gasoline oeaded) >50 
hydrogen sulfide (@ b.p.) lo00 
methylene chloride 4300 
pentachloroethane* 100 
1 .î,4-mchlmbenzene* 200 
trichloroethylene 800 
vinyltrimethoxysilane (4% CH3OH) 5900 

d a  
d a  

5.40 
4.83 
d a  

5.621 
4.806 
4.54 
9.93 
10.36 
rila 
2.3 
d a  

8.93 
3.83 
4.08 
3.42 
d a  

anisole (methyl phenyl ether) 

biphenyl (solid: less than 69°C) 
bromine (17°C) 
butyl stearate 
caprylic acid (octanoic acid) 
carbon disuifide (1OC) 
carbon tetlzhloride 
chlorine (-70°C) 
cyclohexane 
decalin* 
dichIorosilane 
diesel oil @died) 
diethyl ether 
1.4-dioxane (diethylene oxide) 
ethyl benzene 
gasoline (straight run) 
heptane @died) 
hexane (purified) 
hexamethyldisilazane 
isovaleric acid 
jet fuel 
kerosene 
pentachlorodiphenyl* 

silicon tetrachloride 
styrene monomer 
sulhir (1 15OC) 
toluene 
fric hlorosi h e  
turpentine 
iS0-valeric acid (8OOC) 

benzene@irrified) 

SiH fluid (Y-10354)** 

10 
5 x 10-3 

0.17 
13 
21 

<37 
7.8 x lo4 
4 x 10-4 

<0.01 
c2 
6 

rúa - 0.1 
30 
o. 1 
30 - 0.1 

3 x 10-2 
i 10-5 

29 
c40 

0.01 - 50 
1 - 5 0  
0.8 
2.5 
rúa 
10 

100 
1 

d a  
22 

<40 

4.33 
2.3 
d a  
d a  

3.111 
2.45 
2.6 

2.238 
d a  
2.0 
2.18 
d a  
- 2  
4.6 
2.2 
2.3 
-2 
2.0 
1.90 
d a  

2.64 
2.2 
2.2 
5 .o6 
d a  
nia 

2.43 
d a  

2.38 
nia 
d a  
d a  

d a  
d a  

4 x 10-2 
1.1 x 10-2 

rila 
7.1 10-3 

>4.3 10-3 

2.9 10-3 
2.2 x 10-2 

da  

da 
1.8 x 10-2 

0.34 
0.18 

3.7 x 10-2 
d a  

2.4 x 

4 . 4  1 

3.8 
-100 (dissipation) 

not applicable 
d a  
1.3 

>OS8 
-100 (dissipation) - 100 (dissipation) 

nia 
>8.8 
3.2 
nia 

-100 (dissipation) 
1.4 

-100 (dissipation) 
0.68 

-100 (dissipation) 
-100 (dissipation) 
-100 (dissipation) 

d a  
>OS8 

0.39 - 100 
0.39 - 19 

- 100 (dissipation) 
da 
d a  
2.2 
d a  
21 
d a  
d a  
nia 

xylene o.  1 2 .'3 8 -100 (d i m t i o n ì  
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[a] Bntton, L.G., and Smith, J.A., "Stafic Hazards of Drum Filling, Part I : Actual incidents and 
Guidelines", Plant/Operations Progress, Vol. 7, No. 1 (Januaxy 1988). 

ibl Berufsgenossenschaft der Chemischen Industrie, Statische Elekmzitat, Richt. Nr. 4, Aug 4 (1980). 

[CI Luttgens, G., "Collection of Accidents Caused by Static Elecmciry", J. Electrostatics, 16 (1985) pp. 
247-255. 

[dl 

[el 

Hill, N.E., et ai., "Dielecmc Propemes and Molecular Behavior", Van Nostrand Co., NY (1969). 

Dean. J.A. (Editor), "Lange's Handbook of Chemistry", 13th Ed., McGraw-Hill, New York. 

Notes : Reference I31 was the principal source of data, taken from the originai German, although [e] was the 
preferred source. As cautioned in [b], the dafa should be regarded as approximate only, since they derive 
from various authors under different experimental conditions @ar9cuiarly liquid purity and temperature). In 
the case of non-conductive liquids especially, the conductivity of highly purified material may be much less 
than indicated in Table A-l. Almost all light hydrocarbons (aliphatic, cyclic and aromatic) fali into the 
"nonanductive" category when reasonably pure. Note that temperature changes and especially phase 
uansitions (see biphenyl) can change the conductivity category. Liquids marked with an asterisk are 
assigned data from ref [d]. Two asterisks denote data measured at a Union Carbide Piant. Suspect data are 
i n d i d  "?". 

Measu rement o f  Conductivitv 
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A m  
MISTS 

Minimum Ignition Energies of Gases 

Techniques for the measurement of minimum ignition energies of gases in oxidants such as 
air or oxygen have been well established and a standard method [ 133 is described in ASTM E 582- 
76 "Standard Test Method for Minimum Ignition Energy and Quenching Distance in Gaseous 
Mixtures". In ali cases it is found that the minimum spark energy needed to cause ignition (MIE) 
attains a lowest value somewhere near the middle of the flammable range and (by definition) 
approaches infinity at the lower and upper flammability limits. Thus, a plot of minimum ignition 
energy against gas concentration in the oxidant follows a U-shaped curve (resembling the gamma 
function) from which the lowest MIE value can be found. 

As discussed in [59] the MIE is greatly affected by the test equipment used. Variables such 
as electrode material and geometry, spark circuit capacitance and other parameters determine the 
value of MIE found. In principle all the vanables known to affect MIE should be optimized to 
determine the "lowest minimum ignition energy" @MIE). However, in practice standard methods 
such as [13] are used and these do not independently optimize ail the variables. Data h m  [59] 
show that when this is done, the L E S  found can be less than those determined using standard 
methods. In particular, for simple capacitance sparks the MIE is decreased as storage capacitance 
is decreased and as electrode tip diameter is decreased An "absolute" LMIE is limited by the 
ability of metal surfaces to hold charge (maximum 2.7 nC/cm2), since the capacitors used at very 
low energies are effectively isolated spheres. Also, at high potentials ionization begins to be a 
problem for pointed electrodes. 

Table C-1 [59] shows how the MIE (mT> of 28 vol% hydrogen and 8.5 vol% methane in 
air varied with capacitance (pF) and electrode diameter (mm). "Points" refers to the use of steel 
gramophone needles. This Table shows how MIE is decreased with decreased capacitance and 
electrode diameter up to the experimental limits discussed. 

le C-1 : MIE Variation with C w c e  and Elecuode Diameter 

Minimum Ignition Enerev CM at Electrode Diameter 
Fuel DF 15 mm 1.59 mm 0.5 mm Points 

Hydrogen 146 0.390 0.260 0.2 1 o 0.073 
50 n/a O. 160 d a  d a  
30 0.094 0.079 d a  0.034 
6.1 0.022 0.016 0.0 19 d a  

Methane . 146 4.67 2.2 1 2.09 0.75 
50 rúa 1 .O6 d a  d a  
30 0.94 0.87 d a  d a  
13 rúa 0.40 d a  d a  
6.1 21 nia n/a nla 

Table C-2 [59] shows the minimum voltage across the spark gap needed to ignite the 
optimum hydrogen and methane mixtures in air. It shows that at small capacitance, at least lo00 
volts is needed for hydrogen and at least 3200 volts for methane. These minima increase with 
increased electrode diameter and with decreased storage capacitance. It should be noted that 146 
pF is typical for the capacitance of a person, steel drums may have capacitances in the 30-50 pF 
range, and a road tanker may have a capacitance of around lo00 pF. 
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C-2 : -n V w e  Var: . .  . .  . .  
Diameter 

Minimum Inition Vol= M at E lectrode Diameter 
Fuel DF 15 mm 1.59 mm 0.5 mm Points 

Hydrogen 146 2300 1900 1700 1000 
50 d a  2500 d a  d a  
30 2500 2300 d a  1500 
6.1 2700 2300 2500 d a  

Methane 146 8000 5500 5350 3200 
50 d a  6500 d a  d a  
30 7900 7600 d a  d a  
6.1 8300 d a  nia d a  

Table C-3 gives lowest reported minimum ignition energies &MIE values) for combustible 
gases in air and other oxidants, nominally at atmospheric temperature and pressure. These values 
were obtained using standard methods and were found in various literature sources. It should be 
noted that MIES generaìiy decrease with increased temperature, pressure and oxidant 
concentration. In the literature, the tem "MIE" is commonly used to denote LMIE. 

Spark Duration 

The ASTM method [ 131 does not aüow spark characteristics to be independently varied. 
The energy contained in a storage capacitor is discharged exmmely rapidly (timeframe -1 p) into 
a spark gap through a spark circuit having minimal inductance. Care is taken to account for ail 
stray capacitance in the spark circuit. For most combustible gas mixtures with an oxidant the 
ASTM method has been found [ 131 to give LMIEs that are as low as, or lower than, those 
obtained using other methods. Also, it should be appreciated that practically ail "static" sparks 
from conductors are simple capacitive sparks of the type used in the ASTM test. Some studies 
have found [2] that for very short duration sparks a large fraction of the stored energy is radiated 
away as a shock wave, and extended spark durations of the order 100 ps were found to be 
optimum. The optimum spark duration may depend on flow velocity, pressure and the gas 
mixture concerned. For flames of very small burning velocity such as ethylene oxide 
decomposition flames, an extended spark duration may be necessary owing to the slow rate at 
which the fiame kernel attains its minimum size for self-propagation. In ordm to address any 
effects of spark characteristics on gas MIE the equipment and technique need to be far more 
sophisticated than that described by ASTM [ 131. Although spark durations may readily be varied 
by introducing resistive or inductive loads, these components absorb stored capacitor energy and it 
is the energy dissipated in the spark gap that is important. The product of voltage (V) and current 
(I) across the spark gap may be integrated with time to give dissipated energy, and this is 
facilitated by using rectangular V.1 pulses such as in [ 141 and avoidance of oscillatory waveforms. 
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STD.API/PETRO P U B L  2Z3U-ENGI-  

tric í%ì Limits í%ì . .  
aCetaIdehyde 

acelone 
acetylene 

acetylene (in oxygen) 
acetylene (decomposition @ 1 aun) 
acetylene (decomposition @2 aun) 

acxolein 
acrylonitrile 
ailyl chloride 

ammonia 
benzene 

1 3-bu tadiene 
butane 

n-butyl chloride 
carbon disullide 

cyclohexane 
cyclopentadiene 
c yclopentam 
Cyc~apropane 
diChIOrOSilane 
diethyl ether 

diethyl ether (in oxygen) 
diethyl ether (in nimus oxide) 

UYdroPyran 
dusobutylene 

dusopropyl ether 
dimethoxymethane (methylal) 

22-dimethylbutane 
dimethyl ether 

2,2-dimethyl propane 
dimethyl sulfide 

di-t-butyl peroxide 
ethane 

ethane (in oxygen) 
ethyl acetate 
ethylmine 
ethylene 

ethylene (in oxygen) 
eth y leneimine 
ethylene oxide 

ethylene oxide (decomposition : no oxidant) 
f m  

heptane 
hexane 

hydrogen 
hydrogen (in oxygen) 

hydrogen (in nimc oxide) 
hydrogen sulfide 

isooctane 
impentane 

isopropyl alcohol 
isopropyl chloride 
isopropylamine 

0.37 
1.15 @ 4.5% 

0.017 @ 8.5% 
O.ooo2 @ 40% 

100-1OOo 
0.13 

0.16 @ 9.0% 
0.77 
680 

0.2 @ 4.7% 
0.13 @ 5.2% 
0.25 @ 4.7% 

1.24 
0.009 @ 7.8% 

0.22 @ 3.8 
0.67 
0.54 

0.17 @ 6.3% 
0.015 

0.19 @ 5.1% 
0.0012 

0.0012@ 14% 
0.36 
0.96 
1.14 
0.42 

0.25 @ 3.4% 
0.29 
1.57 
0.48 
0.4 1 

0.24 @ 6.5% 
0.00 19 

0.46 @ 5.2% 
2.4 
0.07 

0 . m 9  
0.48 

0.065 @ 10.8% - 1500 
0.22 

0.24 @I 3.4% 
0.24 @I 3.8% 
0.016 @ 28% 

0.0012 
8.7 

0.068 
1.35 

0.21 @ 3.8% 
0.65 
1.08 
2.0 

103-105 

7.73 
4.97 
7.72 

100 
100 
5.64 
5.29 

21.8 
2.72 
3.67 
3.12 
3.37 
6.53 
2.27 

2.7 1 
4.44 
17.36 
3.37 

2.16 

5.64 

4.02 
5.28 

7.72 
100 
4.44 
1.87 
2.16 
29.5 

4.44 

4.0 - 57.0 
2.6 - 12.8 
2.5 - 100 

100 
100 

2.8 - 31 
3.0 - 17.0 
2.9 - 11.1 

15 - 28 
1.3 - 8.0 
2.0 - 12 
1.6 - 8.4 
1.8 - 10.1 
1.0 - 50.0 
1.3 - 7.8 

1.5 - 
2.4 - 10.4 
4.7 - 96 

1.85 - 36.5 
2.0 - 82 

1.1 - 6.0 
1.4 - 7.9 

2.2 - 13.8 
1.2 - 7.0 

3.4 - 27.0 
1.4 - 7.5 

2.2 - 19.7 

3.0 - 12.5 
3.0 - 66 

2.0 - 11.5 
3.5 - 14.0 
2.7 - 36.0 
3.0 - 80 
3.6 - 46 

3.0- 100 
100 

2.3 - 14.3 
1.05 - 6.7 
1.1 - 7.5 
4.0 - 75 
4.0 - 94 

4.0 - 44 
0.95 - 6.0 
1.4 - 7.6 

2.0 - 12.7 
2.8 - 10.7 

1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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STD-APIIPETRO PUBL 2Z30-ENGI-  177q 0732290  Obl1351'I 8 7 5  

methane 
methane (in oxygen) 

meritane (in nimc oxide) 
methanol 

methyiacetylene (pmpyne) 
methylene chloride (dichioromethane) 

methyl ethyl ketone (2-butanone) 
methyl butane (isopenme) 

methyl cyclohexane 
methyl formate 

n-pentane 
2-pentene 
propane 

propane ( i  oxygen) 
propionaldehyde (propanai) 

n-propyl chloride 
propylene 

propylene oxide 
isopropyl mercaptan 

tetrahydrofuran 
-Yctropyran 

thiophene 
toluene 

tliChlOrOSilane 
methylamine 

2,2,3-mmethyl butane 
vinyl acetate 

vinyl acetylene 

o21 @ 8.5% 
0.0027 

8.7 
0.14 @ 14.7% 
0.11 @ 6.5% 

> 1000 
0.53 @ 5.3% 

0.25 
027 @ 3.5% 

0.4 
0.28 @ 3.3% 
0.18 @ 4.4% 
025 @ 5.2% 

0.002 1 
0.32 
1.08 
0.28 

0.13 @ 7.5% 
0.53 
0.54 

0.22 @ 4,7% 
0.39 

0.24 @ 4.1% 
0.0 17 
0.75 
1 .o 
0.7 

0.082 

9.47 

12.24 

3.66 

2.55 

4.02 

5.0 - 15.0 
5.1 - 61 

6.0 - 36.0 
1.7 - 

14 - 22 
2.0 - 12.0 
1.4 - 7.6 
1.2 - 6.7 
4.5 - 23 
1.5 - 7.8 

2.1 - 9.5 

2.6 - 17 
2.6 - 11.1 
2.0 - 11.0 
2.3 - 36.0 

2.0 - 11.8 

2.27 1.27 - 7.0 

2.10 

4.45 2.6 - 13.4 
1.7 - 100 

7.0 - 83 

xviene 0.2 I .96 1.0 - 7.0 

Haase. H., "Electrostatic Hazards : Their Evaluation and Control", Verlag Chemie, Weinheim, New 
York, (1977). 

Briuon, L.G.. and Smith, J.A., "Static Hazards of Drum Filling, Part I : Actual incidents and 
Guidelines", Pìant/ûperations Progress, Vol. 7, No. 1 (January 1988). 

Berufsgenossenschaft der Chemischen Indosme, Statische Elekmzitat, Richt. Nr. 4, Aug 4 (1980). 

NFPA 325M "Fire Hazard Propemes of Flammable Liquids, Gases and Volatile Solids", National Fire 
Protection Association. Quincy MA (1984). 

Lewis, B.. and von Elbe, G., "Combustion. Fiames and Explosions of Gases", 2 nd Ed., Academic 
Press, NY (1961). 

HERC Data Guides, Hazards Evaiuation & Risk Control Services, Hercules Incorporated, Rocket Center 
wv. 
Ivanov, B.A., and Kogarno, S.M., "Explosive Propemes of Pure Acetylene and its Mixtures with Other 
Gases", Int. Chem. Engineering, Vol. 4, No. 4, October (1964). 

Reference [dl was the preferred some for flammable limit data Reference [cl was the preferred source for 
MIE data where these conflicted with [a or r). Stoichiometric compositions were taken mainly from [Q. 
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Mists of combustible liquids can ignite and burn at less than the flash-points of the liquids 
concerned (even below the freezing points of the liquids). Special techniques have been used for 
producing mists of well-characterized size distribution and for M E  testing of both quiescent [ 161 
and flowing [ 15,181 mist-air mixtures. The MIE of quiescent mist has been found to vary with the 
cube of Sauter Mean Diameter of the suspension and the absolute values correspond well with 
those predicted by theoretical models [16,18]. 

The Sauter Mean Diameter "D" is the diameter of a droplet whose volume-tesurface ratio is 
equal to that of the mist as a whole. It is defined by the size distribution statistical parameter D32, 
which is numerically equal to the harmonic mean of the weight dismbution, and lies between the 
means of the number and weight dismbutions: 

where ni - - number of panicles of diameter dj 

Depending on volatility the MIE of a mist approaches that of the vapor at a sufficiently 
small D, which is typically a few tens of microns [ 16,181. Under these conditions the mist is 
rapidly evaporated by the spark and during propagation w3.ï evaporated ahead of the flame front. 
The hazard of fine mists is related not only to ignition energy (which varies with the cube of D) but 
also to burning velocity, which for a range of D might exceed that of the vapor at the same fuel-air 
mio [ 191. As D is decreased, the burning velocity first increases to a maximum then decreases 
again to approach that of the premixed gas mixture. Combustion around a droplet occm 
predominately at the optimum composition (that is, near stoichiometric) some distance from the 
droplet surface, while expansion of gas between the burning droplets intensifies the transport 
process and accelerates burning. A premixed gas mixture is restrained to bum at its overail 
stoichiometry, which might be far from optimum. 

del for Mist . .  

The model is based on the "Simple Chemically Reacting System" or SCRS described by 
Spaiding [20], 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). Bailal [ 161 used the SCRS approach to derive @ctions 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. The expression for MIE was [ 161: 

where cpa - - specific heat of air at constant pressure 
ATst = temperature rise for stoichiometric combustion 
D - - mean panicle diameter @32) 
Pa - - air density 
Pf = fuel density 
@ 
B 

- - equivalence ratio 
mass transfer number - - 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
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The mass transfer number B represents the rano 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 - - Cpa crs, - Tbp) / AH (C.2) 

As discussed above, the stoichiometric flame temperature (T,J is used because combustion around 
the droplets naturally predominates at a distance where the optimum mixture is present. The 
selection of the droplet surface temperature Tbp is discussed below. The enthalpy change for 
vaporization is given by: 

where = heat of vaporization 
Tf = initiai fuel tempemm 

The dimensionless parameter B increases with "volatility" and typically lies between 1.2 and about 
8 as shown in Table C.2 [16]: 

. .  bers of I.iqlud Fu& 

liauid B 

1.5 
2.5 
2.8 
3.1 
3 -7 
6.1 

- heavy fuel oil - 
light fuel oil 
diesel oil - 
gas oil - 
kerosene - 
isooctane - 

- - 
- 
- 
- 
- 

A problem with the overall approach for liquid mixtures is that suitable averages must be calculated 
for B and for the air properties at the average gas temperature. However, the error is offset by the 
logarithmic tem in C.1. Peters [18] used the arithmetic mean of the ambient air and stoichiometric 
flame temperatures (that is, at 1300 K) to evaluate cpa and pa. Since ignition limits of fuel 
mixtures correlate well with the 10% evaporation point, this was taken as the fuel boiling point in 
evaluation of the droplet suxface temperature (needed to calculate B). Figure C.1 adapted from 
[ 161 shows experimentally-vied ignition energies for three of the above fuels as a function of D, 
ail at an equivalence ratio of 0.65. From this the important effect of diameter is apparent. 
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APPENDIX D : LIMITING O XYGEN CO NCENTRATIONS 

The Limiting Oxygen Concentration is a special case of Limiting Oxidant Concentration 
(LOC) where oxygen is the oxidant. The LûC is the minimum concentration of oxidant needed to 
support a deflagration where the gas is initially at atmospheric temperature and pressure. Most 
available data are for oxygen as oxidant No data have been found in the literature for oxidants 
such as chlorine. Since the most common oxidant is air, most data have been developed for 
mixtures of flammable materiais in air to which an inert diluent such as carbon dioxide or nitrogen 
has been added to reduce the oxygen concentration. The LOC depends on the diluent used to 
reduce the oxygen concentration. 

Although the ignition energy is increased with oxidant concentration reduction, this effect 
is not known quantitatively. Partial inertion to render a vapor space immune to weak ignition 
sources such as static can not therefore be supported. 

Materials capable of propagating a decomposition flame at or near to atmospheric pressure 
are assigned a LOC of zero. Where elevated pressures are required the minimum propagation 
pressure at about 25 C given in Bureau of Mines Bulletin 680 is shown. 

The LOC is reduced as temperature and pressure are increased, and for processes 
operating at elevated temperature and/or pressure this effect must be considered. Also, the LOC 
depends on the strength of the ignition source. In order to safely apply LOCs for process inerting, 
it is necessary to allow for additive emrs in test data and field implementation as discussed in the 
text. Klinkenberg [i] states that mixtures of hydrocarbon vapor, air and inert gas containing less 
than 10 vol% of oxygen cannot be ignited. This is not always m e  (for example, styrene or 
diethylbenzene with nitrogen diluent). Table D. 1 is otherwise exerpted from " P A  69. 

Table D.1 : LimitinP Oxwen Concentrations 

LOC (Air + m- 
d a  d a  

acetone 
acetylene 
acrolein 
bentene 
butadiene 

iso-butane 
n-butane 
1 -butene 
n-butyl chloride 
n-butyl chloride 
isobutylene 
isobutyl formate 
carbon disulfide 
carbon monoxide 
chloroazide 
cyclopropane 
di eth y 1 benzen e 
dimethyl hydrazine (UDMH) 
divin y lbenzene 
ethane 
ethanol 
ethyl benzene 

I-bütanol 

11.5 
ZERO 

d a  
11.4 
10.5 
nia 
12 
12 

11.5 
14 

12 
12.5 
5 

5.5 
ZERO 

11.5 
8.5 
7 

8.5 
11 

10.5 
9.0 

12 (1oOoC) 

14 
ZERO 

da 
14 
13 

16.5 (100OC) 
14.5 
14.5 
14 
nia 
da 
15 
15 

7.5 
5.5 

ZERO 
14 
rúa 
nia 
n/a 
13.5 
13 
nia 
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S-ethyl butanol 
ethylene (1 aun) 
ethylene ( M 5 0  cmHg) 
ethylene dichloride 
ethylene dichloride 
ethylene oxide 
ethyl ether 
ethyl nitrate 
gasoline (73/100) 
gasoline (lOO/130) 
gasoline (115/145) 
germane+ 
n-heptane 
n-hexane 
h- 
hYCw3rn 
hydrogen sulfide 
JP-1 fuel 
JP-3 fuel 
JP-4 fuel 
kerosene 
methane 
methanol 
methyl acetate 
methyl acetylene (1 atm) 
methyl acetylene (>300 cmHg) 
3-methyl-I-butene 
methyl chloroform 
methylene chloride 
methylene chloride 
methyl ether 
methyl ethyl ketone 
methyl formate 
monochlomacetylene 
natural gas (Pittsburgh) 
iso-pentane 
n-pentane 
propadiene (1 ahn) 
propadiene (>169 cmHg) 
P I D p a n e  
prqargyl bromide 
propargyl chloride 
PropY kne 
propylene oxide 
silane+ 
styrene 
toluene 
mchloroethy lene 
vinyl chloride 
vinylidene chloride 

9.5 (1500C) 
10 

ZERO 
13 

11.5 ( 100°C) 
ZERO 
10.5 

ZERO 
12 
12 
12 

ZERO 
11.5 
12 

ZERO 
5 
7.5 

10.5 (150"C) 
12 
11.5 

10 (150"C) 
12 
10 
11 
n/a 

ZERO 
11.5 
14 

19 (3O"C) 
17 ( I ~ C )  

10.5 
11 
10 

ZERO 
12 
12 
12 
rúa 

ZERO 
11.5 

ZERO 
ZERO 
11.5 
7.8 
c1 
9 .o 
9.5 

9 (loooc) 
13.4 
15 

d a  
11.5 

ZERO 
d a  
da 

ZERO 
13 

ZERO 
15 
15 
14.5 

ZERO 
14.5 
14.5 

ZERO 
5.2 
11.5 

13 (15@C) 
14.5 
14.5 

13 ( 15OoC) 
14.5 
12 
13.5 
n/a 

ZERO 
14 
d a  
d a  
d a  
13 
13.5 
12.5 

ZEXO 
14.5 
14.5 
14.5 
nia 

ZERO 
14.5 

ZERO 
ZERO 
14 
n/a 
c1 
d a  
rúa 
d a  

vinyltoluene 9.0 n Ja 
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APPENDIX E : STATIC GEN ERATION AND RELAXA TION IN - 
When a low conductivity liquid is pumped through a pipe, it is found that the charge 

density achieves a steady-state value after a certain pipe length. The steady-state is achieved once 
the rate of charge generation at the wali equals the rate of relaxation back to i t  

During flow through pipes, it has been found that the charge density passes through a 
maximum value which depends upon the liquid plus any contaminants present, and the flow 
conditions. The maximum is usually about two orders of magnitude greater than the minima, 
which respectively occur at low Conductivity (below about 1 pS/m) and high conductivity (above 
about loo00 pS/m). Figure E. 1 shows test data adapted from Klinkenberg [i] and the relative 
magnitudes are in agreement with data presented by Lloyd [23]. While the charge generation rate 
increases with conductivity, so does relaxation rate and eventually the latter effect dominates. It 
should be noted that charge densities in pipe flow remain relatively large up to at least loo0 pS/m. 
Thus in non-conductive receiving tanks large liquid surface potentials may be generated, and 
"safe" conductivities of (typically) 50 pS/m based on relaxation in grounded metal tanks do not 
apply- 
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Charge generation in flowing liquids is described in terms of double-layer theory. 
Assuming the presence of ions in a liquid, adsorption of ions at the wall will not be uniform, and 
so there wiil exist a fixed layer of ions at the waii having a certain net polarity. Further from the 
wall, a diffuse layer of ions with net countercharge wiil exist. This layer can be sheared during 
flow and convected downstream as a "streaming current". The theory is well developed for 
conductive systems of defmed electrolytes. In systems containing low-conductivity liquids, only 
the modulus of the streaming current can usually be estimated by reference to empirical data. 
Double layer theory has met with limited success. Even with empirical methods, it is found that 
polarity can change in a given system. 

Empirical methods are described in [3]. The best known equation is that due to Schon 
[22], who found that the steady-state charge density for turbulent gasoline flow in long, smooth 
wail pipes is proportional to velocity: 

S = ß v  (~ /m3)  

where S - - final steady-state charge density emerging from pipe 
- - 
- - flow velocity (m.s.-l) 

propomonality constant (4 .77~ 10-6 C.s.m.-4) ß 
V 

Equation E. 1 can be written in terns of the streaming current flowing out of a long pipe, since this 
is simply the product of charge density, velocity and cross-sectional area of the pipe: 

IS 

where IS - - streaming current (A) 

d - - pipediameter (m) 
x proportionality constant (3.75~ 1 0-6 C .s.m. -4) - - 

In the original Schon study [22], gasoline with conductivity in the range 0.01 - 10 pS/m flowed 
through 20 m long pipes having diameters in the range 2.5 - 20 cm. The value of the exponent in 
E.2 varied from 1.8 - 2.0. Equation E.2 has been simplified by the adoption of a conservative 
exponent of 2.0. 

Subsequent work by Strawson, reviewed in [4], suggested that this equation is not 
conservative in ail cases, and revised values of 1.2~10-5 and 9.42~10-6 (Csm4) were 
recommended for the constants ß and x respectively. Later evaluation by Britton [7] of 
Klinkenberg data [ 11 in which a corrosion inhibitor (Nasuleds) was present showed that even 
higher values of ß and x were necessary to envelope these data. ß and x were increased to 3 1.8 x 
104 and 25 x 10-6 respectively. Figure E.2 shows three versions of equation E.2 using the three 
different values of x,  plus the Klinkenberg data from [i]. 

I 
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. .  . 

Charaina Current for 2" PiDes & Hoses 

Schon Coefficient, X 
10 

O Kerosene plus corrosion 
inhibiîor (Nasuleds), 16 pS/m, 

I through 12.5 m, 2' steel pipe. 
D l  

0 Same as above, but 4.8 pS/m. 

' Other data from [l], including 
flow through rubber hose. 

O 2 4 6 8 10 

" (mw 
As shown in Figure E.2, while most of the data given in [ 11 fall below the predicted levels 

using the revised Schon equation [4,7], including data for smooth-bore rubber hoses, higher 
streaming cun-ents were found when "Nasuleds" corrosion inhibitor was added to the kerosene. 
This additive acted as a pro-static agent. It can be seen that streaming currents greater than 1 
microampere may be generated at about 4 d s  with the pro-static agent present, whereas other data 
indicate that about 7 m/s would be required to generate this current. 

Application to Pipes of Finite Length 

The Schon equation should apply to smooth-bore pipes in which the liquid residence time 
is very long compared to its relaxation time (or time constant). For pipes not meeting this &tenon, 
the effluent charge density should gradually increase to its steady-state (infinite pipe length) value. 
Liquids can be assumed to lose charge exponentially in grounded systems according to: 

where initiai charge density (Urd) - 
s o  - 
t - elapsed time (s) 
z - time constant (SI 

- 
- 

For liquid flow in pipes of different lengths, the variation of effluent charge density with residence 
time can be shown theoretically to follow the relationship [1, p. 601: 

where steady-state charge density (infinitely long pipe) - s, - 

102 

                                      
                                         
                                      
                                         



The effluent charge density S approaches its steady-state value when t becomes large 
compared with time constant z. Both t and 7 can be written in terns of measured quantities. The 
time of flow for any liquid element is given by the pipe length divided by flow velocity. The time 
constant can be written in terms of liquid conductivity and dielecmc constant: 

where 
- - permittivity of vacuum = 8.854 x 10-12 (F/m) 
- dielectric constant of liquid 

eo 
er - 
o - liquid conductivity (Sim) - 

Values of Er and o are given in Appendix B for a series of flammable liquids. Note that for 
non-conductivity liquids (d less than a nominal 50 pS/m) the conductivity is sample-dependent. 
Low conductivity liquids include ethers, aliphatic, aromatic and cyclic hydrocarbons, carbon 
disulphide and some silicon-based liquids. They usually, but not exclusively, have dielectric 
constants of less than 4. Conductive materials include alcohols, aldehydes, ketones, acids, 
epoxides, esters and niailes. For materials not specifically mentioned, conductivity should be 
ascertained according to the Standard Test Method ANSVASTM D 3 1 14-72. 

If the Schon Equation is formulated in terms of the most conservative values of 
proportionality constants ß and x as suggested above, one obtains the find forrns: 

These equations envelope published data for charge generation in smooth metai pipes and rubber 
hoses (moderate resistivity) with large lengths. The application to shorter pipes and hoses (where 
the exponential expression in E.6 and E.7 are significantly greater than zero) is approximate, given 
the practical non-idealities of the relaxation process. 

tic Pipes of Verv -vitv . . .  

Lloyd [23] states that with liquids of low conductivity (1 - 100 pS/m), the component of 
charge that is absorbed on plastic pipe wails cannot migrate quickly along it and its presence tends 
to impede further charge separation. As a result the streaming current decreases with time as 
shown in Figure E.3. Conductive liquids ( > l e  pS/m) form a conductive layer on the pipe wall 
creating a leakage path and preventing charge accumulation. The streaming current remains 
constant with time of flow in the same manner as a metai pipe. 
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. . .  e E-3 : Cl- in -vitv PUE 
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Hoses : Smooth v e r w  RoUph Bore 

cl00 pS/m 
>1 O000 pSlm 

Hoses containing inner spirais introduce a "roughness factor" which serves to increase 
turbulence and the effluent charge density can be increased significantly, at least in hoses with 
diameter of about 2 inches or less (see Table E. 1). This table shows that hazardous charge 
densities were produced with the spiral wound hoses even at flow velocities less than 2 d s .  In the 
chemical industry, it is not unusual to load liquids such as toluene through such small  diameter 
hoses. Figure E.4 shows a scattergram of streaming currents for smooth and rough bore hoses 
compared with the empirical "smooth pipe" predictions of the three "Schon" equations given in 
Figure E.2. 
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le E.1 : Char9irip in 1.5 I n c w  Diameter 
ene of C o n m i t v  u-13.7 D u r n  i71 . .  

Hose Flow Rate Velocity IS S O  

m) h d S )  (nA) ( u C . r n d L  

50 ft. (new) Chemiflex 7 0.39 14 32 
TIFT 15 0.83 50 53 

(coated inner spiral) 21 1.16 170 128 
27 1.49 370 217 

30 ft. (used) Chemiflex 3 0.17 18 95 
TrFr 11 0.63 47 68 

(coated inner spiral) 23 1.26 190 131 
29 1.59 270 148 
34 1.88 330 154 

21 ft. MGT Coronado 21 1.16 5 4 
smooth bore hose 34 1.88 15 7 

4 : Effect of Internal Soiral on CharginP in T w m  H a  

Kerosene through Chemical Hoses 
1 

Chemical Hose with Coated Inner 
Spiral. 1 .5", 50 ft, 11.5 pSm 

O Chemical Hose with Coated Inner 
Spiral, 1 S', 30 ft, 13.7 pS/m 

u Chemical Hose with Smooth 
Bore, l.Y, 21 ft. 13.7 pSlm 

O 1 2 3 
v (mw 

The theoretical aspects of charging at restrictions in pipes were discussed by Goodfeliow et ai. 
[301* 

Charge Relaxation in Plastic Pipes 

Lyle and Davies [42] studied five types of plastic pipe including PTFE, and showed that 
the rate of charge relaxation from flowing kerosene was the same for a steel pipe of equal 
dimensions. From both experiment and theory it was suggested that the charge moves to the inside 
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surface of the pipe, and if both the inlet charge density and the pipe material Viscosity are high 
enough, the charge accumulates until spark discharges are produced. In such cases the spark 
discharges can take place through the pipe waii and can cause puncturing and leakage of liquid. 

These findings an not unique and have been confrmied elsewhere. 
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APPENDIX F : CHARG TNG IN SCREENS AN D MIC ROFIL TERS 

Owing to its large contact surface area, the most significant static generator in filling 
systems is the in-line filter. After liquid passes through the filter its charge density increases 
transiently to a value 1-3 orders of magnitude higher than the steady-state "smooth pipe" value. 
Figure F. 1 shows the charge densities produced from polyester bag filters of vaious nominai pore 
sizes in a 2 inch h e  at different flow rates and liquid conductivities. It is seen that the charge 
density is roughly independent of flow rate and velocity, but since charging current is proportional 
to flow rate one would expect a proportionality between these. 

e F.1 : Chargirlp of Kerosene in Filters in Two-- 

Jet-A through Polyester Filters 
Poresize (micron) & Conductivity (pS/m) 

2000 1 

. . . . . . . . . . ... :I;: ._....,.,. ; ._,......... ... :.... ... 

0 1 1500 O00 1 
Y 

20.8 -I 

31.1 

. . .. 1 O0 
50 29.5 
50 

v) 

1 I 1 I 

O 10 20 30 40 50 
f (GPM) 

Kerosene through Other Filters 
600 1 

1 I .  

- 1 I 
o u) 200 - 

I w 

I 

O 10 20 30 40 50 
f (GPM) 

Polyester, 5 micron, 
15.8 pS/m 

Viscose, 5 micron, 
i 5.8 pS/m 

Polypropylene, 5 micron, 
15.2 pS/m 

Nylon, 5 micron, 
14.8 psim 
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Data presented by KIinkenberg [i] for charging current of Cr-Ac doped kerosene fi  owing through 
an impregnated paper filter is adapted in the Figure F.2. This suggests that the charging current 
was roughly independent of flow rate in this system at low conductivity values. Similar data were 
presented in [ 11 for corrosion inhibitor doped kerosene flowing through a paper filter of different 
de sign . 

e F.2 : F . f f a  of C-vitv on f r m  Paper F W  . .  
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APPENDIX G : DISCHARGES 

Spark breakdown in air between flat electrodes (uniform electric field) occurs at an electric 
field of 3 MV/m and at rather higher fields at an electrode having a small radius of cunrature. Table 
G.1 [38] gives some calculated values for sphere-plane geometry. These were obtained by 
experimentally determining the electrode radii and gaps at which breakdown occurred to a large 
metal sheet held at fixed potential, then calculating the respective fields at the electrode using a 
mathematical model. 

le (2.1 : Calculated B r a w n  FielQs at G r o w  

1 Breakdown Field W / m )  

3 -5 
6.4 
12.7 
31.5 
00 

6.3 
5.3 
4.6 
4.0 
3 .o 

These are the breakdown fields at the spherical electrode. A further criterion [40] states that if the 
mean field in the gap (potential difference divided by gap length) exceeds 500 kV/m, and if the 
field at either electrode exceeds 3 MV/m, spark breakdown will probably occur. At mean fields 
below 500 kV/m only partial breakdown (corona or brush) will occur. 

Remonse a nd Ignition Risk of SDark Discharpes from PeoD i t  

Response depends on energy and source capacitance of the spark, in addition to personal 
characteristics including skin resistance and sensitivity. Female subjects are observed to react at 
lower energy thresholds. Response is related to 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 
production of sparks of at least several mJ without any perception of a shock, and the sparks may 
not be either audible or visible. 

The important result vis-a-vis ignition hazards is that imperceptible sparks may be produced 
at energies considerably larger than the LMIE of most flammable gas or vapor mixtures in air. 

Although spark discharges from rings and wristwatches (etc) may give efficient metal-metal 
spark gaps, discharges from the skin wiii usually involve significant quenching owing to the 
relatively large radii of curvature of fingers and knuckles. Therefore for equal stored energy, the 
risk of gas ignition will be greater at larger voltages (hence larger spark gaps) and consequently at 
smaller capacitance. A further skin effect is its resistance, which can cause energy losses and 
decrease the efficiency relative to metal-metal sparks. 

Body capacitance depends on the capacitance of the feet with respect to ground plus the 
body capacitance with respect to all other conductors in the immediate area. Body capacitance has 
been measured IS91 at not 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 lowest contact area with 
the floor). While a completely isolated individual (jumping off the ground) may achieve a 
capacitance as low ifs 55 pF 1591 this is not a useful value for any practical analysis. A value of 
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about 120 pF was found for the man in standing position, although this vaiue can reach 200 pF or 
more depending on the characteristics of the footwear (ground contact area, dielectric constant and 
sole thickness). 

Corona and Brush Discharees 

It is shown in Appendix H that the maximum theoretical surface charge density on a non- 
conductor is about 2.7 nC/cm2 when the flux all emanates in one direction, and about 5.3 nC/cm2 
when a two dimensional charge array is isolated in free space. Above these surface charge 
densities the surrounding air will begin to ionize and various partial discharge types may be 
produced. 

For plastic surfaces it has been shown [60] that the maximum charge densities produced by 
rubbing the surfaces with various materials, such as woolen cloth, can approach the theoretical 
maximum of 2.7 nC/cm2. Note that during any practical rubbing scenario, the flux must at some 
stage be in one direction, such as towads the countercharge on the rubbing medium. The 
theoretical maximum is not attained (2.3 nC/cm2 was the highest observed value) owing to non- 
idealities allowing some ionization to occur prior to measurement. 

It is shown in Appendix H that the field produced at a grounded electrode approaching the 
charged surface decreases as the electrode radius increases. Thus, larger charge densities can be 
supported with larger electrodes before ionization and breakdown of the air occurs. It follows that 
larger discharge energies can be produced using electrodes of larger diameter. 

Corona discharges are produced in strongly divergent electric fields by conductors of small 
radius of curvature (typically less than 2.5 - 3 mm). They occur as a succession of so-called 
"Trichel Pulses" but to the observer appear as a continuous "hissing" discharge with a small 
luminous origin at the electrode with tip pointed in the direction of the field. The luminosity and 
noise increase with the source current while at small currents may not be observed without special 
equipment. Point-plane corona discharges are described according to the polarity of the point 
(electrode). Hence the terms positive and negative coronas. The characteristics of coronas 
including current-voltage characteristics depend on polanty in addition to geometry. 

Corona discharges are non-hazardous in t e m  of gas ignition except at high currents that 
would not normally be produced during liquid transfer, but which might be produced as the result 
of lightning activity or operation or high voltage equipment. Sloane (651 in an early study found 
that 300 microamperes current was needed to ignite optimum cod gas-air mixtures using metal 
points 3-6 mm apart. Newman and Robb [66] in a later study reduced this threshold significantly 
by demonstrating ignition of aviation gasoline vapor at 200 pA. Both studies noted an increased 
incendivity at elevated temperature. Such currents are larger than those produced during liquid 
handing, even downstream of a filter. While large quantities of charge can accumulate in a tank, 
it is not possible to produce corona discharge currents of this magnitude owing to the localization 
of ionization and the elecmcd resistance of the charged medium. Extremely sensitive gases, such 
as di- and trichlorosilane, carbon disulfide and hydrogen might be ignited by corona at 
significantly less than 100 pA but no information is available. 

Coronas are used in a variety of applications to cause static neunaiization by passive or 
active ion injection processes. 
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Corona Discharge Threshold Fields 

The elecmc field in the vicinity of a charged body such as a charged sheet of plastic is 
greatiy magnified at the surface of any grounded wire or pointed tip. If this magnified field 
exceeds a certain threshold a corona discharge wii i  occur. In atmospheric air this critical field is 
approximately given by [72]: 

E , =  3.1.m { 1 + 0.0308 x 106 ( V h )  

where m - - surface irregularity factor (-1) 
tip or wire surface radius (m) - - rl 

As the wire radius decreases the corona onset field is raised. However, this is more than 
compensated for by the field magnification given approximately by: 

where S - - surface charge density on plastic surface (C.m-2) 

To derive this latter expression, it was assumed [73] that a wire is mounted coaxially in a hollow 
tube of charged material. The radii are rl (wire) and r;! (charged surface). This symmetry 
simplifies the geometry and aliows the field at the charged plastic inner surface to be written: 

And application of Gauss' Law gives the field at the wire: 

Q'E I ri - Ew - 
Fffect of PQlaritv and Geomftrv on B r w  Ch- 

The type of discharge produced depends on electrode diameter. For smali diameters below 
5 mm [61] to 7 mm [6,38] corona discharges are typically produced. At larger diameters "brush" 
discharges are produced The brush is a partial breakdown phenomenon appearing as a discrete 
event with numerous luminous channels emanating from the surface and joining in a bright root 
close to the electrode. The type of brush varies with polarity (Figure G.l) as discussed by 
Fredholm and Lovstrand [62], Britton and Williams [38] and Britton and Smith 163. The 
phenomena occur with both charged plastics and non-conductive liquids. They are not limited to 
spherical elecmdes and two-dimensional surfaces. They may be initiated by the approach of 
fingers, knuckles or metal tools to both flat and curved charged surfaces including plastic pipe and 
tubing. 

. .  

A very impressive demonstration of ignition by brush discharges is contained in the 
1.Chem.E. Package 016 "Video Training Package in Controlling Electrostatic Hazards". In this 
video a charged plastic sheet is brought up to a gas jet on a laboratory burner and ignition is 
produced. The plastic sheet could represent a polyethylene drum liner which has left the drum 
while pouring powder into a flammable solvent. As pointed out in the video, a drum liner must 
NEVER be allowed to leave the dnun or (especiaiiy) be shaken out in a flammable vapor 
atmosphere. Many indusmai accidents have occurred this way. While in the drum, the liner has 
an adjacent conductor (metal) or semiconductor (fiber board) to form a countercharged layer and 
suppress the electric field. When the liner leaves the drum, a large electric field can appear, and if 
shaken, the fieid around the liner will intensify locally as the charge density is increased. 
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. .  ce of --ande B r m  Discharges 

Negative Brush Positive Brush 

T T 

Heidelburg [61) showed experimentally that the ignition frequency of hexane-air mixtures 
by brush discharges from a charged plastic surface varies with electrode diameter. The mixtures 
have a higher ignition frequency and can be ignited aaoss a broader range of compositions as the 
electrode diameter increases, as shown in Figure G.2. The highest ignition frequency is at about 
3.2% hexane. The mixture with the lowest MIE as determined by spark (Appendix C) is 3.8%. 
The stoichiometric mixture contains 2.16 vol% hexane. It is seen that the ignitable range at a 
diameter of 20 mm (the same curvature as human fingers or knuckles) is from about 1.1 to at least 
4 vol%. Large electrodes of diameter 60 mm can ignite mixtures over the range 1.4 - 5.2 vol%, 
which comprises most of the flammable range (1.1 - 7.5 vol%). 
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The maximum effective energy of these discharges can be found relative to capacitance 
sparks. Limiting cases for the highest ignition energy mixtures ignited were at 5.2 and 1.4 vol% 
hexane. From the data of Lewis and von Elbe [63, p. 1633 these compositions have respective 
MIES of about 0.7 mT and (extrapolated) 3-4 d. It appears that brush discharges are less effective 
in igniting rich mixtures and that for lean mixtures the maximum effective ignition energy can be at 
least 3 d. Discharges from srnalier electrodes (15 mm) can give effective energies up to about 0.7 
mJ. 

Later research published in 1981 [a] set the maximum effective energy of brush 
discharges from large plastic surfaces at 3.2 mJ, using test mixtures of known MIE as determined 
by capacitance spark. 

Go-Devils 

The phenomenon of "Go Devils" is described in [41] as follows. "When agitated (as in 
filling a tank), liquids of low conductivity will develop static sparks on the surface. The sparks 
dan about erratically, and may jump long distances (sparks up to 2 ft long have been observed)". 
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These discharges are not brush discharges but are analogous to the "wall-to-cone" (dso 
known as "compaction" or "bulking brush") discharges observed when filling silos with powders. 
There has been no study of the possible effective energies of these discharges in liquid systems, 
but in powder systems they are believed to carry a maximum effective energy of about 10 mJ. 
These discharges have been described to the author by night-time observers of toluene tank truck 
Nling. In view of the ease with which toluene forms flammable mixtures at ordinary temperatures, 
and the fact that such observations could be made on a non-inerted tanker, it is unlikely that such 
discharges normally carry effective energies greater than about 1 mJ. The observers can count 
themselves l u c b  that worst case conditions did not develop while their faces were above the 
manway. 

Propagating brush discharges are most readily described in t e m  of a parallel plate 
capacitor consisting of a charged, non-conductive film whose lower side is in close contact with a 
grounded metal plate. Provided the film is sufficiently resistive and above a certain critical 
thickness, as the charge density on the film is increased a regime is first reached in which brush 
discharges may be produced above the film and charge transfers range from less than O. 1 pC up to 
about 1 pC. As the charge density on the film is further increased, a transition occurs beyond 
which charge transfers of 20 pC up to several hundred microcoulombs are observed. These are 
propagating brush discharges. These discharges are typically visible and audible events and can 
carry energies of several Joules. 

Glor [74] studied the conditions for producing propagating brush discharges (PBDs) above 
charged polyester and polycarbonate films with grounded metal backing. Having found the 
breakdown voltage of the film, the latter was corona-charged to a known potential. A spherical 
electrode was then used to initiate a discharge. It was found that film breakdown voltage increases 
steeply with thickness as expected, while fabrics and woven materials break down more easily 
owing to porosity. A second finding was that the critical surface charge density for PBDs was 
dependent on thickness (increasing rapidly at smaller thicknesses) and the data were material 
dependent. It was detemiined that the minimum charge transferred in a PBD is about 10-5 C, and 
that the appropriate test criterion is the breakdown voltage. Figure G.3 shows the region above 
which it was invariably possible to produce PBDs. The minimum breakdown voltage is about 4 
kV, hence to avoid the phenomenon plastic surfaces at risk should be designed to have a 
breakdown voltage less than this value. 

PBDs are not produced by materials containing pores such as layers of dust or h m  thin 
layers of lacquer or enamel [74]. Also, to obtain the requisite high charge densities, large 
quantities of product must be involved such as in pneumatic powder uansfer, charged non- 
conductive liquid uansfer in plastic pipe, or rapid emptying of powders from bulk plastic bags 
(flexible intermediate bulk containers, FIBCs). The latter does not necessarily produce PBDs, 
and depends on the type of bag and product. For example, flow properties determine the charging 
on FIBC outlet spouts and many fine powders "rathole" out of the spout with little surface contact 
or net charge transfer. The PBD phenomenon does not occur during 25 kg sack emptying, 
although brush discharges might be produced. The latter may ignite flammable vapors but not 
dusts (excluding extremely sensitive dusts or hybrid mixtures). 
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APPENDIX H : ELECTROSTATIC MODELS AND APPLICATIONS 

The accumulation of charge in vessels and the attendant potentials and fields are discussed. 
Analytical models are described for simple geometries. Charge accumulation on non-conductive 
surfaces such as plastics is discussed in terms of image charge effects, charge transfer 
measurement, charge density measurement fields and potentials. This is extended to the case of 
plastic layers on metal substrates and other cases where propagating brush discharges may be 
produced. The capacitance of simple objects is discussed with practical examples. 

One can consider a tank with any number of inlet and outiet lines. Of the charge flowing 
through the inlet lines, some will relax in the tank and some will flow out. The change of charge 
with time can be readily expressed in terms of currents to and from the tank: 

The latter temi is the rate expression for exponential charge relaxation, which strictly holds only 
for a full tank. 

If there is only one inlet line and no outfiowing liquid: 

Is - Q I 7  (H. 1 b) - dQ / dt - 
where Is is a constant sueaming current to the tank. Integrating: 

If the tank is initially empty, Qo = O and the expression reduces to: 

Qt = IS*Z ( 1 - exp (-t / T)} (H. 1 d) 

Hence for liquid flowing into an initially empty, conductive tank the charge "Qì' and charge 
density "S('  remaining at any time is given approximately by the "leaky capacitor" equation: 

Qt = Is*R=C ( 1 - exp. (-t / RC)} (H. le) 

since T - - R*C = %*Er / (relaxation time constant) 

Q / V (charge density) - Now S - 

where Is = streaming current to tank (amperes) 
V - volume of tank (m3) - 

Complications are that in practice V is not constant as a tank is being frlled. However, the 
approximate relation holds fairly well for partly filled tanks provided the contents are well stirred. 
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The streaming current to the tank Is can be expressed in terms of flow rate f (m%) and incoming 
charge density So: 

st - - (So*f*T / V) { 1 - exp (-t IT ) }  03.3) 

For a typical hydrocarbon with Er = 2, substitution can be made for the relaxation time constant - 
18 / O. For a large tank in which the filling time t is much longer than 2, the expression reduces 
to: 

Fields a nd Potentials within Vessels 

The field (E) and potential (O) are found by solution of the Laplace equation in regions 
without space charge and by solution of the Poisson equation in regions with space charge. 
Analytical solution is possible only for simple geometries such as spheres and cylinders; even in 
these cases if the contents are not uniformiy charged the solutions take the foxm of series. For 
more complex geometries such as tanks containing intemals only computer methods can be used. 

O - Lapiace's equation: V2 Q>, - 

where charge density (Cm-3) 
dielectric constant 

- S - 
Er - - - 

etries with H-e Charee 
Simple geometrid cases are considered in [i]: infinite parailel plates, sphere, infinite 

cylinder and coaxial infinite cylinders. When the internal space charge is uniform all of these cases 
reduce to one dimensional variation of potential and field, owing to the symmetry. Series 
approximations from analytical methods, or numerical computation can be applied to less simple 
geometries such as cubes and rectangular spaces. 

Unlike the case of a parallel plate capacitor, where charge is held on the plates, the 
boundary condition here is that the plates are at ground potential. For a uniform space charge 
density "S" the plane of symmetry is midway between the plates and is used as the origin x=O. 
Hence 
dimensional form of Poisson's equation: 

= O at x = $Id, where d is half the plate separation, and @ = mmax at x=O. From the one 

The maximum field Emax occurs at the boundaries where x = kd: 
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The maximum potential Q>mm occurs midway between plates where x = O: 

These equations give a crude approximation of field and potential in containers with a large ratio of 
width to depth. 

SDhere 
From Poisson's equation the potential in a grounded metal sphere containing uniform space 

charge density "S" is: 

@(r) = S IR2 - r2) / (6EoEr) (H. 12) 

where R - - sphere radius 
r - - distance from center of sphere 

The maximum potential is at the center of the sphere where r = O: 

The minimum potential is at the grounded wall where 0 = O. 

By differentiating (H.12) the elecmc field is: 

(H. 13) 

(H. 14) 

The maximum field is at the grounded wall where r = R: 

te Cvwder 

From Poisson's equation the potential in an infinitely long grounded cylinder containing 
uniform space charge "S" is: 

where R - - cylinder inside diameter 
distance from axis - - r 

The maximum potential is on the axis where r = O: 
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By differentiating (H.16) the elecmc field is: 

The maximum field is at the grounded wall where r = R: 

(H. 18) 

(H. 19) 

As shown in [i] the solution for potential between coaxial cylinders of respective radii Ri 
(inner) and & (outer) containing a uniform space charge density "S" in terms of distance from axis 
of symmetry "r" is: 

The boundary conditions being QP=O@r=Ri 

Q > = O @ r = R ,  

The field is given by - d a  / dr: 

The maximum potential occurs at: 

Q>m - - SR2[1 + ((i  -P2)/(21nP)}{1 -ln {-(l-P2)/(21nP))]/(%J%) (H.22) 

P - - R i / R  

The maximum fields occur at the boundaries: 

E , =  (H.24) 

Klinkenberg [ i ]  considered the case where the inner radius Ri is much smaller than the outer radius 
R,, for example a wire running along the axis of a cylinder of much larger large diameter such as a 
pipeline or tank. In this case where P and P2 are much less than unity, In P remains significant or 
greater than unity. With the P and P2 terms cc 1, the boundary fields become: 

SR{ 2 + ((1 - P2) / l e ) }  / (Wr) 

I 

l 

l 

I 
l 
1 
I 
1 
I 
1 
I 
I 
I 
I 
1 
I 
1 

l 

l 
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As P O the field Eo goes to (SR / (2çgr), the same as equation (H.19) for a singie cylinder. 

As P + O the ratio of these fields: 

+ ll(2PlnP) (H.27) Ei/& 

Thus as discussed in [i] the wire increases the maximum field roughly by the factor (1 / (2Pin.P) 
relative to the cylinder done. This is significant in the use of such wires as static neutralizers. 
Klinkenberg gives the example of a 1.5 mm wire on the axis of a 6 inch pipe containing a space 
charge of 1 pGm3. The maximum potential and field are respectively 52 V and 23 kV/m. With 
the wire absent they are 79 V and 2.1 kV/m. The inner conductor therefore depresses the space 
potential to a s d  degree relative to the very large increase in maximum field. 

and Cubic Ge- 

Using the approach of Camithers and Wigley [39], who derived approximate expressions 
for fields and potentials in cubical tanks uniformiy filled with charged mist, it is simple to derive 
the general expressions for rectanguiar tanks completely filled with uniform charge density. The 
geometry is given in Figure H.1 where " d  (depth of liquid in tank) is zero: 

                                      
                                         
                                      
                                         



Tank Mid-Point 
I 
I 
I e I 

C --'T--- I 

I 
P I  

I r--- liquid depth -.--- 
d i  

I 
I 
I 
I - 2 

From Poisson's Equation (H.6) and the boundary condition that the potential 0 = O over 
the tank walls, we uy a solution of form: 

00 Q) 00 

0 = C C B (iTm,n> sin (xix/a)*sin (my/b)*sin (xnz/c) (H.28) 
1=1 m=l n=l  

( l T r n T n  odd) 

To find the form of B this is substituted back into Poisson's Equation (H.6) and we find the 
potential to be of the form: 

X sin (xWa).sin (my/b)*sin (xndc) (H.29) 

If for a first approximation only the first tem in the series is taken (l=m=n=l): 

(H.30) 

where ß = 64a2b2c2S / {E&,+ (b%* + a2c2 + a2b2) } (H.3 1) 

1 2 1  
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From (H.30) and (H.3 1) the relationship between charge density "S" and the fields and 
potentials in the tank can be found. For example, the maximum potential is in the center of the 
tank where d a  = y/b = d c  = 0.5 and the sine terms in (H.30) are unity: 

o m  - - ß / x  (H.32) 

To find the electric fields (€3.30) is differentiated with respect to x,y and z in turn and 
multiplied by minus 1 : 

EY - - (ß / b).sin(mda)*cos (xy/b)*sin (xdc) (H.33) 

E , =  (ß / c)*sin(nx/a)*sin (xy/b)*cos (xdc)  (H.34) 

The greatest elecmc fields occur at the center of each face of the enclosure and are of magnitude: 

Ex.m - - ß / a  (H.35) 

In the case of a cubical enclosure a = b = c and the maximum potential and field, 
respectively at the center of each face and in the tank center are (from H.32 and H.35): 

It has been shown [5q  using finite element computer modeling that the maximum space 
potential am and boundary field (Em) in a cubical compartment of side "a" containing uniform 
charge density "S" are: 

a m  - - 0.056-S*a2 / (E& (H.40) 

Em - - 0.28.S.a / (hEr) (H.41) 

The field can be compared with the approximate solution derived in (H.39) for a cube: 

                                      
                                         
                                      
                                         



The error for the approximate solution is (-) 21% taking only the first term of the series solution. 
This error is small for applications such as tank washing where the charge density will not be 
known accurately and the dielectric constant wiii normally be assumed to be unity. 

Vertical Cvb,&h.l Gewu&&&ped Vanor S w  . .  

The model [7,44] is for a grounded conducting cylindrical container being filled with a 
charged liquid of low conductivity. An analytical solution to the elecuostatic potential inside the 
vapor region is presented in the form of a convergent series of Bessel functions and hyperbolics. 
The model assumes that the liquid is uniformly charged, even at the surface, with a constant 
incoming charged density that relaxes in a manner described by equation A.6. An approximate 
form will be derived for the maximum potential given the cylinder dimensions, the liquid depth, 
conductivity and dielectric constant, and the incoming charge density. A similar forms are given 
for the elecmc field strength. 

Potential 

l I 

I 
Derivation of the electrostatic potential is carried out by solving the Laplace equation for the 

vapor region, where there is assumed to be no net charge, and the Poisson equation for the liquid 
region which contains a net charge determined by the charge density. The boundary conditions are 
such that the potential goes to zero at the grounded conducting waüs and that the potential and its 
normal displacements are continuous at the vapor-liquid interface. The time dependence of the 
charge density is assumed to be completely separable and is treated separately. 

Consider a cylindrical container with a radius b and and height c fdled with a liquid to a 
depth d, giving a vapor depth of p = c-d, as shown in Figure H.2. 

P 

d 

I 
l 
I 
1 
I 
I 
1 
I 
I 
I 
I 
1 
I 
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e H.3. C V ~  

Using the terminology in [7], general solution of Laplace's equation in the vapor region gives: 

(H.42) 

The a terns will be found by matching bun- conditions at the vapor-liquid interface. General 
solution of Poisson's equation in the liquid region gives: 

At the liquid surface the boundary conditions for the vapor and liquid regions should match. That 
is, the potential and normai displacements should be continuous. Following substitution for the y 
terms, found from the normal displacement boundary condition, these considerations [7] allow 
the a terms to be expressed as: 
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Approximations 

The potential at any given point (r,z,6) can be determined for a given radius @), height (c), 
depth (d), charge density (S), and dielecmc constants (q, EV). However, the general vapor 
region solution is in principle infinite and the a coefficients are nonmvial for a hand calculation. In 
order for the analytical solution to be of very much use, the series must converge reasonably 
quickly. It would also be useful to simplify the coefficients further. 

The vapor region series solution is fairly well behaved, with the first term being the 
dominant one and an upper limit to the sum. At the point of maximum potential, which is at the 
center of the liquid surface, the first tem is almost uniformly 10% higher than the actual sum. 
Likewise, for the ñeld strength, which is addressed later, the first t e m  is almost uniformly 20% 
higher that its sum. A study of the first 20 terms for the vapor region demonstrated [7] a fairly 
quickly converging alternating series, with more terms needed at the liquid surface than above it. 
A reasonable approximation therefore is representation by the first term times a uniform weight 
factor, K (E  0.9), that is: 

Maximum Potential at  Liquid Surface (arn) 
The Mean Value Theorem, the boundary conditions, and the symmetry alone indicate that 

the maximum potential occurs at the center of the liquid surface. The above approximation at this 
point (r=û, z=p) is given by: 

Realizing that E poi/b, and that [45]: 

2.4 
0.52 
0.43 

- - Po 1 
- Jl(PO1) - 

JS(PO1) - - 

we have: 

T(d) s [cosh(2.4 d/b) - i ]  sinh (2.4p/b)/ 

[~~cosh(2 .4  d/b)sinh(2.4 p/b) + qsinh(2.4 d/b)cosh(2.4 p h ) ]  

(H.47) 

(H.48) 

1 2 5  

                                      
                                         
                                      
                                         



T(d) is a "form factor", or filling profile for a particular container geometry (and liquid dielectric 
constant), which goes to zero at the beginning and end of filling. S is the uniform charge density 
of the liquid. For a charged liquid obeying an exponential law of charge relaxation, as given by 
equation H.3: 

The approximations are most valid at times significantly greater than the relaxation time (7) and at 
volumes less than about 90% full. The charge relaxation equation is most valid for liquid 
conductivities above 2 pS/m At lower conductivities, charge relaxation is better described by 
equation A. 10. However, the relaxation behavior given by equation A. 10 can satisfactorily be 
simulated by assuming exponential relaxation governed by an effective conductivity of 0.5 pS/m 
(see figure A. 1). For a steady-state charge density model, S would be a constant throughout the 
ñiling time. 

Approximate Vapor Space Potentials in Terms of am 
if the potential is known at the maximum point, then a single-term expansion allows the 

potential at any other point to be approximated by 

@v z am J0(2.4r/b) sinh (2.4z/b)/sinh(2.4p/b) (H.49) 

This equation can be used for estimating the off-axis potential. For example, at the dip pipe 
location u1 a typical 55 gallon drum configuration, the siirface potential is about half the axial value. 

Electric Field 

The electric field components are derived from the general solution for vapor region 
potential: 

(H.50) 

(H.5 1) 

126 

                                      
                                         
                                      
                                         



STD.API/PETRO P U B L  2230-ENGL 1994 6 0732290  Ob03552 U T 7  m 

Approximations 

With arguments similar to those used above, these equations can reasonably weii be 
approximated by: I 

where K' is weight factor of about 0.8. Similarly one can show that the maximum field strength is 
given by: 

which becomes 

or in terms of T(d) defined above: 

E- = - IC'( s k 0 )  (0.7 5 )  b (d)/tanh( 2.4pb) 

Likewise, the field strength at the top of the container is given by: 

(H.55) 

K ' ( S / E ~ )  (0.75) b r(d)/sinh(2.4p/b) (H.56) - Eo = 

If the maximum potential is known, then: 

E- = - (K'/K) (2.4b) Om/tanh(2.4pb) 
Eo = - ( ~ ' / ~ ) ( 2 . 4 / b )  Om/sinh(2.4p/b) 

hence Eo = Ernax/c0~h(2.4p/b) - 

(H.57) 
(H.58) 
(H.59) 

l 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
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E, J 1 (2.4rb) sinh(2.4zb) (H.60) - and E, = 

E, = - -E, J0(2.4r/b) cosh(2.4z/b) (H.61) 

e H.4 : T h a  F U  of U m d  D r u  : Effect of C m  . .  . .  

Unlined Drum 
Conductivities (pS/m) 

Theoretical 

O 20 4 0  60 80 1 O0 

% Full 

Fipure H.5 : Theoretical Fillinv - of Unlined Drum : Effect of Flow Rate 

Unlined Drum 
Flow Rates (GPM) 

80 

S = 100 p C/m 
60 

40 

20 

O 
O 20 40 60 80 1 O0 
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Unlined Drum 
Dielectric Constant 

30 

S = 100 p Cirn 

- 20 2 - o 
C 
œ 

- - 
c. 

p 10 

o , "  1 I I I I 

O 20 4 0  6 0  80  1 O0 
% Full 

ed V a w r  SDaq 

The solution for potential and field in a rectanguiar tank partially filled with liquid of 
uniform charge density "S" was derived by Camithers and Wigley [39]. The system considered 
(Figure H.1) is a grounded, conductive tank "a" units long, "b" units wide and "c" units in 
height, filled to depth I'd" with non-conductive liquid and leaving an uncharged vapor space to 
depth (p = c - d). The potential function is derived as a double infinite Fourier series with 
established convergence. The approach in [39] was to take only the first series term which could 
lead to position-dependent errors in the calculated field up to a factor of 2.5, although the error is 
usually smaller and can be readily reduced by summing more series t em.  

Subject to the boundary conditions Laplace's equation for the uncharged vapor space and 
Poisson's equation for the charged liquid-filled space were solved [39] giving the potential 
solutions for vapor (Ov) and liquid (R): 

o0 00 

0, = Kasin (zlx/a)*sin (xmy/b)*sinh (ßz) 
1=1 m=l 
(lm odd) 

(H.62) 

00 W 

= {Hosinh ßz + F*cosh ßz + a /ß2}esin (xlx/a)*sin (xmyh) (H.63) 
1=1 m=l 

where: 

- - 16s / (wLimx2) (H.64) a 

l 
l 
I 
l 
I 
I 
I 
I 
1 
I 
I 
I 
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F - - K-sinh ßp-cosh ßp (1 - E"/%) - a-cosh (ßp/p) (H.66) 

H - - (K / q)-(qycosh2 ßp - K-sinh2 ßp) + a-sinh (ßp/ß2) (H.67) 

K - - (Ra /ß2)-(cosh ßd - i) / (&,ash ßp-sinh ßd + a-sinh ßp-cosh ßd) 

These solutions were shown E393 to be convergent and to satisfy both the field equations and the 
boundary conditions, being the only solution by the uniqueness theorem. The field components in 
the vapor space were found from the negative differentials of potential in the x, y and z directions: 

(H.68) 

Do 00 

= - c (Kxm/b)-(sinh ßz-sin (xlx/a)-cos (my/b)  
1=1 m=l 

(1,m ow 
E, 

= - Kß-cosh ßz-sin (xlx/a)*sin (xmyíb) 
1=1 m=l 
(Lm 

(H.62) 

(H.62) 

(H.62) 

By taking only the first terms of the Fourier expansions (-l=l=m) approximate expressions 
for potential and z-component field in the vapor space are: 

@" - - 16S-(cosh ßd - lbsinh ßz-sin ( d a )  -sin (xy/b)  
(~x2~)-{q-,-cosh ßp-sinh ßd + EL-sinh ßp-cosh ßd) 

6 = -  16s- I (cosh ßd - 1 )-cosh ßz-sin (xx/a)-sin (m/b) 1 
&K2ß*( Wcosh ßp-sinh ßd + eL-sinh ßp-cosh ßd) 

(H.63) 

(H.64) 

and Observed Electric Fields 

The maximum elecmc field EZ,m is at the center of the liquid surface (x=a /2, y=b /2, z=p) where 
the x and y components of field are zero: 

I 
i 
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- E, - 
&ß*{ qycosh ßpsinh ßd + qosinh ßp-osh ßd) (H.66) 

If the elecmc field is measured flush with the center of the tank roof (x = a/2, y = w2, z = O), as 
might be done experimentally, the observed field EZqo: 

&,o = - 1 ó$* l   COS^ Dd - 1) 
&dr2ß*{ Eo-cosh ßp-sinh ßd + v s i n h  ßp*cosh ßd) (H.67) 

Hence in order to approximately relate the observed field to the maximum field in the tank, one 
simply multiplies the observed field by the factor (cosh ßp). 

The minimum charge density to produce brush discharges in such a tank might be estimated 
knowing the minimum surface potential at which discharges have been demonstrated to occur 
given the introduction of a grounded probe near to the surfaces of charged test liquids. This is 
variously reported to be somewhere above 20 kV depending on the test method, as discussed in 
Appendix I. The maximum surface potential Om is in the center of the liquid surface (x = a /2, y = 
b /2, z = p) and is given by: 

16S4cosh Rd - l)=sinh ßn 
(Wt2ß2)-( &-cosh ßp-sinh ßd + q s i n h  ßp-cosh ßd) 

- @ln - 
(H.68) 

As developed for the case of the vertical cylindrical container, time-dependent solutions 
may be found using the given expressions for charge relaxation and filling rate. Using computer 
methods a number of series terms may be summed 

Effect o f Tank Liners 

Wall C m c e  Mod4 

In [7] a simple analysis was made for surface potential in a container with a completely 
insulating liner. The principal assumption was that filling time is long compared to the effective 
relaxation time of the liquid, so that at ali times the potential is everywhere equal. If the charge is 
assumed to migrate rapidly to the boundaries and foxm an equipotential surface, the potential will 
be determined by the capacitance of the surface layer and the total charge. The capacitance of the 
total surface will be dominated by that across the liner to the metal waiis, and the capacitance of the 
free surface can be neglected. The model assumes that the container is splash Nled, so that charge 
dissipation and other effects of a ñiiing pipe can be neglected. If the capacitance of the waii layer is 
assumed due to a very thin layer of charged liquid, the geometry can be neglected and the capacitor 
modeled as a parallel plate capacitor 

where A - - area of liquid in contact with wall (m2) 
a thickness of insulating liner (m) - - 

1 3 1  

                                      
                                         
                                      
                                         



In [7] the filling of a polyethylene-lined steel drum was modeled. It was assumed that the 
drum was splash filled at a constant flow rate and charge density, giving a constant streaming 
current to the drum. For a drum of radius "b' and liquid depth "d", the area in contact with the 
liquid is that of the base plus the wetted cylindrical area: 

- - drumradius (m) 
- depth of liquid (m) d - where b 

For a given elapsed filling time Y' and filling rate "f', the depth of liquid "d" is given by: 

where fiìiing rate (m3/s) 
time elapsed during filling (s) 

- - 
- - 

f 
t 

Hence C - - (wer / a)*(n@ + 2.f.t / b) 

where Q =  total charge loaded (C) 
C - - total wail capacitance (F) 

The total charge Q =  Safat (Cl 

where S - - charge density (C/m3) 

The model is shown in Figure H.7 for a typical steel drum being loaded at 35 gpm with 
liquid having charge density of lo0 pC/m3 and a dielectric constant of 2.3. Liner thicknesses of 
50, 100, and 200 mil are considered (1 mil = 0.01 inch = 25.4 micron). 
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I 

Polyethylene Lined Drums 
Liner Thickness (mil) 

s 
Y 
w 
E 
O 
O 
c 

a 

200 

1 O0 

50 

f = 35 GPM 
s=ioo pC/m 

O 20 40 60 80 1 O 0  
Full 

This analysis shows that unless very high charge densities and liner thicknesses are 
involved, non-conductive liquids whose charge rapidly relaxes to the walls will not give 
hazardous surface potentials, since incendive brush discharges require at least 25 kV. Conductive 
liquids can give incendive spark discharges at a few kV and better fit the model assumptions of 
rapid formation of an equipotential surface. However, such liquids are unlikely to generate the 
requisite charge densities. 

conductivity of about 20 pS/m, whose relaxation time of about 1 second approximated the 
assumptions of the model. A close-coupled filter was used to generate high charge densities. 
Figures H.8 (a) and (b) show typical results compared with the model predictions. 

To evaluate the model, experiments were carried out [7] with kerosene having a moderate 

I 
l 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
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e H.8 : 'i'- vs ExDerimental Po- Profiles for Lined Drum 
Filling 
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f=43GPM 
1=1.4 U A  

3 s = 5 1 6  p C/m 
a = 112 mil 

0 =22.4pS/m 

E = 2.23 

The agreement was reasonable considering the model neglected the effects of buk charge 
plus charge at the free surface. 
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to -il T- 

The surface potential approximation should be most accurate for conductive liquids being 
loaded into a container with a thin, perfectly insulating her. in this case the accumulation of frez 
surface charge is minimal and the potential should be determined by the capacitance of the wall, 
since equipotential conditions should be attained very rapidy. A case to consider is the splash- 
filling of a long, horizontal, lined tank. In the case of a conductive liquid, the maximum safe 
surface potential will be only a few kV since sparks rather than brush discharges wiii be produced. 
This is discussed in the text. 

More sophisticated methods including numerical analysis are required for all cases where 
the rapid formation of an equipotential in the tank cannot be assumed, such as is the case for non- 
conductive liquids. In this case the principal cause of difficulty is non-uniform charge distribution 
in the tank. This is a general problem with non-conductive liquids. Charge at the free surface of 
the liquid has a variable capacitance due to its image charge on the tank w a s  and roof, which 
changes during filling. The effect of the liner is far from certain since the charge relaxed to the 
liner may not be fixed but may be convected away by turbulent eddies. Hence it is uncertain how 
much charge is in the bulk of the liquid, the wall boundaries and the free surface. Additional 
problems include hydrodynamic flow uncertainties, including jet and eddy effect that direct highly 
charged liquid to the free surface, and the effects of froth production during splash Nling. The 
problem of unlined road and rail tankers has been tackled by semi-empirical methods with an 
emphasis on observation of static discharge thresholds, as discussed in the text. There has been 
no comparable study of lined tanks. 

CornDute r M od el i ng 

Proprietary and commercially available software has been developed and used to model 
electrostatic potentials and fields under a variety of situations. One, two and three dimensional 
methods have been used. The problem with such approaches when applied to dynamic systems 
such as tank filling is that their accuracy is limited by the need to exactly define the location of 
charges in the system. Permittivities and complex geomemes are a small  problem since the former 
have a smal l  effect (or can be estimated well) and the latter can be modeled using finite element 
methods, the only limitation being increased computation time as the grid size is decreased. 

Definition of charge location is especially difficult for powder transfer modeling (for 
example, silo filling) since there is usually a bimodal charging process leading to changes in 
polarity in the space charge, both in the compacted bed and in the free space containing faliing 
powder. The problem is simpler for liquids owing to there being only one net sign of charge in the 
liquid phase and a relatively smail space charge in the free space. Polarity changes can be due to 
froth or mist production. For liquids the main problem as discussed above is the non-uniformity 
of charge dismbution in the liquid and an excess charge at the free surface. 

Grounded SO heres Abo ve Cha wed Pla ne 'Insu lators 

e of M w d  of  Tmaees to Find Induced -Fe on Grounded 

Simplification of the problem is achieved by the method of images. Consider the point 
charge "q" on the uniformly charged non-conductive surface in Figure H.9. This charge must 
induce an opposite charge on the surface of the grounded sphere so as to maintain the sphere at 
ground potential. Using the method of images the real surface charge induced can be simulated by 
a single imaginary point charge "qi" inside the sphere that has the same effect; namely, to maintain 
a zero equipotential surface on the outside of the sphere. 
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re H.9 : of Images 
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I I . . 

if such a charge exists then by symmetry it must lie on the line connecting "q" with the center of 
the sphere. First, suppose that the charge "q" and image charge "qi" give zero potential at the 
points Pi and P2. It follows from the definition of potential that: 

4*K*&&(P*) = q / @ + a )  + qi/ (a+b)  = O 

hence qi - - - a*q/D 

To show that this image charge positioned at "b" gives zero potential at a general point "P3" : 

so 4*.n*~y@(P3) = q(D2 + a* + 2Dacoscp)a-5 - (aq/D)(a4/D2 + a2 + 2a3coscp/D)-0-5 

Inspection of the second term on the right hand side shows that it is equal to the first term, and the 
right hand side is zero, hence O(p3) = O. 

The analysis can readily be extended to the case of a grounded sphere above the center of a 
uniformly charged disc which discharges completely up to some arbitrary radius (Figure H. 10). 
Consider first a charged annulus on the disc with surface charge density 'Y'. The disc has radius 
'3" and the charged region lies between radii R and S. A charged surface element of area r.dr.d0 
therefore has a charge s.r.dr.de and imposes an image charge dqi inside the sphere at a distance b1 
from its center, on the line joining the elemental area to the center of the sphere. 
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I 
ded SDWe above Charged Non-Conductive DiSr; 

, srárdû (charged surface element) 

ded SDWe above Charged Non-Conductive DiSr; 

srárdû (charged surface element) 

bi 

D 

From the relationships established previously for magnitude and location of the image charge: 

dqi = - as @2 + r2) -0.5 . r.cir.de 

The total induced charge on the sphere due to aii elements of the annulus can be found by 
integration: 

If the disc is uniformly charged all over, not just the annulus between R < r < S, then the image 
charge is found for R=O. 

The image charge is not located at one point but is dismbuted over a continuous closed 
surface inside the sphere. In reality the induced charge wil l  be dismbuted on the surface of the 
sphere, but its magnitude will be identical to that of the image charge. This can be seen by 
considering a Gaussian surface located just outside the sphere. The total flux through this surface 
must be the same whether the sphere with an induced charge on it is present, or whether this 
system is replaced by the image charge. 
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on T r d e r  f r m  DISC to Q&xg 

Suppose one wished to measure the magnitude of a discharge between the charged surface 
and the sphere by measuring the flow of charge from the sphere to ground (ie, current). In 
principle this measurement will give the shape of the puise and, by integration, the charge 
transferred in the pulse. In practice the measured charge is reduced by the presence of the induced 
(image) charge, as discussed by Bntton and Williams [38]: 

Before the discharge the entire surface is uniformly charged. Thus the initial image charge 
qio can be found as above using R=O: 

This is the total image charge due to a uniformly charged disc and equals the induced charge on the 
spherical electrode. To get an idea of the magnitude of this induced charge, one can compare it 
with the total initial charge on the disc (qo = s&) and substitute typical values for geometry. Let 
an e l e d e  of radius a = 1 cm be positioned with its center 10 cm above a charged disc of radius S 
= 20 cm. In this case D = 10 cm and from: 

The induced charge varies with geomeîry but is typically of the order 10% or less of the total 
charge. 

the final image charge qifcân be found as above by setting R=R 
Suppose all the charge on the disc contained up to inner radius "R" is discharged. Then, 

The charge that has been transferred to the sphere "qt" is: 

When the discharge occurs, suppose a quantity of charge 6 flows to ground through the 
measuring device. We can now balance the charges on the sphere: 

qif = qio + KR*S - 6 

Hence 6 ' -  - 2xsa(D - @2 + R2)0-5} + AR% 

This equation shows that the measured charge uansfer 6 is independent of the radius "S" of the 
charged disc. The m i o  of measured charge transfer to the true charge transfer is given by: 

6 / q t  = ( R2 - 2a{ (D2 + R2)o-5 - D ) ) / R2 

This analysis shows that the measured charge transfer can never be equal to the actual 
charge transfer except where qif = qio, that is, either there is no change in image charge during 
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discharge or the image charge is so smal l  that any change is less than the sensitivity of the 
measuring device. This can be an important effect for accurate measurement where the geometry 
makes the image charge a large fraction of the charge t r a n s f d  and must be considered when 
measuring charge transfer. In practice, the image charge can be made very small compared with 
"qt" by using a special probe. For example, a spherical electrode can conmin an isolated detection 
element which receives the totai charge transfer from the discharge. The image charge on this 
element is a smal l  hction of the totai image charge on the probe. 

Dis- Disc to G r w d e d  Plate or P w d  Electrode 

As the radius of the grounded sphere becomes larger the magnitude of the image charge 
becomes greater and the fraction of measurable charge flowing to ground becomes smaller. In the 
limiting case we can consider a grounded circular plate above the charged disc. 

The distance between the charged disc and grounded plate d = (D - a). We wish to examine the 
limit of (6 / q3 as the sphere diameter becomes infinite. 

Now 6/qt  = (R2 - 2a(@2 + R*)0a5 - Dl 1 /R2 

d + a  - Substituting D - 

Alternatively, if the electrode is pointed, a + O and 6 + qt. 

between Charged Non-CondUrIiye DiSc and Grounded SDherg 

An extension of the approach given above ailows elecmc fields and potentials to be 
calculated (Figure H. 11). This approach was outlined by Heidelberg [67] but the derivation in this 
G e m  paper is difficult to follow. On the axis of symmetry, the solutions can be obtained 
analytically. 

As before, the magnitude and position of the image charge dQ' due to the element of 
surface charge dQ is given by: 

and p*pI = a2 

We can find the equation governing the position of ail the image charges dQ'. In the co-ordinate 
system with center at the mid-point of the sphere the position of any image charge is given by: 

I 
l 
l 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 

1 3 9  

                                      
                                         
                                      
                                         



I 

For the similar triangles p ' i x  - p P  = a2 i (Dp') - 

Hence 

Thus 

Rearranging and completing the square the location of a l l  image charges dQ' is given by: 

(x-a2/(2D)}2 + y *  + 22 = a4 i ( 4 s )  

Suppose the charge dQ on the disc is due to an element of surface df having charge density "s". 
The contribution to total potential at some arbitrary point P at distances r and r' respectively due to 
the charge dQ and its image charge dQ can be written in terns of df: 

In order to find the potential at P due to all the charges dQ and image charges d Q  we need to find 
the quantities r and i' in terms of the geometrical parameters a, R, and D. Summation is done by 
integrating over the surface from p = O to R and from 8 = O to 2x. 

From the simple geometry it follows that: 
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if we let the Co-ordinates of the image charge dQ' be given by x', y', and z', it follows: 

r '  - - {(x - X ' p  + (y - y')2 + (z - z )  1 2  ) 0.5 

By consideration of the congruent mangles defined by D and p in the x, y and z planes, and the 
relative positions of dQ and dQ, it follows that: 

y' / p' = p*sin.e/p and p ' / p  = y' / p.sin.0 

XI / p' = D / P  and p ' / p  = x ' / D  

Since from the earlier discussion of the image charge position, p*p' = a2: 

p ' / p  = a2 / p2 

Also p2 = p2 + D2 

Hence p ' / p  = a21 (p2 + D2) 

The potential at the general point P (x,y,z) is therefore given by: 

This integration is too complex for analytical solution but may be simplified by considering 
only points on the X-axis where z=y=O. The above equations can be used to substitute for x', y' 
and z'. Hence: 

w x >  = (s / 2ç,) / ( { (D - x)2 + p2)-0-5) - (a / p)( (x - x ' ) ~  + yt2 + z ' * ) } - O - ~  } p.dp 
O 

l 

1 

1 
l 
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Expanding the denominator, substituting p2 = p2 + D2 and integrating: 

12 = 

R 

O 
[ (a / x2) (x2p2 + ( x ~  - a2>2}0-5] 

After substitution and rearrangement the solution for axial potential is: 

The field strength is given by E (Px) = - grad @ (Px) 

E(P,) = - (s / 2 ~ )  [ 1 - (D - x) (@ - x)2 + R2)4-5 - aD/ x2 + 2a3/x3 - dT/dx] 

The solution for axial field strength is given by: 

- (a / x*) { (D - a2/ x) (2a2/ x - D) - R2} { (D - a2/x)2 + R2}-0-5] 

The elecmc field therefore drops off rapidly from the electrcde surface to the charged disc. As the 
electrode approaches the disc, the field increases monotonically until contact is made or a 
discharge occurs to the electrode. 

ons o f  Field and Potential Eauatiou 

Field Ea- 
. .  d DISC in 

It follows from the field equation that the field due to a charged non-conductive disc when 
there is no electrode or other disturbing influence present (that is, a = O and x = D) is given by: 
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Neglecting attenuation due to the dielectric constant of the non-conductive disc, this same 
field must also emanate h m  the other side of the disc. Since air in a uniform field has a 
breakdown strength of about 3 MV/m, and a permittivity of about 8.85 x F/m, the 
maximum surface charge density "s" that can be supported is 5.3 x 10-5 Um*, or 5.3 nC/cm2. 

Use of W Meter to Measure Surface C u  D e  

If a cylindncal ñeld meter is used to measure the field above a charged non-conductive disc 
it will be brought axially towards the center. The field meter head is normaiiy equipped with a 
shielding annulus around the head which is designed to give roughly a uniform field, 
approximating at small sepamions to an infinite flat plate. To derive the uniform field at the meter 
head we let D = (d + a), where "d" is the separation. 

E x  - - - (S/ EO) { 1 - d /  (d2 + R2)05} 

Ex - - - ( S I E O )  { i  - 1/(1 +(R/d)2)} 

It is observed that when a field meter is brought up to 
reading does not vary in proportion to the separation, 

in the limit as a + - the field becomes: 

a charged plastic surface, the observed field 
as is found for a charged metai surface. 

Instead, the reading-stas f&ly constant over large ranges of separation depending on the 
geometry and other grounded bodies in the vicinity. This is because the grounded field meter has a 
charge induced in it by the plastic surface and this depresses the potential on the plastic surface. If 
the disc were a metai surface, charge would flow into the area below the electrode to maintain an 
equipotentiai surface. This cannot occur with a non-conductor. in order to calibrate a field meter, 
it must be positioned above a iarge metai plate maintained at constant potential by a stabilized 
power supply; otherwise, capacitance effects would drop the potential everywhere on the plate. 

Whenever the size of a charged non-conductive surface (as given by R) is large compared 
with the separation, the term (1 - ( l+(R/d)2) approaches unity and the field approaches (- s / EO). 
Also, if the effect of the field meter is not appreciated its reading can overestimate the smfaace 
charge density by up to a factor of two if it is assumed that Ex = (- s / &). 

The field is in this case doubled relative to an isolated disc in free space, since the flux is 
aii in the direction of the grounded body. The maximum surface charge density that can be 
supported prior to uniform air breakdown is halved to 2.7 nWcm2. 

Literature sources such as [óû] cite this value of 2.7 nC/cm* as being the maximum surface 
charge density for a nonconductor in air. It is seen that this is only true when aii the flux emanates 
in a single direction through the air, for example towards a grounded plate. Another case where 
this would hold is for a charged spherical particle in free space, where the flux ail emanates from 
the imaginary charge at its center. 

. .  
rpe Densitv in Presence of SD- 

The onset of discharges caused by field intensification at the spherical elecuode can be 
estimated using the known breakdown strength of air. At the surface of the electrode on the X- 
axis, x=a and the field: 
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E a =  - (s / EO) [3 - (D / a) + { (D - a)@ / a - 3) + R2 / a) { (D - al2 + R2)-05)] 

This result was first presented by Heidelberg without derivation in a 1967 paper [61]. For 
example, consider a 1 cm radius electrode (a = 0.01 m) positioned 5 cm (0.05 m) above a charged 
non-conductive disc of large radius (R = 0.5 m). In this case D = 0.06 m and: 

E a =  -47  (S/&) 

For an air breakdown strength of 3-5 MV/m, the maximum charge density will be in the range 5.6 
to 9.4 x 10-7 C/m2 (0.056 to 0.094 nC/cm2). 

In the presence of this spherical grounded electrode the disc wili support about 2% of the surface 
charge density relative to that with a grounded plate (uniform field) above it. Relative to a 
completely isolated disc in free space (uniform fields above both faces) the maximum charge 
density is reduced to about 1%. 

Inspection of the field equation shows that the axial field decreases very rapidly with 
distance from the electrode surface. The drop in field corresponds to the largest energy drop as 
charge moves towards the electrode. Observation of brush discharges shows that the brightest part 
of the discharge occurs as a luminous mot (stem) close to the electrode. 

Po- 

Unlike a conductor, a charged non-conductive disc does not have an equipotential surface 
but instead the capacitance between the disc and grounded electrode depresses the surface potential 
as a function of radius across the disc. While instruments are commercially available to "measure" 
the surface potential of non-conductors such as belts and foils, the potential reading is not 
meaningful and is in fact only proportional to the surface charge density. While the instruments are 
calibrated in volts, the calibration is done using a metal plate held at fixed potential and there is no 
equivalence with the potential on a non-conductor. 

The surface potential can be found by setting x = D: 

If the surface potential is "measured" using a field meter the value wil l  be severely underestimated 
relative to a metal plate of constant potential, owing to the potential depression by the induced 
countercharge on the grounded meter head. 

Non-Conductive Lavers on Conductive Su rfaces 

many practical situations. If the non-conductor is charged on the upper surface by rubbing, by 
charge deposition from a flowing liquid, by particle impact, or by corona discharge, the flux due 
to the charge passes largely through the non-conductor to the image countercharge on the 
conductor underneath. The situation is analogous to a parallel plate capacitor. 

Nuisances and hazards of non-conductive layers on conductive surfaces have arisen in 
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If the nonconductor is very thin the capacitance with respect to the underlying conductor is 
very large and very large charge densities can be supported, iimited only by the dielectric strength 
of the thickness of non-conductor involved. 

The approach of an electrode, a sudden impact or continued charge deposition may trigger 
breakdown of the charged layer by puncture through to the metal substrate. Robb [80] illusaated 
the mechanism with reference to lightning stepped leaders whereby lightning propagates h m  
cloud to ground with far less potential than would be indicated from air sparkover data. This is 
shown in Figure H.12, in which a capacitor chargeú to 20 kV (which has a normal sparking 
distance of about onequarter inch) can propagate sparks over distances 50-100 times as far owing 
to the capacity provided along its path. This provides a very steep gradient at the stepped discharge 
wavefront and thereby keeps the discharge propagating. In [go], a 1 pF capacitor "C" at 20 kV 
discharged to give an 18 inch spark running dong the outside of a series of spark gaps attached to 
uncharged capacitors mounted on a vertical column (note only a few capacitors and spark gaps are 
shown in Figure H.12). An analogous process occurs over the surface of a charged non- 
conductor with metai substrate, on which each surface element has a coupled capacitor on the 
underlying metal plus coupling with each other surface element. i 

2 : SteD bv Step Dis- Produ* LQM Dis- I 
elv J,ow V- 

I 

In the absence of second conductive bodies such as electrodes approaching the charged 

I non-conductor, the maximum stored energy can be calculated knowing the dielectric strength of 
the non-conductive layer of thickness 'I". 

The energy stored by a parailel plate capacitar holding charge "Q' on one plate is: 

w = 42/(2C) 

- Now C - 
area of one plate - where A - 

= dielectric constant of layer 

Hence w =  Q2t (2EoErA) 

The charge Q is equal to the product of surface charge density "s" and area: 

I 
I 
1 
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The maximum energy occurs when the electric field through the non-conductor equals its dielecmc 
strength. The elecmc field for a parallel plate capacitor is given by: 

If the dieiecmc srrength is written as Ed the maximum surface charge density Smm is: 

On substitution for s = smax one obtains the maximum stored energy Wmax: 

Dielecmc strengths vary with manufacture but are usualiy in the range 100 - 700 volts/mi1(3.94 - 
27.6 MV/m). Typical dielectric properties from the CRC Handbook (49th Edition) are given in 
Table H. 1. 

ons : Enerpv Released frQI1i Puncture 

Robb [SO] considered the case where a circular charged surface is discharged radially over 
some flashover radius "r" following puncture. Discharge occurs at the puncture voltage "Vp" 
through to the metal substrate, which is equal to the product of dielectric strength "w' and 
dielectric thickness "t": 

- Ed't (volts) VP - 
If "Vf" is the flashover voltage per unit distance on the surface, all the surface charge within radius 
"r" will feed into the puncture, where this radius is given by: 

vp 1 Vf - - Ed't/Vf - - r 

The discharged energy is given by: 

A typical surface flashover voltage [80] is 4 x l@ V/m. Using Table H.l the energy discharged 
can be calculated for different cases. 
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Dielectric O Dielectric Strenh (EA) - 
ohm-m vol ts/mil MV/m 

epoxy cast resin 3.62 

nylon (F.M.3001) 3.5 

6.6 
polyethylene 2.3 

PTFE 2.0 
rubber (hard) 2.8 

shellac n/a 

methyl methacrylate (cast/molding) 2.7-3.2 

phenol formaldehyde resin (molding) 4.5-5.0 
as above with glass fiber filler 

1014-101s 
>lo12 
4x 1012 

109-1010 
7x1010 

1.6x101* 
>i013 
2x 1013 
1.8xla- 

400 
450-500 

470 
300-400 
140-370 

460 
480 
470 

200-600 

15.7 

18.5 
18-20 

12-16 
5.5-14.6 

18.1 
18.9 
18.5 

7.9-23.6 

It is seen that the maximum energy stored per unit area is of the order Joules per square 
meter even for thin layers. For example, a 40 mil (-1 mm) layer of polyethylene will store 3.3 
Joules of energy per square meter. 

Release of this stored energy can be precipitated in several ways. A charged plane layer 
can discharge directly by puncturing once the dielectric strength has been exceeded. Alternatively, 
ionization may begin close to a boundary where field intensification is present due to a grounded 
body. The discharge can also occur when the layer is mechanically stressed such as by impact 
from a second body, which need not be a conductor. Finally, the layer can be discharged by the 
approach of a grounded body which causes a local discharge once the field above the layer exceeds 
the breakdown field of air. The local discharge can spread over most of the surface if the initial 
charge density is great enough to allow lateral propagation of stepped leaders to occur. 

ctrode to C u d  Non-Coadyctor with Conductive Substrate 

Heidelberg [67] concluded that rigorous solution to the problem of a grounded electrode 
approaching charged non-conductive layers on metal substrates is complex but can be 
approximated by considering the isolated effects of the charged layer on the non-conductor and an 
equal image charge on the conductive substrate. This demands that the image charge on the 
electrode is small compared with that on the substrate, which should be true when the layer 
thickness 'Y is very small compared with the distance to the electrode center "D". Now it has been 
shown that the axial field at the electrode surface is: 

Ea = - (s /EO) [3 - (D /a)  + {(D - a)(D/ a - 3) + R2/a}{(D - a)2 + R2)-o-5}] 

The net field at the electrode can be approximated by the difference between that due to the charge 
array on the non-conductor "Ea(D)" and its image charge on the substrate "Ea@+t)", where the 
latter charge is an additional distance "t" from the center of the electrode: 

Ea@) Ea@ + 0 - &(net) - 

If the net field is calculated in this way and it is assumed that "t" is small compared to (D-a) the net 
field approximates to: 
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This approximation will evidently not hold when the electrode nears the charged surface as the 
induced charge on the electrode will no longer be insignificant. However, it shows that electrical 
breakdown at relatively large separations will be determined principally by the ratio of layer 
thickness to electrode radius. 
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LITERATURE SEARCH 

The literature search has been compiled using keywords and key phrases for cross- 
referencing. The literature is fmt compiled by source and then by subject. Keywords and phrases 
are given for each "source" reference except those in the "Textbooks" and "Standards" categories, 
which are too general to be assigned useful keywords. 

The bibliography is subdivided into fdteen source headings. Rich sources such as "Journal 
of Electrostatics" and "Institute of Physics" were given special sections. Other sources were 
grouped rather arbitraxily depending on the ease of grouping and the number of articles found as 
the compilation was put together. Source headings comprise: 

(A) Petroleum Institute Sources 
(BI Institution of Chemical Engineers 
(Cl Miscellaneous Conferences 
@> Newsletters, Newspapers and Magazines 
(E) J o d  of Elecrrostatics 
(FI Miscellaneous Journal Articles 
(G) Elecmcal Engineering Symposia and Journal Articles 
(H) Manufacturing Chemists Association Case Histories 

Institute of Physics 
Patents 

(0 
(JI 
(L) Loss Prevention (AICE and International Symposia) 
(N) Industrial, University and National Agency Reports 
(P) Plant / Operations Progress 
( S )  Standard / Recommended Practices o Textbooks and Compendium Articles 

Subiect HeadinPs 

The bibliography is cornpiled chronologically under twenty-five major subject headings: 

Accident Case Histories 
Antistatic Additives and Measures for Liquids and Plastics 
Aviation 
Bonding and Grounding 
Charged Fuel Mist, Spray and Froth 
Discharges from Charged Liquids 
Discharges from Plastics 
Drums I : LinWnlined Steel 
DrumsII: Plastic 
Filters and Strainers : Electrification 
Instruments and Measurement Techniques 
Neutralizer Systems for Charge and Field 
People : Shoes, Clothing, Carpets, Floors 
Pipes and Hoses I : Non-Conductive or Plastic Lined : Elecmfication and Relaxation 
Pipes and Hoses iI : Conductive or Metai : Electrification and Relaxation 
Prostatic Agents and Muitiphase Systems 
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(17) Relaxation and Conduction Theory 
(1 8) 
(19) Stray Currents 

Steam Jets, Water Curtains, Inertion Systems, Fire Extinguishers 

(20) T& I : Conductive or Plastic Lined : Charge Accumulation : Hazards : Experiments : 
Modeis 

(21) 

(22) 
(23) Valves: BaUVdves 
(24) 
(25) 

Tanks II : Non-Conductive or Plastic : Charge Accumulation : Hazards : Experiments : 
Models 
Tanks III : Small Non-Conductive Containers less than 55 Gallons 

Washing and Cleaning Tanks and Tankers 
Powder handing : addition to solvents or handling in flammable vapor atmospheres 
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Klaver, R.F., "Final Report : Charge Transfer between Isolated Conducting Objects 
and Ground in a Tank Filled with an Elecmcally Charged Mist", Chevron Research Co. 
Report for API Statics Research Program, May 28 (1974). 

Keywords: tank and tanker washing. shore tank studies. charged water mist. charge 
transfer to conductive objects. elecmc field observations. passive corona neutralizers. 

Camithers, JA., and Wigley, K.J., "The Estimation of Electrostatic Potentials, 
Fields and Energies in a Rectangular Tank Containing Charged Fuel", J. Inst. Pet., Vol. 
48, No. 462, June (1962). 

Keywords: analytical solution for potential and field in rectangular metal tank. filling 
metal tanks. charged mist. 

/Bì : INSTITUTION O F CHE MICAL E NGTNEE RS 

Napier, D.H., "Generation of Static Electricity in Steam Screens and Water Curtains", 
Paper P, Institution of Chemical Engineers Symposium Series No. 39, London, 
(1974). 

Keywords: steam jets. water sprays. steam screens. water curtains. charge density. 
field strength. current flowing to probes. discharge energy. water slugs. tank washing. 

Napier, D.H., "Static Electrification in the Process Industries", 1.Chem. E. Symp. Ser. 
No. 34, London (1974). 

Keywords: general review of hazards and nuisances. 

Pay, F.J., "Static Electricity Hazards in Industry", Loss Prevention Bulletin 078, 
Instn. Chem. Engnrs., Rugby, December (1987). 

Keywords: general review. grounding. ground indicators. 

Anon., "Electrostatic Ignition of Volatile Liquid Vapor", Loss Prevention Bulletin 078, 
Instn. Chem. Engnrs., Rugby (1987). 

Keywords: agitation of slurry. silica and silicone liquid. accident. f'ire. brush 
discharges. field strength investigation. 
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Jones, M.R.O., and Bond, J., *'Electrostatic Hazards Associated with Marine 
Chemical Tanker Operations : Criteria of Safev in Tank Cleaning Operations", Che= 
Eng. Res. Des., Vol. 63, November (1985). 

Keywords: tank and tanker washing. chemical tankers. charged water mist. water 
slug. tank center space potentials. hazard thresholds for different chemicals. accident 
histones. 

Davies, D.K., "Progress in Measuring Techniques for Industrial and Scientific 
Investigations", 2 nd Int. Conf. on Static Elecmcity, DECHEMA, Frankíurt, April 3 
(1 973). 

Keywords: review. instruments. fieldmeters. voltmeters. electrometer probes. 

Hersh, S.P., "Review of Electrostatic Phenomena on Textile Materials", 2 nd ïnt. 
Conf. on Static Elecmcity, DECHEMA, Frankfurt, April 4 (1973). 

Keywords: review. antistatic clothing. resistivity tests. humidity effects. ignition. 

Brokmeier, D., "Textile Bodenbelage aus elektrostatischer Sicht", 2 nd in t  Conf. on 
Static Elecmcity, DECHEMA, F~ankfm, April 4 (1973). 

Keywords: review. antistatic carpets. resistivity tests. humidity effects. 

Horikx, C.M., and Rohner, D., "MeBmethode zur Bestimmung der antistatischen 
Eigenschaften von Textile Bodenbelagen", 2 nd Int Conf. on Static Electricity, 
DECHEMA, Frankfurt, April 4 (1973). 

Keywords: standard test. antistatic carpets. charging of people. potential criterion. 

Hersh, S.P., et al., "Seebeck Coefficients and Electrical Conductivity of Fibers 
Containing internal Antistatic Additives", 2 nd in t  Conf. on Static Electricity, 
DECHEMA, Frankfurt, Apni 4 (1973). 

Keywords: test. polymeric fibers. antistatic additives. use of Seebeck coefficient to 
investigate charge transport mechanism. 

Schulze, H., "Gefahren durch statische Aufladung in VK-Lagertanks", 2 nd Int. Conf. 
on Static Electricity, DECHEMA, Frankfurt, April 5 (1973). 

Keywords: plastic gasoIine tanks. prostatic additives. antistatic additives. passive 
neuualizers. barbed wire ionizers. 

Wu, S.K., and Rees, W.D., "Static Electricity and the Safe Handling of Small Plastic 
Containers", 2 nd Int. Conf. on Static Electricity, DECHEMA, Frankfurt, April 5 
(1 973). 

Keywords: small plastic containers. filling. rubbing. discharge energy. safe handing. 
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Gibbings, J.C., and Saluja, G.S., "Electrostatic Streaming Current and Potential in a 
Liquid Flowing through Insulating Pipes", 2 nd Int. Conf. on Static Elecmcity, 
DECHEMA, Frankfurt, April 5 (1973). 

Keywords: plastic pipes. hydrocarbons. streaming current. axial potential. effect of 
time. 

Sumner, J.F., "Ignition of Pnmary Explosives by Electrostatic Discharges", 2 nd Int. 
Conf. on Static Elecmcity, DECHEMA, Frankfurt, A p d  5 (1973). 

Keywords: charged people. tools. explosives. effect of series resistance on incendivity. 

Zilka, J., "Eine kumulative Methode und Anwendung bei der Auswertung der 
Elektnsierfahigkeit von Isoliematexial und Wirksamkeit antistatischer hparationen", 2 
nd Int. Conf. on Static Electricity, DECHEMA, Frankfurt, April 5 (1973). 

Keywords: insulators. antistatic coatings. assessing antistatic efficiency. 

Gibson, N., "Electrostatics - A Hazard Under Control?", lecture 7, 5 th Int. Symp. 
"Loss Prevention and Safety in the Process Indusmes", Societe de Chimie Industrielle, 
Paris (1986). 

Keywords: general review. status of Standards. safe operating criteria. 

Pratt, T.H., et al., "Electrostatic Hazards in Liquid Pumping Operations", lecture 57, 
6 th Int  Symp. "Loss Prevention and Safety in the Rocess Industries", Moberg and 
Helli, Oslo, June (1989). 

Keywords: liquid handling. streaming currents. accidents. drum filling. ball valves. 
tank car loading. 

Hughes, J.F., et al., "Incendive Sparks Originating from Charged Water Mists", Nat. 
Acad. Sci., Annual Conf. on Electrical Insulation and Dielectric Phenomena, 
Washington DC, pp. 33-42 (1974). 

Keywords: supertankers. tank washing. water slug. charged mist. theory. gas ignition 
tests. 

Barreto, E., "The Oil Tanker and the Charged Mist", Special Meeting of Experts, 
Electrostatics in Tank Washing, Sponsored by Int. Chamber of Shipping, Snekkersten, 

Keywords: tank and tanker washing. elecmfication mechanism. mist behavior. 
coagulation of droplets. space potentials. charge densities. gas ignition. 

Strawson, H., "Avoiding Electrostatic Hazards while Loading Road and Rail Tank 
Vehicles with Petroleum products", 4 Gemeinschaftstagung OGEW/DGMK vom 4, bis 
6, Salzburg, October (1976). 

Keywords: road and rail tank car loading. experimental studies by SHELL. safe 
loading criteria. safe Nling rates. no need to reduce initial filling rate. strainer blockage 
hazard. 

Denmark, 17-19 April (1972). 
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Bright, A.W., and Haig, I.G., "Safety Criteria Applicable to Loading of Large Plastic 
Fuel Tanks", Paper 29(a), Proc. 3 rd int. Conf. on Static Electricity, SCI, Grenoble 
(1977). 

Keywords: plastic tanks. glass reinforced plastic. discharges from charged liquids. 
variation of surface potential with charge density and tank dimensions. maximum safe 
surface potential. 

Loveland, R.J., "The Electrostatic Hazards in Industry Associated with the Use of 
Highly Insulating Materials", 4 th Int. Conf. on ElectrÕstatics, The Hague, May 
(1981). 

Keywords: discharges from plastics. antistatic treatments. minimum surface area for 
ignition. hazardous zone classification. six accident categories involving discharges from 
plastics. 

Johnson, T.W., "Technique for Measurement of Electrostatic Charge in Automotive 
Fuel Tanks", Society of Plastics Engineers Meeting Session 17, Dëuoit, November 
(1979). 

Keywords: polyethylene automobile tanks. srnail piastic containers. charge 
measurement during filling. available energy. grounding of sender unit. 

Bright, A.W., et al., "Automatic Discharger Systems for Refuelling", Froc. IAS 
Meeting, IEEE, Chicago, 11-14 October (1976). 

Keywords: active neutralizer for pipelines. charge neutralization. 

Kramer, H., and Schon, G., "Ladungsrelaxation stark aufgeladener Kraftstoffe", 2nd 
int. Conf. on Static Elecmcity, DECHEMA, Frankfurt, April 5th, (1973). 

Keywords: effective conductivity. relaxation of charged fuel. filters. relaxation 
distances. effect of excess charge on conductivity. 

Gibson, N., "An Analytical Approach to the Assessment of Electrostatic Hazards", 
IBC Conference on Recent Developments in the Assessment of Electrostatic Hazards in 
Industry", Tower Thistle Hotel, London, September 28 (1989). 

Keywords: general review. quantitative assessment techniques. liquid elecmfication in 
pipes, filters and valves. powder elecmfication. grounding criteria. spark energies. 
discharges from plastics. discharges from liquid surfaces. discharges from people. DV 
criteria for liquid flow in pipes. antistatic additives. charge neutralization. 

Camwight, P., "Recent Fire and Explosion Incidents Caused by Electrostatic Sparks", 
IBC Conference on Recent Developments in the Assessment of Electrostatic Hazards in 
industry", Tower Thistle Hotel, London, September 28 (1989). 

Keywords: two accident case histones. (1) explosion during transfer of powder from 
polyethylene lined fiberdrum to acetone in reactor. (2) hybrid mixture explosion during 
manufacture of biphenyl flake. 

I 
l 

1 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
1 
1 
I 
I 

                                      
                                         
                                      
                                         



rc.231 

[C.24] 

[C.25] 

[C.26] 

[C.27] 

[D. 1 I 

P.21 

Wilson, N., "The Electrostatic Spark Discharging Behavior of some Flexible, 
Intermediate Buk Containers", IBC Conference on Recent Developments in the 
Assessment of Electrostatic Hazards in Industry", Tower Thistle Hotel, London, 
September 28 (1989). 

Keywords: discharges from plastics. Supersacks. flexible intemediate buk bags. 
powder transfer to flammable liquids. 

Glor, M., "Results from Recent Indusmai Research into the Assessment of Electrostatic 
Hazards in Continental Europe", IBC Conference on Recent Developments in the 
Assessment of Electrostatic Hazards in Industry", Tower Thistle Hotel, London, 
September 28 (1989). 

Keywords: flexible intermediate bulk bags. 50 lb (25 kg) bags. brush discharges. 
propagating brush discharges. discharges from plastics. effect of film thickness and 
breakdown voltage. powder transfer. silo filling. discharges on bulked powder beds. 
high pressure liquid spraying. effect of water and solids content on spray charging. 
washing and cleaning tanks and tankers. 

Whitaker, G., 'The Use of Conductive Plastic Containers in the Handling and Storage 
of Flammable Solvents and Powders", IBC Conference on Recent Developments in the 
Assessment of Electrostatic Hazards in Industry", Tower Thistle Hotel, London, 
September 28 (1989). 

Keywords: neuaalizer systems for charge and field. discharges from plastics. antistatic 
additives. discharges from people. 

Singh, S., "New Equipment for the Measurement of Minimum Ignition Energy of 
Powders", IBC Conference on Recent Developments in the Assessment of Electrostatic 
Hazards in Industry", Tower Thistle Hotel, London, September 28 (1989). 

Keywords: instruments and measurement techniques. minimum ignition energies of 
powders, lycopodium and anthraquinone comparisons. trickle charge versus moving 
electrode methods. effect of VDI inductance in circuit. 

Schon, G., "Some Problems of Hazards of Static Electricity in the Carriage of 
Dangerous Goods", hoc. Int. Symp. on the Caniage of Dangerous Goods, Rotterdam, 
Netherlands, May 27-30 (1968). 

Keywords : overview of charging processes in liquids. hazards of non-conductors. 
igniting power of brush discharges. list of papers by Schon and Heidelberg. 

Radio Frequency Transmission Hazards in Exploration and Production Operations", 
EUROPE3 Newsletter, Edition 4, pp. 5-1 1, April (1987). 

Keywords: stray currents. RF radiation. adventitious antennas. accidents. 

Anon., "Reduction and Measurement ... S tatic Charge in Flowing Fluids", National 
Safety News, November (1969). 

Keywords: static neutraiizer. SCR. passive neutralizer for pipelines. 
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Abbey, J.C., and Upham, T.E., "An Investigation of Elecmstatically Induced 
Failures in Teflon Hose", The Fiying A (Aeroquip Corp. News Magazine), Vol. 14, 
No. 4, July (1963). 

Keywords: jet fuelling systems. aviation. Teflon hose liners. elecmcal breakdown. 
pinholes. laboratory tests. carbon black ñlied Teflon. antistatic additives. discharges from 
plastics. standards for elecmcal resistance. 

Kitagawa, T., "Presumption of Causes of Explosions in Very Large Tankers", 
Gefahrliche Lading (Dangerous Cargo), Nr. 10, October (1975). 

Keywords: supertanker explosions. static ignition of sludge. water slug mechanism. 

OSTATIC!$ 

Secker, P.E., 'The Design of Simple Instruments for Measurement of Charge on 
Insulating Surfaces", J. Electrostatics, Vol. 1, No. 1, February (1975). 

Keywords: instrument design. insulators. surface charge density. surface charge 
distribution. 

Bright, A.W., et ai, "Research on Electrostatic Hazards Associated with Tank Washing 
in Very Large Crude Carriers (Supertankers) : I : Introduction and Experimental 
Modelling", J. Electrostatics, Vol. 1, No. 1, February(1975). 

Keywords: supertankers. tank washing. small scale tests. atomization. charge 
density. simple models. 

BasseK J.D., "Research on Electrostatic Hazards Associated with Tank Washing in 
Very Large Crude Carriers (Supertankers) : II : Study of the Charging Mechanism 
during the Production of Water Aerosols", J. Electrostatics, Vol. 1, No. 1, February 
(1975). 

Keywords: supertankers. tank washing. small scale tests. atomization. charge transfer. 
droplet charge. size distribution. conductivity, 

Chubb, J.N., "Practical and Computer Assessments of Ignition Hazards During Tank 
Washing and During Wave Action in Part-Ballasted OB0 Cargo Tanks", J. 
Electrostatics, Vol. 1, No. 1, February (1975). 

Keywords: supertankers. tank washing. sloshing. numerical models. potential 
distribution. water slugs. induction. sparks. energy. radio detection. 

Green, W.L., "Electrostatics and Hydraulic Oils", (Short Communication), J. 
Electrostatics, Vol. 1, No. 1, February (1975). 

Keywords: insulating pipes. filters. oil. propagating brush. pipe puncture. antistatic 
additives. 
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van der Meer, D., "Elecmstatic Charge Generation During Tank Washing : Project 
Summary and Introduction", J. Electrostatics, Vol. 1, No. 3, August (1975). 

Keywords: supertankers. tank washing. oil-water mixtures. washing tests. corona 
discharge. 

Lindbauer, R.L., "Electrostatic Charge Generation during Tank Washing : Reducing 
Hazardous Space Potentials in Tankers : A Theoretical and Experimental Approach", J. 
Electrostatics, Vol. 1, No. 3, August (1975). 

Keywords: supertankers. tank washing. electrostatic models. passive neutralizers. 
large scale tests. 

van de Weerd, J.M., "Electrostatic Charge Generation During Tank Washing : Spark 
Mechanisms in Tanks Filled wit41 Charged Mist", J. Electrostatics, Vol. 1, No. 3, 
August (1975). 

Keywords: supertankers. tank washing. water slugs. charge accumulation. discharge 
mechanism. spark energies. 

Gibson, N., "Antistatic Valves in Draft British Standard", J. Electrostatics, Vol. 1, 
No. 3, August (1975). 

Keywords: ball valves. insulating seals. sparks. grounding. design. 

Gibson, N., "Effect of Elecmfication in Ball Valves on Ignition Risk in Liquid Pipeline 
Systems", J. Electrostatics, Vol. 1, No. 4, November (1975). 

Keywords: bail valves. insulating seals. elecmfication tests. toluene. toluene-water 
mixtures. charge density. sparks. 

Asano, K., and Kramer, H., "On the Estimation of Ionic Mobilities in Dielectric 
Liquids from Charge Relaxation Studies", J. Electrostatics, Vol. 2, No. 3, January 
(1977). 

Keywords: relaxation theory. hyperbolic theory. ionic mobilities. 

Nifuku, M., et al. "Charged Drops produced by Bursting of Bubbles at the Surface of 
Organic Liquids", J. Electrostatics, Vol. 2, No. 3, January (1977). 

Keywords: splash filling. aeration. frothing. mist. organic liquids. elecmfication. 

Brunárett, G.W., "A Review of the Factors Influencing Electrostatic Shocks in 
Offices", J. Electrostatics, Vol. 2, No. 4, August (1977). 

Keywords: people. shoes. capacitance. carpets. elecmfication. discharge. shock 
sensitivity. incendivity. safety criteria. 

Lowell, J., and McIntyre, J.E., "Antistatic Fibres in Fabrics and Carpets", J. 
Electrostatics, Vol. 4, No. 3, May (1978). 

Keywords: people. carpets. textiles. electrification. antistatic fibers. mechanism. 
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Johnson, J.K., "The Ignition of Vapor and Droplets by Liquid-To-Metal Sparks", J. 
Electrostatics, Vol. 4, No. 1, December (1977). 

Keywords: experiment. brush discharge. spark. plastic tank. filter. kerosine. surface 
potential. incendivity. charge transfer for ignition of vapor and mist. 

Wilson, N., "The Risk of Fire or Explosion Due to Static Charges on Textile Clothing", 
J. Elecmstatics, Vol. 4, No. 1, December (1977). 

Keywords: people. experiment. clothing. chair covers. resistivity. elecmfication. body 
potential. body capacitance. stored energy. incendivity. 

Bright, A.W., "Electrostatic Hazards in Liquids and Powders", J. Electrostatics, Vol. 
4, No. 2, January (1978). 

Keywords: elecmfication. metai pipes. empirical charging equations. metai tanks. 
plastic tanks. plastic pipes. large scale tests. safety aiteria charge density. surface 
potential. active and passive neutralizers. 

Diserens, N.J., et al., "A Preliminary Study of Electric Field Problems in Plastic Tanks 
and their Theoretical Modelling by means of a Finite Difference Computer Program", J. 
Electrostatics, Vol. 5, September (1978). 

Keywords: elecaification. metal pipes. empirical charging equations. charge 
accumulation in tanks. discharges from plastic pipes. propagating brush. plastic tank. 
numerical modelling. field surface potential. 

Touchard, G., "Streaming Currents Developed in Laminar and Turbulant Flows 
Through a Pipe", J. Electrostatics, Vol. 5, September (1978). 

Keywords: electrification. streaming currents. double layer theory. computer model. 
experiment. 

Movilliat, P., and Giltaire, M., "Mesure de I'energie d'inflammation de melanges 
gazeux par decharge capacitive : Inflammation par decharge dune personne chargee 
delecnicite statique", J. Electrostatics, Vol. 6, No. 4, September (1979). 

Keywords: minimum ignition energy. capacitance effects. electrode effects. incendivity 
of charged people. 

. 

Kramer, H., and Asano, K., "Incendivity of Sparks from Surfaces of Electrostatically 
Charged Liquids", J. Electrostatics, Vol. 6, No. 4, September (1979). 

Keywords: experiment. numerical model. charge density. field. potential dismbution. 
safety criteria. maximum safe surface potential. spark charge msfer .  incendivity. 

Tolson, P., "The Stored Energy needed to ignite Methane by Discharges from a 
Charged Person", Short Communication, J. Electrostatics, Vol. 8, Nos. 2+3, 
February (1 980). 

Keywords: people. experiment. potential. capacitance. criteria for methane ignition. 
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Leonard, J.T., "Static Elecmcity in Hydrocarbon Liquids and Fuels", J. Electrostatics, 
Vol. 10, May (1981). 

Keywords: review. electrification in pipes and filters. relaxation. discharges from 
liquids. maximum safe surface potential. aircraft. effect of conductivity on charging. 
plastic pipes. plastic tanks, neutralizers. antistatic additives. 

Mason, P.I., and Rees, W.D., "Hazards from Plastic Pipes Carrying Insulating 
Liquids", J. Electrostatics, Vol. 10, May (1981). 

Keywords: polyethylene pipe. negatively charged kerosine. filter. discharges from 
pipe. puncturing. charge transfer. safe conductivity criterion. safe resistance criterion. 

Berta, I., et al., "Electrostatic Sparks on Charged Insulating Surfaces", J. 
Elecmstatics, Vol. 10, May (1981). 

Keywords: discharges from charged plastics. simple plane-sphere elecmc field model. 

Bach, S . ,  and Kasprzyk, A., "Investigations of Spark Discharges from Surfaces of 
Charged Dielecmcs", J. Electrostatics, Vol. 10, May (1981). 

Keywords: discharges from charged plastics. discharge waveforms. characterization. 

Lovstrand, K.G., T h e  Ignition Power of Brush Discharges - Experimental Work on 
the Critical Charge Density", J. Electrostatics, Vol. 10, May (1981). 

Keywords: discharges from charged plastics. vapor ignition tests. effect of polarity. 
critical charge density for ignition. effect of charged area. effect of electrode radius. 

Lees, P., et al., "An Experimental and Computational Investigation of Electrostatic 
Fields in Plastic Tanks during Filling with Low Conductivity Fuel", J. Electrostatics, 
Vol. 10, May (1981). 

Keywords: plastic tanks. large scale experiment. charged diesel fuel. charge density. 
field. surface potential. computer model. 

Touchard, G., and Romat, H., "Electrostatic Charges Convected by Flow of Dielectxic 
Liquid through Pipes of Different Length and Radii (Theoretical Model and Experimental 
Results)", J. Electrostatics, Vol. 10, May (1981). 

Keywords: long metal pipes. elecmfication. double layer model. experimental tests. 

Walmsley, H.L., and Woodford, G., "The Polarity of the Current Generated by the 
Laminar Flow of a Dielecmc Liquid", J. Electrostatics, Vol. 10, May (1981). 

Keywords: streaming currents. polarity changes. laminar flow. theoretical model. 

Heidelberg, E., "The Behavior of Materials with Low Electrostatic Charging Tendency 
but High Surface Resistance", J. Electrostatics, Vol. 10, May (1981). 

Keywords: plastics. charging tendency. test method. alternatives to using large carbon 
black loadings. 
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p.321 Blythe, A.R., and Carr, G.E., "Characteristics of Propagating Brush Discharges on 
Dielecmc Films", J. Electrostatics, Vol. 10, May (1981). 

Keywords: discharges from charged plastics. pmpagating brush. critical surface 
charge density in plane-sphere geometry. effect of film thickness. charge transfer. 

CE.331 Glor, M., "Ignition of Gas/Air Mixrures by Discharges between Electrostatically 
Charged Plastic Surfaces and Metaüic Electrodes", J. Electrostatics, Vol. 10, May 
(1981). 

Keywords: discharges from charged plastics. brush discharges. effective energies. gas 
ignition tests. effect of electrode radius. maximum effective energy. 

Makin, B., and Lees, P., "Measurement of Charge Transfer in Electrostatic 
Discharge", J. Electrostatics, Vol. 10, May (1981). 

E.341 

Keywords: isolated conductors. supertankers. tank washing. water slugs. charge 
transfer measurement. image charge effect on RC measuring circuit. spark incendivity. 
sphere-plane breakdown field. 

E.351 Hammant, B.L., et al., "Assessing the Electrostatic Behavior of Clothing for use in an 
Explosive Environment", J. Electrostatics, Vol. 10, May (1981). 

Keywords: people. clothing. antistatic additives. test method. charging tendency. 
effect of resistivity. 

Butterworth, G.J., et ai., "Assessment of Electrostatic Ignition Hazards During Tank 
Filling with the Aid of Computer Modelling", J. Electrostatics, Vol. 13, No. 1, 
August (1982). 

p.361 

Keywords: tanker vessels. loading with low conductivity liquids. computer models for 
2D and 3D solution of potential and field. field intensification at washing nozzles. safe 
charge density criterion. use of passive neutralizers. relief of elecmc stress. 

rE.371 Mills, J.S., and Haighton, E.J., "Electrostatic Discharges: Charge Transfer Measuring 
Techniques", J. Electrostatics, Vol. 13, No. 1, August (1982). 

Keywords: discharge charge transfer measurement. effect of image charge effect on 
RC measuring circuit 

[E.38] Hara, M, and Akazaki, M., "Analysis of Microdischarge Threshold Conditions 
between a Conducting Sphere and Plane", J. Electrostatics, Vol. 13, No. 2, October 
(1982). 

Keywords: supertankers. tank washing. water slugs. isolated conductors. Paschen 
discharge conditions. 
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Bntton, L.G., and Williams, T.J., "Some Characteristics of Liquid-To-Metal 
Discharges Involving a Charged Low Risk Oil", J. Electrostatics, Vol. 13, No. 2, 
October (1982). 

Keywords: discharges from charged liquids and plastics. effect of polarity. brush 
discharges. sparks. gas ignition tests. liquid mist ignition, effective energies. critical 
surface potential. breakdown voltage. charge transfer. analytical models for potential and 
field. effect of image charge on ch&ge m i f e r  measurement. 

Chubb, J.N., and Butterworth, G.J., "Charge Transfer and Current Flow 
Measurements in Electrostatic Discharges", Short Communication, J. Electrostatics, 
Vol. 13, No. 2, October (1982). 

Keywords: charge and current transfer measurement. effect of image charge on 
measuring circuit 

Nowikow, W., "The Electrostatic Behaviour of Carpets", J. Electrostatics, Vol. 13, 
No. 3, December (1982). 

Keywords: carpets. people. shoes. elecmfication. tests. maximum carpet resistance 
not yielding electrification. poor correlation between resistance and chargng. 

Hara, M., et al. "Microdischarges between Charged Water Drop and Objects", J. 
Electrostatics, Vol. 13, No. 3, December (1982). 

Keywords: supertanker. tank washing. isolated charged conductors. water slugs. 
stored energy. 

Abedian, B., "Electrostatic Charge Relaxation in Tank Filling Operations", J. 
Electrostatics, Vol. 14, No. 1, March (1983). 

Keywords: tank filling. analytical model. uniform charge density. maximum potential 
and field. 

Touchard, G., and Durnargue, P., "Streaming C m n t  in Stainless Steel and Nickel 
Pipes for Heptane and Hexane Flows", J. Electrostatics, Vol. 14, No. 2, August 
(1983). 

Keywords: streaming current. laminar and turbulent flows. theory. dimensionless 
groups. 

Brzostek, E., and Kedzia, J., "Examination of the Static Elecmfication of Transformer 
Oil", J. Electrostatics, Vol. 14, No. 3, December (1983). 

Keywords. streaming current. oil. effect of pipe material. brass. glass. press board. 
polycarbonate. temperature and velocity effects. polarity reversai. 

Chubb, J.N., "Developments in Electrostatic Fielheter Instrumentation", J. 
Electrostatics, Vol. 14, No. 3, December (1983). 

Keywords: elecmc field measurement. inmnsic safety. adverse environments. field 
inside liquid filled pipe. 
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E.471 Edwards, H.R., and Underwood, M.C., "Ignition of Powder/Air Mixtures by 
Discharges of Static Electricity", J. Elecmstatics, Vol. 15, No. 1, March (1984). 

Keywords: discharges from plastic. propagating brush. powder ignition. 

Underwood, M.C., et ai., "An Investigation into the Conductivity of Hydrocarbon 
Liquids", J. Elecuostatics, Vol. 15, No. 2, June (1984). 

Keywords: hydrocarbon charging in filters. charging mechanism. conductivity as 
function of charge. effective conductivity. non-exponential relaxation. 

Felici, N.J., "Conduction and Electrification in Dielectric Liquids : Two Related 
Phenomena of the Same Electrochemical Nature", J. Electrostatics, Vol. 15, No. 3, 
September (1984). 

[E.48] 

p.491 

Keywords: streaming current. conductivity. double layer theory. importance of charge 
injection. electrochemical reactions. 

[ESO] Marcano, L., and Touchard, G., Tourants decoulement dans les liquides 
cryogeniques", J. Electrostatics, Vol. 15, No. 3, September (1984). 

Keywords: streaming curent. cryogenic liquids. liquid hydrogen. LNG. large scale 
tests. 

[ES11 Gosse, J.P., and Solofomboahangy, A., "Electrification of Cyclohexane in Laminar 
Flow in Small-Diameter Metal Pipes", J. Elecmstatics, Vol. 15, No. 3, September 
(1 984). 

Keywords: streaming current. laminar flow. cyclohexane. additives. double layer 
theory. zeta potential. conductivity. 

[ES21 Secker, P.E., and Chubb, J.N., "Instrumentation for Electrostatic Measurements", J. 
Electrostatics, Voi. 16, No. 1, December (1984). 

Keywords: review. instruments. field. potential. current. charge density. charge 
relaxation. resistivity. 

[ES31 Wilson, N., "The Nature and Incendiary Behaviour of Spark Discharges from Textile 
Surfaces", J. Elecmstatics, Vol. 16, No. 2+3, May (1985). 

Keywords: discharges from plastics. clothing. brush discharges. charge transfer. 
cotton. polyester. gas ignition tests. natural gas. hydrogen. effect of humidity. 

[ES41 Lungens, G., "Collection of Accidents Caused by Static Elecmcity", J. Electrostatics, 
Vol. 16, No. 2+3, May (1985). 

Keywords: accidents. ungrounded operator. plastic bucket. insulating pipe. 
solidification of liquid. propagating brush. 

Landers, E.U., "Distribution of Charge and Field Strength Due to Discharge fiom 
Insulating Surfaces", J. Electrostatics, Vol. 17, No. 1, May (1985). 

Keywords: discharges from charged plastics. brush discharges. calculation of field 
and discharge energy. 

[ES51 
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[ES61 Tanaka, T., et ai., "Characteristics of Streaming Eiecnifïcation in Pressboard Pipe and 
the Influence of an External Electric Field", J. Electrostatics, Vol. 17, No. 3, October 
(1985). 

Keywords: streaming current. oil. pressboard pipe. laminar and turbulent flow. effect 
of spiral turbulence promoters on charging and relaxation. cun-ent enhancement by 
external field. 

ES71 Liang, Z.D., "Research into the Microcosmic Characteristics and Features of 
Electrostatic Discharge", J. Electrostatics, Vol. 20, No. 3, May (1988). 

Keywords: accident investigauon. spark discharge pits. carbide formation. melting. 
microcosmic pits. case histories. 

[ES81 Gibson, N., and Harper, D.J., "Parameters for Assessing Electrostatic Risk from 
Non-Conductors : A Review", J. Electrostatics, Vol. 21, No.1, July (1988). 

Keywords: discharges from plastics. discharges from insulating pipes. polyethylene. 
charge transfer critena. charged area criteria. effective energies. gas ignition. ignition 
probabilities. 

[ES91 Tolson, P., "High Energy Discharges from Plastics", J. Electrostatics, Vol. 22, No. 
1, January (1989). 

Keywords: discharges from plastics. propagating brush. onset conditions. 

p.601 Sidi-Yekhlef, A., et al., "Distribution of Static Charge in a Free Turbulent Jet", J. 
Electrostatics, Vol. 22, No. 2, July (1989). 

Keywords: tank filling. bottom filling. free turbulent jet. charge transport into far- 
field. 

F.611 Jones, T.B., and Chan, S., "Charge Relaxation in Partially Filled Vessels", J. 
Electrostatics, Vol. 22, No. 2, July (1989). 

Keywords: tank filling. drum filling. surface charge accumulation. models for 
potential and field. 

[E.62] Jones, T.B., and Chan, S. ,  "Charge Relaxation in Vessels with Insulating Lining", J. 
Electrostatics, Vol. 22, No. 2, July (1989). 

Keywords: tank filling. drum filling. lined tanks. models for potential and field. 

[E.63] Finke, J., "Electrostatic Effects of Charged Steam Jets", J. Electrostatics, Vol. 23, 

Keywords: steam jets. electrification. model. field strength. brush discharges. sparks. 

Norberg, A., et al., "On the Pulse Shape of Discharge Currents", J. Electrostatics, 
Vol. 23, April (1989). 

Keywords: current waveforms. sparks. brush discharges. minimum ignition energy. 
linear minimum ignition energy. discharge energy. current heat pulse. 
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[E.66] 

~ 6 7 1  

IE.681 

IE.691 

rE.701 

F. 11 

[F.21 

Tolson, P., "Examination of Possible Electrostatic Hazards Arising from the use of 
Water Spray Barriers to Disperse Flammable Vapors", J. Electrostatics, Vol. 23, April 
(1989). 

Keywords: water spray barriers. water curtains. sparks. brush discharges. low 
probability of gas ignition. 

Post, L., et ai., "The Avoidance of Ignition Hazards due to Electrostatic Charges 
Occurring During the Spraying of Liquids under High Pressure", J. Electrostatics, Vol. 
23, April (1989). 

Keywords: supertanker. water slugs. tank washing. water jets. hydrocarbon liquid 
jets. space charge density. electric field. guideiines. 

Jachym, B., et ai., "De-Elecmzation of Plastic products by increasing Surface 
Conductivity", J. Electrostatics, Vol. 23, April (1989). 

Keywords: antistatic piastics. carbon black. polyester resins. ships' tanks. antistatic 
polyethylene coatings. 

Jando, T., et ai., "Antistatic Soft PVC Materiais for Covering in Building Industry", J. 
Electrostatics, Vol. 23, Apd (1989). 

Keywords: antistatic plastics. antistatic additives. PVC. glycerine ester. graphite. metal 
powder. metai oxide. combined systems. properties. 

Macksimov, B.K., et al., "Assessment of Spark-Free Conditions for Filling Tanks 
with Liquid Hydrocarbons", J. Electrostatics, Vol. 23, April (1989). 

Keywords: tank filing. streaming current model. computer model for tank filling. 
maximum permissible ñiling rates. 

Miaoulis, I.N., "Electric Charging in How of Low-Conductivity Liquids through 
Screens : A Comparison of Theory and Experiments", J. Electrostatics, 25 (1990) 295- 
307. 

Excell, P.S., "Radio Frequency Ignition Hazards", Hazard Prevention, May/June 
(1984). 

Keywords: stray currents. R F  radiation. theory. review of Standards. spark ignition 
experiments. behavior of industrial structures. 

Hughes, J.F., "Electrostatic Charges on Board Ships", Trans. I. Mar. E. Vol. 92, 
TM6 (1980). 

Keywords: tank filling. tank washing. charged mist. water slug. plastic tanks. plastic 
pipes. 
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Napier, D.H., and Rosseil, D.A., "Spray Elecmfication of Xylene", J. Phys. D : 
Appl. Phys. Vol. 6, (1973). 

Keywords: charged fuel mist. xylene spraying. electrification. power dependence of 
current on velocity, nozzle diameter and conductivity. 

Gardner, L., "The Generation of Static Electricity during Aircraft Refuelling", 
Canadian Aeronautics and Space Journal, September (1964). 

Keywords: aviation. tank filling. streaming currents. filters. effect of aging on filter 
elecnification. effective fuel conductivity. test programs. rubber downspouts. charge 
density and field. antistatic additives. discharge observations. gas ignition. 

Buiiùey, W.L., "Static Danger Sparks Research on Accidents", Modem Bulk 
Transporter, January (1971). 

Keywords: tank truck loading. petroleum products. surface potential. discharges from 
liquids. safe procedures. relaxation times. filters. 

Johnson, O.W., "The Hazard from Static Electricity on Moving Rubber - Tired 
Vehicles", Fire Journal, pp. 25-27, January (1967). 

Keywords: tank trucks. need for drag chains. grounding. 

Mahley, H.S., and Warren, J.H., "New Fuel Loading Guides Pinpoint Danger 
Areas", Hydrocarbon Processing, Vol. 47, No. 5 ,  May (1968). 

Keywords: road and rail tanker filling. optimum drop tube design. critical variables for 
electrification. 

Wright, L., and Ginsburgh, I., "Take a New Look at Static Elecmcity", Hydrocarbon 
Processing and Petroleum REFINER", Vol. 42, No. 10, October (1963). 

Keywords: discharges from charged liquids. steel drum. filter. effect of oil polarity. 
discharge energy. submerged elecnodes. effect of electrode geometry. 

Dorsey, J.S., "Static Sparks - How to Exorcise 'Go-Devils"', Chemical Engineering, 
September 13 (1976). 

Keywords: discharges from charged liquids. large surface discharges. general remarks 
on safe tank filling. 

Mackeown, S.S., and Wouk, V., "Electrical Charges Produced by Flowing 
Gasoline", Ind. Eng. Chem., Vol. 34, No. 6, (1942). 

Keywords: tank truck loading and unloading. automobile tank filling. tire resistance. 
measurement of streaming currents. grounding. assessment of vehicle potentials. 

Gibson, N., and Lloyd, F.C., "Electrification of Toluene Flowing in Large-Diameter 
Metal Pipes", J. Phys. D: Appl. Phys., Vol. 3, 563-573, (1970). 
(see also F. 16). 

Keywords: streaming currents. toluene. large diameter metal pipes. empirical charging 
equations. evaluation of Kosmian and Davis equation. effect of pipe roughness. 
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[F. 121 

[F. 131 

[F.14] 

rF.151 

[F.16] 

[F.17] 

[F. 181 

[F.19] 

Goodfellow, H.D., et al., "Fluid Electrification Resulting from Consmcted Flow", 
Can. J. Chem. Eng., Vol. 45, 17-21, February (1967). 

Keywords: streaming currents. metai tubes. effect of consmction orifices. 

Koszman, I., and Gavis, J., "Development of Charge in Low-Conductivity Liquids 
Flowing Past Surfaces : Experimental Verification and Application of the Theory 
Developed for Tube Flow", Chem. Eng. Sci., 1062, Vol. 17, pp. 1023-1040 (1962). 

Keywords: streaming cunents. conductive pipe flow. quantitative theory. experimental 
verification. 

Huber, P.W., and Sonin, A.A., "A Model for the Electric Charging Process in Fuel 
Filtration", J. Colloid and Interface Science, Vol. 52, No. 1, September (1975). 
(see also L.3). 

Keywords: electrokinetic model. fuel filtration. filters. 

Huber, P.W., and Sonin, A.A., "Comments on Gavis and Wagner's Correlation for 
the Charging Current Generated during Liquid Hydrocarbon Filtration", Chem. Eng. 
Sci. Vol. 32, No. 3, pp. 331-333 (1977). 

Keywords: electrokinetic model. fuel filtration. filters. critique of Gavis and Wagner 
theory. 

Gibson, N., and Lloyd, F.C., "Effect of Contamination on the Elecmfication of 
Toluene Flowing in Metal Pipes", Chem. Eng. Sci., Vol. 25, 87-95 (1970). 
(see also F.11). 

Keywords: streaming currents. toluene. flow in steel pipes. effect of ionic 
contaminants. charge increase. comparison with Koszman and Gavis theory. 

Leonard, J.T., and Carhart, H.W., "Effect of Conductivity on Charge Generation in 
Hydrocarbon Fuels Flowing through Glass Filters", J. Coiloid and Interface Sci., Vol. 
32, No. 3, March (1970). 

Keywords: elecuifkation. glass fiber filter. fílter/separators. effects of fuel 
conductivity and flow rate. 

Eichel, F.G., "Electrostatics", Chem. Engineering, 153- 167, March (1967). 

Keywords: genenl review of hazards. basic physics. electrostatic calculations and 
examples. 

Saletan, D.I., "How to Calculate and Combat Static Elecmcity Hazards", Chem. 
Engineering, pp. 101-106, June 29, (1959). 

Keywords: review of liquid hazards. effect of conductivity. hazardous chemical 
groupings. grounding. lined tanks. 
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IF.201 

F.2 1 1 

[F.22] 

F.231 

[F.24] 

IF.25 J 

EF.261 

Beach, R., "Static Elecmcity $lOO-Million Headache", Factory Management and 
Maintenance, Vol. 115, No. 7, July (1957). 

Keywords: general review. 

Anon., "Coating Bars Charge Build-Up on Flmrs and Tanks", Chemical Processing, 
p. 57, Mid-November (1970). 

Keywords: antistatic coating. conductive epoxy paint. floors. tank linings. 

Warren, J.H., et al., "Conductivity Additives are Best", Hydrocarbon Processing, 
December (1974). 

Keywords: tank f a n g  tests. filters. drop loading. electrification. passive neutralizers. 
SCR. antistatic additives. effect of drop tube design. 

Bustin, W.M., et ai., "New Theory for Static Relaxation from High Resistivity Fuel", 
Division of Refining, Vol. 44, No. 3 (1964). 

Keywords: charge relaxation theory. non-Qhmic relaxation. hyperbolic theory. 

Kleinheins, G., "Mobilities of Negative and Positive Charge Carriers Injected from 
Metal Electrodes into Liquid Benzene", J. Phys. D (Appld. Phys.), Vol. 3, No. 1, 
January (1970). 

Keywords: charge relaxation. hyperbolic theory. charge carrier mobility. 

Gibson, N., and Lloyd, F.C., "Incendivity of Discharges from Electrostatically 
Charged Plastics", Brit, J. Appl. Phys., Vol. 16 (1965). 

Keywords: discharges from charged plastics. gas ignition tests. effect of electrode 
radius. brush discharge. effective discharge energies. charge transfers. surface charge 
density. effect of relative humidity. 

Fredholm, O., and Lovstrand, K.G., "On the Discharge of Static Electricity from an 
insulator Surface", J. Phys. E : Scientific Instruments, Vol. 5, (1972). 

Keywords: discharges from charged plastics. brush discharge. effect of polarity. 
calculation of energy discharged 

IG. 11 Deno, D.W., "Calculating Electrostatic Effects of Overhead Transmission Lines", 
Paper T 74 086-5, IEEE FES Winter Meeting, New York, N.Y., January 27-February 
1 (1974). 

Keywords: stray currents. overhead transmission lines. voltage gradient at ground 
level. induced charges on people and objects. 
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[G.2] Howard, J.C., "Static Elecmcity in the Petroleum Industry"', Electrical Engineering, 
pp. 610-614, July (1958). 

Keywords: tank truck loading. charges on free oil surface. qualitative guidelines. 

Owens, J E ,  and Schorn, B.E., Wectrostatic Ignition Hazards with Flammable 
Liquids", IEEE Transactions on Industry Applications, Vol. IA-16, No. 6, 

I 
[G.3] 

NovemberDecember (1980). i 
Keywords: electrification. agitation. slurries. multiphase systems. safe charge density. 
effect of conductivity on charge density. safe conductivity. use of antistatic additives. 
small non-conductive containers. 

[G.4] Deno, D.W., "Electrostatic Effect Induction Fomulae", IEEE Transactions on Power 
Apparatus and Systems, Vol. PAS-94, No. 5, September/ûctober (1975). 

Keywords: stray currents. power transmission lines. formulae for calculating induced 
charge on people and objects at grade. 

[GS] Colburn, AD., "Static and Induced Current Grounding", District Conference Paper, 
AIEE District Meeting, East Centïal and Allegheny - Ohio Vailey, April (1960). 

Keywords: effect of liquid conductivity on charging. table of conductivities for organic 
chemicals. review of Nitka's conductivity approach. 

Lees, P., et al., "An Experimental and Computational Study of Electrostatic Field 
during the Pumping of Powder into Small Metai and Plastic Containers", IEEE 
Transactions on Industry Applications, Vol. IA-21, No. 5, September/ûctober 1985. 

Keywords: modeling of container filling. finite element method. use of small scale 
tests to help understand full scale phenomena. plastic tanks. filling with powder (method 
could be adapted for liquid filling). 

Asano, Ki, "Electrostatic Potential and Field in a Cylindxical Tank Containing Charged 
Liquid", Proc. IEE, Vol. 124, No. 12, (1977). 

Keywords: analytical solutions for potential and field. cylindxical tank filling. steel 
drums. 

[G.6] 

[G.7] 

/Hl : MANUFACTURING W T S  A S S O D O N  CASE m T O =  

Note. . MCA Case Histories are out of arht and no [onpe - r avalable 

[H.1] (Anon), "Static Spark Flashes 'Empty' Styrene Drum", MCA Case History No. 41, 
MCA Case Histories Vol. 2, January (1966). 

Keywords: ungrounded drum. styrene vapor. steam cleaning. explosion. 

(Anon), "Hand Pump Generates Static", MCA Case History No. 73. 

Keywords: chm.  rotary hand pump. hose nozzle ungrounded by pipe dope. fire. 

m.21 
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w.31 

~3.41 

~1 

[ H a  

~3.71 

P3.81 

13-91 

[H. 101 

[H. 1 i] 

[H. 121 

(Anon), "Xylol Flash", MCA Case History No. 91. 

Keywords: pebble mill. xylene addition. h u s h  discharge on pebbles. fire. 

(Anon), ''Fixe Due to Static Spark : Benzene", MCA Case History No. 129. 

Keywords: glass containers. benzene pouring. unpunded funnel. fire. 

(Anon), "Vinyl Acetate Explosion and Fire : Fatality", MCA Case History No. 384. 

Keywords: tank car. vinyl acetate. insulating hose. ungrounded nozzle. explosion. 
fatality. 

(Anon), "Fire : Carbon Disulfide", MCA Case History 558. 

Keywords: pipe leak. carbon disulfide. separartion of layers of plastic and pipe 
insulation. ungrounded steel barrier. fire. 

(Anon), "Static Ignition", MCA Case History 610. 

Keywords: grounded drum. siphoning dioxane to reactor through polyethylene tube. 
gauze filter wired to end of hose. spark or brush discharge. fie. 

(Anon), "Minor Explosion in Handling of Chopped Rubber", MCA Case History No. 
674. 

Keywords: loading chopped rubber to styrene tank. ungrounded operator. induction. 
spark. fm. 

(Anon), "Explosion in Vent Stack : Static Generation", MCA Case History No. 703. 

Keywords: ungrounded operator. methyl alcohol and benzene vapor. spark. fue. 

(Anon), "Ignition of Toluene Vapor by Electrostatic Spark", MCA Case History NO. 
742. (note: analogous to case history number 610). 

Keywords: vacuum transfer of toluene from drum through plastic tube. flannel filter 
wired to end of tube. discharge from wire during withdrawal from drum. fire. 

(Anon), "Xylene-Petroleum Naphtha Vapors Ignite while Loading Centrifuge", MCA 
Case History No. 748. 

Keywords: loading centrifuge. xylene-petroleum naphtha vapor. brush discharge from 
charged cake to wash line nozzle. fm. 

(Anon), "Static Spark Fires Vapor During Drum Filling Operation", MCA Case History 
No. 832. 

Keywords: splash filling of drum with styrene monomer. possible discharge from 
plastic filling pipe (unspecified). blamed on poorly grounded drum (unlikely). 
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[H. 131 (Anon), "Static Ignites Ligroin in Centrifuge", MCA Case History No. 876. 

Keywords: centrifuge basket ungrounded by grease on bearings. splash filling of 
slurry in flammable distillate. possible ungrounded operator. spark. fve. 

(Anon), "Static Charged Spray of Hot Toluene Ignites", MCA Case History No. 886. [H. 141 

Keywords: toluene recycling through filter. glass lines. plastic vent hose. plastic 
bucket. fm. 

[H. 151 (Anon), "Handling a Flammable Solvent", MCA Case History No. 939. 

Keywords: tank trailer gauging with metai gauge stick flammable solvent. possible 
ungrounded operator. explosion. 

m. 161 (Anon), "Possible Static Electricity Flashes Flammable Vapors", MCA Case History 
958. 

Keywords: dumping solids from fiberpack with plastic liner to centrifuge containing 
flammable vapor. brush discharge from h e r  or spark from ungrounded operator. fire. 

[H. 171 (Anon), 'Ethyl Acetate Tank Truck Explosion : Static Electricity", MCA Case History 
986. 

Keywords: tank truck loading. ethyl acetate. cloth fdter. large filling rate. brush 
discharge from liquid surface to copper thennometer cup. fire. 

[H. 181 (Anon), "Explosion and Fire : Lead Azide", MCA Case History No. 987. 

Keywords: ungrounded operator. non-conductive shoes. lead azide. spark. explosion. 
fatality. 

(Anon), "Explosion in Centrifuge", MCA Case History No. 1072. [H. 191 

Keywords: rubber lined centrifuge. plastic pipe. plastic lined pipe. gravity feed of 
slurry. methylcyclohexane and toluene solvents. explosion. 

[H.20] (Anon), "Flammable Liquid Transfer Explosion", MCA Case History No. 1309. 

Keywords: splash filling ungrounded drum. explosion. 

[H.2 i] (Anon), "Methanol Vapor: Static Spark: Explosion", MCA Case History No. 1443. 

Keywords: methanol transfer from árum to makeshift funnel in plastic pipe. spark from 
funnel or ungrounded operator. fire. 

(Anon), "Centrifuge Explosion", MCA Case History No. 1478. [H.22] 

Keywords: lined cenmfuge. methyl ethyl ketone vapor. drop fding of slurry. 
explosion. 
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m.231 (Anon), "Flash Fire", MCA Case History No. 1479. 

Keywords: wiped Teflon rod. inserted into glass lined crystallizer containing ethanol 
vapor. brush discharge. fire. 

CH.241 (Anon), "Static Electricity Fires Casting Powder", MCA Case History 1517. 

Keywords: solvent-wet propellant powder. pouring. non-conductive shoes. fire. 

[I. 11 Gibson, N., "Static Electricity in Fluids", Paper 9, Institute of Physics Conference 
Series Number 11, London (197 1). 

Keywords: review. models for streaming current. contaminants. non-conductive pipes. 
relaxation. spray electrification. tank cleaning. discharges from charged mist. antistatic 
additives. neutralizers. 

CI.21 Gibbing, J.C., et al., "Electrostatic Charging Current in Stationary Liquids", Paper 
11, Institute of Physics Conference Series Number 1 1, London (197 1). 

Keywords: electrification in pipes and filters. mechanism. relaxation. conductivity. 

CI.31 Klinkenberg, A., "Dimensional Analysis in the Field of Static Elecmcity", Paper 12, 
Institute of Physics Conference Series Number 1 1 , London (197 1). 

Keywords: dimensional analysis. electrifkation. streaming current. relaxation. 

[I.4] Parsons, R., 'The Electrical Double Layer, Elecrrode Reactions and Static", Paper 13, 
Institute of Physics Conference Series Number 11, London (1971). 

Keywords: models. mechanism. double layer theory. elecmfication. streaming current. 
electrode reactions. antistatic additives. 

[IS] Schon, G., and Kramer, H., "On the Size of Stationary Space Clouds in Streaming 
Media", Paper 14, Institute of Physics Conference Series Number 11, London (1971). 

Keywords: models. streaming current. tank Nling. charge dismbution. maximum 
field. bottom filling. tank cleaning. charged mist. 

van der Meer, D., "Electrostatic Charge Generation During Washing of Tanks with 
Water Sprays I: General Introduction", Paper 15(i), Instimte of Physics Conference 
Series Number 11, London (1971). 

[I.6] 

Keywords: tank and tanker washing. tank field strength. charged mist. accident 
histories. 

[1.7] van de Weerd, J.M., "Electrostatic Charge Generation During Washing of Tanks with 
Water Sprays II: Measurements and Interpretation", Paper 15(ii), Institute of Physics 
Conference Series Number 11, London (1971). 

Keywords: tank and tanker washing. charged mist.  shore tank experiment. charge 
density. field. effect of tank volume on field. effect of impurities. discharge detection. 
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II. 81 

r1.91 

[I. 101 

[I.11] 

[I. 121 

[I.13] 

EI.141 

[I. 151 

Smit, W., Tlectrostatic Charge Generation During the Washing of Tanks with Water 
Sprays JIi: Mathematical Methods", Paper 15(iii), Institute of Physics Conference 
Series Number 11, London (1971). 

Keywords: tank and tanker washing. charged mist. analytical models for potential and 
field. 

Vos, B., "Electrostatic Charge Generation During the Washing of Tanks with Water 
Sprays IV: Mechanism Studies", Paper 15(iv), Institute of Physics Conference Series 
Number 11, London (1971). 

Keywords: tank and tanker washing. charged mist. elecmfication mechanism. effects 
of conductivity and jet velocity on charging. 

Henry, P.S.H., "Static in Industry", Paper 16, Institute of Physics Conference Series 
Number 1 1, London (197 1). 

Keywords: test methods for textile charging. resistivity. antistatic materials. 

Henry, P.S.H., "Static on Outer Clothing", Paper 18, Institute of Physics Conference 
Series Number 1 1 , London (197 1). 

Keywords: antistatic clothing. test methods. resistivity criterion. coated fabrics. gas 
ignition tests. discharges from people. body voltage. 

Cleves, A.C., et al., "The Effect of Temperature and Relative Humidity on the 
Accumulation of Electrostatic Charges on Fabrics and primary Explosives", Paper 19, 
Institute of Physics Conference Series Number 11, London (197 1). 

Keywords: minimum safe humidity. primary explosives handling. effect of humidity 
on textile resistivity. elecmfication during solids pouring. 

Lyle, A.R., and Strawson, H., "Estimation of Electrostatic Hazards in Tank Filling 
Operations", Paper 20, institute of Physics Conference Series Number 11 , London 
(197 1). 

Keywords: road and rail tank car filling. experimental tests. streaming current. charging 
in filter. discharges from charged liquid. spark energy estimates. gas ignition tests. use of 
antistatic additives. effect of splash filling. effect of dip pipe length. 

Whewell, B.R., and Makin, B., "A Study of Charged Droplets from an Aircraft 
Discharger", Paper 23, institute of Physics Conference Series Number 11, London 
(197 1). 

Keywords: neutralizer system. aircraft discharger. theory. experiment. 

Leonard, J.T., and Affens, W.A., "Charging of Jet Fuel on Polyurethane Foams", 
Inst. Phys. Conf. Ser. No. 48, London (1979). 

Keywords: flame arrestors. jet tanks. jet fuel. vapor ignition. reticulated polyurethane 
foam. charging tendency. conductivity. test method. antistatic additives. 
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Berta, I., and Gastanek, N., "The Energy of Electrostatic Discharges", Inst. Phys. 
Conf. Ser. No. 48, London (1979). 

Keywords: discharges from charged plastics. model for discharge energy. effects of 
surface charge density and electrode radius. 

Wilson, N., "The Nature and Incendiary Behavior of Spark Discharges from the 
Body", Inst. Phys. Conf. Ser. No. 48, London (1979). 

Keywords: sparks from charged people. gas ignition tests. body resistance and 
capacitance. spark energies. spark discharge efficiency. 

Chubb, J.N., and Butterworth, G.J., "Insmentation and Techniques for Monitoring 
and Assessing Electrostatic Ignition Hazards", inst. Phys. Conf. Ser. No. 48, London, 
(1 979). 

Keywords: fieldmeter observations. radio probes. flash photography. finite difference 
computer models. discharges from charged liquids. tank washing. discharges from 
charged mist. 

Butterworth, G.J., 'The Detection and Characterisation of Electrostatic Sparks by Radio 
Methods", Inst. Phys. Conf. Ser. No. 48, London, (1979). 

Keywords: instrumentation. spark detection. corona differentiation. 

Blythe, A R ,  and Reddish, W., "Charges on Powders and Bulking Effects", Inst. 
Phys. Conf. Ser. No. 48, London (1979). 

Keywords: discharges from plastics. plastic containers. propagating brush energy. 

Gibbings, J.C., "Interaction of Electrostatics and Fluid Motion", Inst. Phys. Conf. 
Ser. No. 48, London (1979). 

Keywords: streaming currents. electrification mechanism. charge carriers. conduction. 
relaxation. 

Butterworth, G.J., "Electrostatic Ignition Hazards Associated with the Preventative 
Release of Fire Extinguishing Fluids", inst. Phys. Conf. Ser. No. 48, London (1979). 

Keywords: halocarbons. Halons. carbon dioxide. fKed and portable fue 
extinguishers. electrification. ignition hazards. system design. 

Denbow, N., and Bright, A.W., 'The Design and Performance of Novel In-Line 
Electrostatic Charge Density Monitors, Injectors and Neutralizers for Use in Fuel 
Systems", Inst. Phys. Conf. Ser. No. 48, London (1979). 

Keywords: streaming currents. relaxation. instrumentation. charge density 
measurement. charge injection. active charge neutralizers. pipe flow neutralization. 

Jonassen, N., et al., "On the Correlation between Decay of Charge and Resistance 
Parameters of Sheet Materials", Inst. Phys. Conf. Ser, No. 48, London (1979). 

Keywords: time constant. half decay time. non-conductive sheets. correlation between 
charge decay ame and resistivity. test method. 
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Gibson, N., "Electrostatic Hazards - A Review of Modem Trends", Inst. Phys. Conf. 
Ser. No. 66, London (1983). 

Keywords: general review. standards. grounding critena. streaming currents. filters. 
agitation of slurries. plastic pipes. discharges from plastics. plastic tanks. discharges 
from liquids. safe tanker filling. hazards of charged people. 

Mills, J.S., and Haighton, E.J., "Prevention of Electrostatic Hazards Associated with 
Shipboard Inert Gas Operations", Inst. Phys. Conf. Ser. No. 66, London (1983). 

Keywords: marine tankers. tank washing. inert gas generation. space charge due to 
charged soot. shipboard mals.  corona threshold not met. hazard from isolated 
conductors. 

Wilson, N., "The Ignition of N a d  Gas by Spark Discharges from the Body", Inst. 
Phys. Conf. Ser. No. 66, London (1983). 

Keywords: discharges from charged people. gas ignition tests. influence of charge and 
body potential. effective spark energies. 

Asano, K., "Current Research in Applied Electrostatics in Japan", Inst. Phys. Conf. 
Ser. No. 66, London (1983). 

Keywords: five year project. tank filling. paper filters. electrification. streaming 
currents. effect of pipe diameter. neutralizing screens at tank entry. ultrasonic 
neutralizers. 

Walmsley, H.L., "Charge Generation in Low Dielectric Constant Liquids", Inst. Phys. 
Conf. Ser. No. 66, London (1983). 

Keywords: streaming currents. conductive pipes. charging theory. conductivity. 

Sigmond, R.S., and Goldman, M., "Some Basic Gas and Discharge Phenomena in 
Electrostatics", Inst Phys. Conf. Ser. No. 66, London (1983). 

Keywords: electrostatic discharges. general theory. discharges from plastics. 
propagating brush. large surface spark generators. 

Blythe, A.R., "A New Conductivity Gauge for Antistatic Films", Inst. Phys. Conf. 
Ser. No. 66, London (1983). 

Keywords: instrument. surface conductivity. antistatic films. moving films. 
manufacturing. 

Bunerworth, G.J., et al., "A Study of the Incendivity of Electrical Discharges between 
Planar Resistive Electrodes", Inst. Phys. Conf. Ser. No. 66, London (1983). 

Keywords: discharges from plastics. spark suppression by resistive coatings. gas 
ignition. safe resistivity for coatings. effect of particle contamination. 
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Walmsley, H.L., "Charge Relaxation in Pipes", hst. Phys. Conf. Ser. No. 66, 
London (1983). 

Keywords: relaxation theory. Ohmic model. hyperbolic model. charge carrier 
mobilities. 

Touchard, G., et al., "Static Electrification by Dusty Gas Flowing Through 
Polyethylene Pipes", Inst. Phys. Conf. Ser. No. 85, London (1987). 

Keywords: plastic pipes. dusty gas flow. electrification theory and experiment. vent 
stacks. effect of elbows. 

Taylor, D.M., and Elias, J., "A Versatile Charge Decay Meter for Assessing Antistatic 
Materiais", Inst. Phys. Conf. Ser. No. 85, London (1987). 

Keywords: antistatic plastics. static dissipation pmpemes. charge decay measurement. 
correlation of charge decay time and resistivity. 

Lobel, W., "Antistatic Mechanism of Internally Modified Synthetics and Quaiity 
Requirements for Clothing Textiles", Inst. Phys. Conf. Ser. No. 85, London (1987). 

Keywords: antistatic plastics. clothing. conduction mechanism. time variation of 
conductivity. 

Jestin, P., et al., "Surface Potential Decay on Epoxy Resin", Inst. Phys. Conf. Ser. 
No. 85, London (1987). 

Keywords: epoxy resin. AC corona surface treatment. antistatic plastics. 

Maurer, B., et ai., I' Hazards Associated with Propagating Brush Discharges on 
Flexible Intermediate Bulk Containers, Compounds and Coated Materials", Inst. Phys. 
Conf. Ser. No. 85, London (1987). 

Keywords: discharges from plastics. propagating brush. charge transfer. critical 
surface charge density. critical thickness. critical breakdown voltage. plastic films and 
liners. test method. guidelines. supersacks. FIBC. 

Chubb, J.N., "The Calibration of Electrostatic Fieldmeters and the interpretation of their 
Observations", Inst. Phys. Conf. Ser. No. 85, London (1987). 

Keywords: electric field measurement. instrument design and use. interpretation of 
space potential. 

Bena, I., et ai., "Testing of Antistatic Floor Covers", Inst. Phys. Conf. Ser. No. 85, 
London (1987). 

Keywords: antistatic materials. floors. measurement of charge dissipation. conduction 
model. 
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Strawson, H., and Lyle, A.R, "Safe Charge Densities for Road and Rail Tank Car 
Filling", Inst. Phys. Conf. Ser. No. 27, (1975). 

Keywords: road and rail tank cars. tank ñliing. filter. discharges from liquids. brush 
discharge. spark. discharge observations. conditions for sparking. safe fuling conditions. 
flow rate. charge density. critical surface potential. 

Leonard, J.T., and Carhart, H.W., "Elecmcai Discharges from a Fuel Surface", Inst. 
Phys. Conf. Ser. No. 4, (1967). 

Keywords: discharges from charged liquids. filters. corona. streamer. spark. 
threshold surface potentials. discharge energy. 

Heidelberg, E., "Generation of Igniting Brush Discharges on Earthed Conductors", 
Inst. Phys. Conf. Ser. No. 4, (1967). 

Keywords: discharges from plastics. gas ignition tests. brush discharges. minimum 
surface area for hexane ignition. fuel tank linings. 

Foster, M.D., "The Dissipation of Electrostatic Charges in Purified Petroleum 
Products", Inst. Phys. Conf. Ser. No. 4, (1967). 

Keywords: effective conductivity. charge relaxation. hyperbolic theory. ionic 
mobility. 

: PATENTS 

Leonard, J.T., "Method and Apparatus for Neutralizing Electrostatic Charges on 
Flowing Liquids", US Patent No. 3619718, Nov. 9 (1971). 

Keywords: use of twin filters to cancel net charge. generation of opposite polarities in 
filters of different materiais. 

Pesetsky, B., and Fisher, J.A., "Static Problems in Handling Charged Liquids", 
AIChE Loss Prevention, Vol. 9, 114-118 (1975). 

Keywords: drum filling tests. plastic liners. epoxy and phenolic liners. grounding. 
plastic hoses. vapor ignition. 

Wagner, J.F., "Modelling of Electrostatic Phenomena", AIChE Loss Prevention, Vol. 
9, 119-126 (1975). 

Keywords: model. experiment. elecmfication. streaming currents. filter charging. 

Huber, P.W., and Sonin, A.A., "A Model for the Electric Charging Process in Fuel 
Filtration", AIChE Loss Prevention, Vol. 9, 127-129 (1975). 
(see also F.14). 

Keywords: model. experiment. elecuifkation. smaming currents. filter charging. 
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Johnson, R.W., "Ignition of Flammable Vapors by Human Electrostatic Discharges", 
AIChE Loss Prevention, Vol. 14, 29-34 (1981). 

Keywords: discharges from charged people. gas ignition tests. comparison between 
charged people and capacitors. 

Mahley, H.S., "Static Elecmcity in Handling of Petroleum Products", AIChE Loss 
Prevention, Vol. 6, 51-57 (1972). 

Keywords: discharges from charged liquids. tanker loading. minimum safe surface 
potential. static charge reducer (SCR). charge neutralizer. effect of bubbling on potential. 
antistatic additives. safe conductivity. effect of drop tube design on static. 

Lauer, J., and Antal, P.A., "Electrostatic Charges and Flow of Organic Liquids", 
AIChE Loss Prevention, Vol. 6, 34-43 (1972). 

Keywords: streaming currents. filters. clay beds. effect of filter material. polarity 
reversals. filter electrification model. 

Gavis, J., "The Ongin of Electric Charge in Flowing Hydrocarbons", AIChE Loss 
Prevention Vol. 6, 44-50 (1972). 

Keywords: streaming currents. theory. metal pipes and filters. 

Vos, B., et al., "Electrostatic Charging of Suspensions During Agitation", Loss 
Prevention and Safety Promotion in the Process Industries, Elsevier, New York (1974). 

Keywords: stirred slurries. hazardous charge densities. fires. xylene. safe 
conductivity. 

fN) : INDUSTRIAL. UNIVERSITY AND NATIONAL AGENCY REPORTS 

Leonard, J.T., and Bogardus, H.F., "Pro-Static Agents in Jet Fuels", Naval Research 
Laboratory Report NRL 8021, August 16 (1976). 

Keywords: prostatic agents. contaminants. aviation. jet fuels. tankers. conductivity. 
test method for charging tendency. 

Harrison, R., et al., "Elecmcal Hazard of Tank Vessels while Moored to Shore 
Facilities", Jet Propulsion Laboratory, JPL Publication 5030-503, May 15 (198 1). 

Keywords: stray currents. marine vessels. shore facilities. arcing measurements. static 
ignition. accident history. plastic pipe in gasoline barge. upstream filter. 

Bachman, K.C., and Dukek, W.G., "Static Elecmcity in Fueling of Supejets", 
ESSO Research and Engineering Company, Linden, N.J., January (1972). 

Keywords: aviation. tank filling. filters. prostatic agents. relaxation theory. charge 
density. spark detection. spark energy. 
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Grenich, A.F., and Tolle, F.F., "Electrostatic Safety with Explosion Suppressant 
Foams", Air Force Wright Aeronautical Lab to r i e s  Report AFWAL-TR-83-2015, 
March (1983). 

Keywords: aviation. explosion suppressing polyurethane and polyether foam. static 
electrification. discharges. vapor ignition. discharges from plastics. 

Dukek, W.G., et ai., "Static Elecmcity Hazards in Aircraft Fuel Systems", Air Force 
Aero Propulsion Laboratory Report AFAPL-TR-78-56, August (1978). 

Keywords: aviation. explosion suppressing foam. bladder cells. static electrification. 
spark discharge. antistatic additives. 

Williams, K.G., "Preliminary Studies of Hazards Associated with Electrical Discharges 
from the Surface of Hydrocarbon Fuels", Report of NRL Progress, Navai Research 
Laboratory, Washington DC, November (1959). 

Keywords: discharges from charged liquids. sphere-piane geometry. breakdown 
potentiai. spark threshold potential. 

Nitka, H., "Electrostatic Charging of Liquids : Its Formation, Prevention and Risk", 
Agfa Film Factory, Wolfen (Repon No. 16 on German Chemical industry), Trans. by 
N. Platzer, Ruabon, February (1949). 

Keywords: streaming currents in pipes. effect of pipe roughness. effect of 
conductivity. effect of viscosity. effect of flow velocity. effect of pipe diameter. effect of 
splashing and turbulence. 

Shafer, M.R., et ai., "Elecmc Currents and Potentials Arising From The Flow of 
Charged Liquid Hydrocarbons through Short Pipes", J. Research of National Bureau of 
Standards - C. Engineering and Instrumentation, Vol. 69C, No. 4, October-December 
(1965). 

Keywords: streaming currents. charge relaxation. conductive and insulating pipes. 
charging in paper filters. discharges from pipe surfaces. discharges from plastics. 
resistance- to-ground safety criterion. 

Sharbaugh, A.H., and Barker, RE., "Ionic Impurity Conduction in Organic Liquids", 
General Elecmc Physical Chemistry Laboratory, Report No. 68-C-270, August (1968). 

Keywords: conduction. organic liquids. ionic dissociation theory. calculation of 
conductivity from dielectric constant. mixtures of organics with water. dielectric 
constants and conductivities of organic liquids (table of values). 

Wilson, KA., "Ignition of Toluene after Truck Loading", Wiiicox North America Inc., 
Incident Report No. 7, (1989). 

Keywords: two accidents. toluene. truck loading. discharge from composite hose with 
coated inner spiral. discharge from plastic. plastic pipe. 

Anderson, J.C., "Electrostatic Charging of Flexible Hose", SAIL Technical Repon to 
Willcox Hose Ltd., 18 th February, (1983). 

Keywords: streaming current. composite hose. flexible hose. effect of antistatic lining. 
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Heidelberg, E., "Hazards of the Ignition of Explosive Mixtures by the Electrostatic 
Charging of Plastic Containers", Brandverhutung-Brandbekampfung, Vol. 2, 19-25, 
(1969). Trans. by Fraser, R.T.M., information Branch, UKAEA Research Group, 
Atomic Energy Establishment, Harwell, Report No. LB/G/2967, May (1970). 

Keywords: charging of plastics. discharges from plastics. small plastic containers. 
gasoline. regulations on container size. regulations for floor resistance. resistance of 
personnel to ground. surface conductivity. antistatic coatings. brush. spark. propagating 
brush. 

Rees, W.D., "Use of Plastic Sample Bottles at Rotterdam Refinery", BP Applied 
Physics Branch GRD, Sunbury, Memorandum Ref. S/AP/265/75, Project No. 140, 
August 21, (1975). 

Keywords. small plastic containers. sample bottles. discharges from charged plastics. 
brush discharge. hazardous charge transfers to probes. 

Rees, W.D., "Static Electricity : Glass and Plastic 100 ml Graduated Cylinders", BP 
Applied Physics Branch GRD, Memorandum Ref. S/AP/215/74, August 15 (1974). 

Keywords: small plastic containers. accident. discharge from charged plastic. 
graduated cylinders. glass and plastic. charging by rubbing. charge decay rates. 

Britton, L.G., and Hughes, J.F., "Principles for Minimizing Electrostatic Hazards in 
Fuel Systems", Applied Electrostatics Group, University of Southampton, Progress 
Report No. 3 to Directorate of Navy Contracts, Contract No. NCS 361DS737, June 30 
(1980). 

Keywords: plastic tank filling. glass reinforced plastic. resistivity tests. large scale 
filling tests. experimental charge density, field, surface potential. use of grounded plate 
to dissipate charge. effective conductivity. 

Heidelberg, E., 'The Ignition of Explosive Mixtures by Static Electricity", Advances in 
Static Electricity, Vol. 1, 351-359, Proceedings of the 1 st Int. Con€ on Static 
Elecmcity, Vienna, May 4-6 (1970). Trans. Crossland, B., Royal Aircraft 
Establishment Translation 1622, November (1971). 

Keywords: classic work. discharges from plastics. insulating layers on conductive 
substrates. propagating brush discharges. minimum surface charge density. range of 
layer thicknesses needed. brush discharges. gas ignition tests. 

Heidelberg, E., "Discharges h m  Electrostatically Charged Nonconductive Layers on 
Metal Surfaces", PTB-Mitt., Vol. 80, p. 440, (1970). Trans. Anon. 

Keywords: discharges from charged plastics. brush discharges. analtyical solutions 
for field and potential in sphere-plane geometry. propagating brush discharge. minimum 
surface charge density. range of layer thicknesses needed. aircraft windshields. gas 
ignition tests. 

Newman, M.M., and Robb, J.D., "Investigation of Minimum Corona Type Currents 
for Ignition of Aircraft Fuel Vapors", NASA Technical Note D-440, Washington DC, 
June (1960). 
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Keywords: aviation. corona discharge. gas ignition tests. minimum incendive current. 

Anon. "Conductive.Thermopiastic Polymers", Chem Systems Inc., Tarrytown, Report 
NO. 87-4, March (1989). 

Keywords: antistatic plastics. technical and economic survey. 

Anon., "Safety in Fuel Handling with ASA-3", SHELL Product Infomation Brochure 
ICSX:69:5, April (1969). 

Keywords: conductivity. use of antistatic additive. 

Bustin, W.M., "Elecmcaiiy Charged Water Mist Produced by Water Washing", ESSO 
Engineering Technology Dept, Report No. EE.8TMR.72, March (1972). 

Keywords: tank and tanker washing, charged mist. charge density. charge decay rate. 
hot versus cold water washing. effect of additives. 

Butterworth, G.J., et al., "Studies of Tank Washing on "British mirpose" During 
Ballast Voyage from Isle of Grain to Cape of Good Hope Apnl7th to May 5th 1977", 
Electrostatics and Physics Group, UKAEA Culham Laboratory, Report No. 
CLM/RR/D2/34, February (1978). 

Keywords: tank and tanker washing. crude oil tanker studies. charged water mist. 
portable and fixed washing machines. space potentials. spark observations. computer 
modehg of potential and field. 

Lange, R.F., "Shoreside Static Elecmfication Studies During Tank Washing in a 25 
Foot Diameter Tank", Mobil Research and Development Corp., Paulsboro, NJ, Report 
No. 70.33-AD, November 13 (1970). 

Keywords: tank and tanker washing. charged water mist. shore tank studies. field 
strength. effect of water temperature. effect of detergents and contaminants. effect of 
surface tension. 

Klaver, R.F., "Elecmcai Field Strength in Cargo Tanks of Seven Tankers During or 
After Washing", Chevron Research Co., Richmond CA, November 2 (1971). 

Keywords: tank and tanker washing. charged water mist. tests on tanker. field 
strength measurements. effects of water pressure, water throughput, temperature, 
additives, cleanliness of tank walls, tank size, tank coatings, type of washing machine. 

van de Weerd, J.M., "Can Probe-to-Cloud Discharges be an Ignition Som for Tanker 

Keywords: tank and tanker washing. charged water mist. corona discharge. brush 
discharge. ignition tests. discharges to grounded probes. limiting space potential. 

Homberg, K., et ai., "Report on the Investigations of the Generation of Electrostatic 
Charges during Fuelling of Aircraft with High Fuelling Rates", Technischer 
Uberwachungs-Verein Rheiniand EV, Cologne, Original Report No. TUV 527 003101, 
October 9, (1975). 

Explosions?", Shell Research NV, The Hague, Report No. AMSR.û016.7 3 (1972). 
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Keywords: aviation. electrification in pipes and fitas. tank filing. electric fields in 
tanks. maximum acceptable charge density. ignition hazards. grounding. effective 
conductivity. 

Hughes, L., "Electrostatic Effects of Fuel Movement inside an Insulating Container", 
Nationai Gas Turbine Establishment, Cobham, NGTE Note No. CPT 7802,  R&D 
Item 7807/-0613, January (1978). 

Keywords: plastic tank. polyethylene drum. charge density in lading during shaking. 

Bolton, P., "Laboratory Studies of Electrostatic Charge Generation in Fuel Tanks", 
Admiralty Oil Laboratory, Cobham, Memo No. 6, March (1974). 

Keywords: plastic tanks. 47 gallon glass reinforced plastic tank. hoses. paper filters. 
surface potentials. fields. GRP resistivity measurements. 

Lyle, A.R., and Davies, P.T., "Charge Relaxation from Liquid Hydrocarbons 
Flowing in Plastic Pipes", Shell Research, Thornton Research Center, Report No. 
TRCP.2 188R, August (1977). 

Keywords: plastic pipes. charge relaxation rates. discharges from charged plastics. 
similar relaxation rates to steel pipes. pipe puncture. 

Guest, P.G., et al., "Static Electricity in Hospital Operating Suites : Direct and Related 
Hazards and Pertinent Remedies", Bureau of Mines Bulletin 520, Washington DC, 
(1953). Reprinted (1962). 

Keywords: floor resistance. shoe resistance. charged personnel. antistatic materials. 

Rizzo, F.J., "Electrostatic Phenomena in Textile and Clothing Systems", US Army 
Natick Laboratories, Technical Report No. 74-2-CE, October (1973). 

Keywords: clothing. footwear. discharges from charged people. antistatic materials. 
metallic fibers. topical antistats. 

ì : PLANT / OPERATIONS P R O W  

Mancini, R.A., "The Use (and Misuse) of Bonding for Control of Static Ignition 
Hazards", Plant/Operations Progress, Vol. 7, No. 1, January (1988). 

Keywords: guidelines. containers. truck and tanker filling. aircraft. streaming currents. 
plastic pipes. filters. bonding. grounding. relaxation. stray currents. plastic tanks. spark 
ignition. 

Berkey, B.D. et ai., "Review of Literature Related to Human Spark Scenarios", 
Plant/Operations Progress, Vol. 7, No. 1, January (1988). 

Keywords: review. charging of people and clothing. capacitance. shoes. carpets. 
discharge energy. gas ignition tests. 
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Owens, J.E., "Spark Ignition Hazards Caused by Charge Induction", Planr/Operations 
Progress, Vol. 7, No. 1, January (1988). 

Keywords: review. induction charging of people. s m a l l  plastic containers. discharges 
from plastics, ungrounded personnel. 

Britton, L.G., "Systems for Electrostatic Evaluation in Indusmal Silos", 
Plantloperations Progress, Vol. 7, No. 1, January (1988). 

Keywords: instruments. experiments. silos. powders. discharges. brush. corona. 
neutralizers. ignition. grounding of people. 

Rosenthal, L.A., "Static Elecmcity and Plastic Drums", Plantlûperations Progress, 
Vol. 7, No. 1, January (1988). 

Keywords: review. plastic drums. induction charging of people. discharges from 
plastics. ignition. 

Britton, L.G., and Smith, J.A., "Static Hazards of Drum Filling 1: Actual Incidents 
and Guidelines", Plant/Operations Progress, Vol. 7, No. 1, January (1988). 

Keywords: review. guidelines. accidents. drums. flammable liquid properties. 
elechification. relaxation. bonding. grounding. lances. people. plastic pipes. drum 
linings. propagating brush. brush. corona. incendivity. 

Britton, L.G., and Smith, J.A., "Static Hazards of Drum Filling II: Electrostatic 
Models : Theory and Experiment", Planr/Operations Progress, Vol. 7, No. 1, January 
(1988). 
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