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The electfical currents and potentials produced in pipes of intermediate and very high resistivities,
by the flow of a charged liquid hydrocarbon have been investigated. The maximum pipe currents

to the ground were in the range 1 to 6 microamperes.

Depending upon the electrical resistance of

the pipes, thes_e currents produced potentials ranging from essentially zero to values in excess of
30,000 volts which were sufficiently severe to cause electrical breakdown and arcs within some of the

pipes under investigation.

It is concluded that hazardous pipe potentials, resulting from static elec-

tricity, can be eliminated in practical applications if the electrical resistance from each and any portion
of the interior surface of the pipe to the ground does not exceed about 107 ohms.
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1. Introduction

The petroleum industry has long been concerned
with the problem of static electricity resulting from
the flow of relatively nonconducting liquid hydrocar-
bons through pipes, filters, and other components.
Considerable literature is available which considers
methods by which such charges are produced and the
hazards arising from the introduction of electrically
charged petroleum liquids into receiving tanks, as
frequently occurs during refinery and fueling
operations.

Problems related to the electrical currents and po-
tentials produced in pipes and hoses through which
charged petroleum liquids flow have not been investi-
gated thoroughly. Carruthers and Marsh [1]' and
Carruthers and Wigley [2] considered this problem
recently and developed equations relating the currents
and potentials produced with the electrical resistance
of the pipe, the electrical characteristics of the fuel
and its velocity. Experimental checks were per-
formed using pipes of essentially infinite and zero
electrical resistance. Although these conditions
were well suited for investigations of charge relaxa-
tion, neither condition provided experimental veri-
fication of the potentials produced in pipes having
large, but not infinite, values of electrical resistance.

Under the sponsorship of the Department of the
Navy, Bureau of Naval Weapons, the National Bureau
of Standards has conducted an investigation to deter-
mine the desirable electrical resistance charac-

! Figures in brackets indicate the literature references on page 316.

eristics of hoses used to interconnect the various fuel
handling components of aircraft and other internal
combustion engines. It is believed that some of the
results of the investigation are of sufficient general
interest for presentation here as they provide further
experimental verification of the theory and ideas pre-
sented in [1] and [2] and their Discussions.

The experimental investigations to be described
were concerned primarily with a determination of
the magnitude of electrical currents and voltages
encountered in pipes of intermediate and very high
resistivities through which electrically charged liquid
petroleum flows. The pipes had a nominal inside
diameter of 0.875-in. and lengths in the range of 20
to 48 in. Flowrates of 5 to 30 gal per minute were
used with fuels having conductivities of 8 to 200
picomho per meter. Pipe currents to the ground
encompassed the range 1078 to 6 X 10-% A. Depend-
ing upon the electrical resistance of the pipes, these
currents produced potentials ranging from essentially
zero to values in excess of 30,000 V, which were suf-
ficiently high to cause electrical breakdown and arcs
within some of the pipes under test.

2. Theoretical Considerations

Consider a pipe of length L, as shown in figure 1,
through which a relatively nonconducting liquid is
flowing at a mean axial velocity v. The liquid enter-
ing the section may or may not contain a significant
initial charge ¢; per unit length of pipe which cor-
responds to a convection current I;= g entering the
section under consideration. Likewise the liquid
leaves the pipe with a charge g, per unit length of
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FIGURE 1. Electric currents resulting from the flow of a fluid.

pipe causing an exit convection current I, =quw. As
discussed in [1], the value of g, and hence I, is depend-
ent upon: the magnitude of [;, the resistivity of the
fuel, the residence time, t, during which the fuel re-
mains within the length of pipe, and the amount of
charge separation which occurs at the fuel-pipe
interface.

The equilibrium current I, =1; — I, flowing from the
pipe to the ground, is a direct measure of the net rate
at which charges are deposited on the interior surface
of the pipe during passage of the fuel. It is conven-
iently measured by electrically insulating the pipe
section from the remainder of the flow circuit and
from the ground, and electrically connecting each
end of this section to the ground through a suitable
ammeter.

Convenient instrumentation for the direct measure
of I; is not available. However, when a charge-
producing component such as a microfilter is placed
immediately upstream of the test section, the current
I; between the filter and the ground is approximately
equal to I;. This filter current is conveniently meas-
ured by an ammeter if the filter is electrically insu-
lated from the remainder of the flow circuit. Thus,
I;=1I; provided the fuel entering the filter is essen-
tially uncharged.

The relation between [, and [;, as developed in the
appendix, is
1= Ui— L)1 — ) ()
where I is the convection current that would emerge
with the liquid from an infinitely long pipe under the
same conditions. If [; is caused by a filter placed
immediately upstream from the test section and is
large compared to Iy, then the relation
I, =I{1—eM (2)
should be correct for the more severe charging
conditions.

The term A is the ratio of resistance time, Lfv, of
the liquid in the pipe to relaxation time, 7, of the
liquid. Relaxation time is the time required for the
charge existing in the stationary fuel to be reduced 63
percent in magnitude by electrostatic forces.

Considering a pipe grounded at each end, an ap-
proximate relation for the maximum potential devel-

oped on the pipe wall, as a result of current I, is

Vinax=0.1 Ryl,, (3)
where Ry is the end-to-end resistance. Commencing
with an expression from [1] for the voltage developed
on the pipe wall at any distance from the inlet, this
relation has been developed in the appendix subject
to the following assumptions:

(a) The ratio A has numerical value less than 6.

(b) The electrical resistance Ry of the pipe is small
compared to that of the liquid contained within the
pipe.

The constant 0.1 of eq (3) varies through the approxi-
mate range 0.08 to 0.13 for values of A < 6. Values
of A > 6 are encountered only with long pipes, fuel of
very high conductivities, or very low fuel velocities
for which conditions nearly all of the separation of
charges, gi, occurs near the entrance of the pipe.
Values of A < 6 are those normally encountered during
the flow of liquid petroleum products, and a constant
factor of 0.1 can be selected for this range of A\ with
little sacrifice in accuracy.

The assumption that pipe resistance Ry is small
compared to that of the liquid within the pipe is valid
for pipes having resistances no greater than 10
per linear inch of length even when fuels having con-
ductivities as large as 200 pmho/m are involved.
Pipes having higher electrical resistances are not
considered desirable because of the possibility of
electrical discharges resulting from the extremely
high voltages produced. Thus, it is believed the as-
sumptions involved in deriving the approximate
relation expressed in eq (3) are valid as far as practical
applications are concerned.

It is of interest to note that eq (3) is essentially
identical to the relation V., =0.106(I; —I,)Rs which
was presented by Dr. Klinkenberg in the Discussion
of [2].

Data were obtained during these experiments which
verifies eqs (2) and (3) using pipe specimens having
Rr values in the range zero to 10 Q. Also, the in-
fluence of the electrical resistance of the pipe on the
current I, was investigated; and the electrical break-
down phenomena which occur when large values of
I, are encountered in pipes having extremely high
values of Ry were observed.

3. Experimental Apparatus

The flow circuit, shown in figure 2, included a sup-
ply tank containing 50 gal of naptha and a centrifugal
pump of 30 gpm capacity. The flow then passed
through a suitable flowmeter into the microfilter used
for the generation of the initial charge ¢;. A by-pass
valve was installed to provide a method of directing
the flow through or around the filter as desired. The
pipe sample under test was connected immediately
downstream from the filter and the fuel then re-
turned through a flow control valve to either the supply
or receiver tank as desired. Each end of the pipe
sample, as well as the entrance connection to the
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filter, was electrically insulated from the flow system
by short lengths of nonconductive tetrafluoroethylene
(TFE) tubing. Short adapters, of metal tubing, were
used as connectors between the ends of the test
pipe and the insulating tubing. They were inserted
into the ends of the test pipe to a depth of about one
inch, thus forming internal electrodes. These two
electrodes were electrically connected to each other
and to the ground through an ammeter for the meas-
urement of [,. Likewise, the filter was connected
to the ground through another ammeter for the meas-
urement of I All other portions of the flow system
were constructed from conductive materials and
grounded as in normal service.

The liquid used throughout the tests was a water-
white, hydrocarbon naptha designated as MIL-F-
7024A, Type I1. This naptha has a 60/60 °F specific
gravity of 0.771, a kinematic viscosity at 80 °F of about
1.2 centistokes, an initial distillation point above
300 °F, and a flash point above 100 °F. The electri-
cal conductivity of the naptha as received, in 55-gal
drums, at our laboratory is about 1 pmho/m. Con-
taminants were added to obtain the appreciable filter
charging effects required.

Two different filters were used. Each had an ex-
ternal metal body containing a phenolic resin impreg-
nated paper element. One filter had a 25-um size
element of a pleated design containing a total of 35
pleats 1-in. deep by 4.5-in. long giving a total filter
surface area of about 300 in.?  The nominal flow rating
of this element was 25 gpm with a fuel of 1 centi-
stroke viscosity. The second filter had a 10-um size
element of a stacked-paper washer design having a
length of 4 in., an outside diameter of 1.5 in., giving
a total filter surface area of about 18 in.2 This ele-
ment had a nominal flow rating of 5 gpm with a fuel
of 1 centistoke viscosity. Both of these filters and
their elements were identical in size and design to
those commonly used in fuel systems of some internal
combustion engines.

The ammeters used for the measurement of I, and
I, were multipurpose electrometers having a range
10713 to 3 A full scale. The voltage drop of these
instruments never exceeded 1 V during the measure-
ment of current.
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Diagram of the flow circuit.

FIGURE 2.

Pipe potentials of less than 100 V were measured
with a multipurpose electrometer having a resistance
to ground of the order of 10 . Voltages in the
range 100 to 10,000 V were measured with electro-
static voltmeters having resistances to ground of the
order of 10'® ). No attempts were made to measure
potentials exceeding 10,000 V as corona effects with
the resulting breakdown of resistance were always
encountered in this region.

Pin-type probes were constructed for the meas-
urement of the potentials developed on the inner sur-
faces of the pipe walls. As will be discussed in detail,
the test specimens were tetrafluoroethylene (TFE)
tubing containing an inner liner of intermediate re-
sistivity and having a total wall thickness of 0.040-in.
The probes contained pin points about 0.06-in. long
and were inserted through the tubing from the outside,
thus puncturing and making electrical contact with
the inside conductive liner of the pipe. Two pins
pierced the wall at each probe location.

Fuel conductivities were determined by a conduc-
tivity cell constructed in accordance with figure 8 of
reference [3]. The actual plate separation was 7.9
mm. A constant test potential of 150 V dc was used
resulting in a test potential gradient of 19 V/mm. Sig-
nificant polarization was obtained during the deter-
mination of fuel conductivities as evidenced by a
considerable and continuous decrease in current with
time under the condition of a constant applied voltage.
For comparative purposes, the current used to com-
pute fuel conductivity was that occurring 30 sec after
applying the test voltage to the cell. Experience
with this and other methods of conductivity measure-
ment indicates that the determination of fuel con-
ductivity is not an exact art.

4. Test Specimens

The pipe samples used during the investigation had
nominal inside diameters of 0.875-in. and their lengths
were in the range 20 to 48 in. One sample was a
22-in. length of stainless steel tubing which for pur-
poses of this investigation is considered to have zero
electrical resistance. All of the other samples were
formed from the thermoplastic tetrafluoroethylene
(TFE) which in a pure state has a volume resistivity
>10"% Q-cm. Each sample of TFE pipe had a wall
thickness of about 0.040-in. The dielectric strength
of the pure TFE was such that electrical breakdown
would not occur when a potential of 30,000 V dc was
applied across the wall.

Experimental samples of intermediate resistivity
TFE tube were produced for use in this investigation
by members of the aircraft hose industry. These
differed from conventional, pure TFE in that each
contained an inner layer to which small amounts of
carbon had been added. This resulted in an inner
liner of moderate conductivity, about 0.010-in. thick,
extending the full length of the pipe and attached to
and surrounded by an outer wall of nonconductive
TFE about 0.030-in. thick. Thus, electrical conduc-

tion was in the longitudinal direction only.
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FIGURE 3. End-to-end resistance of two samples of TFE pipe with
carbon inner liners showing the variation in resistance with
current.

O Sample A, @® Sample B

Pipes made in this manner have a voltage depend-
ent, nonlinear, electrical resistance which tends to
decrease appreciably with increased potential gradient.
Thus, in performing tests to determine the ohmic
resistances of the samples, it was found that current
is a nonlinear function of the applied voltage. Typical
results of end-to-end resistance tests of two of the pipe
samples, 36 in. long, are shown in figure 3. These
resistance values were obtained by applying selected
constant test potentials across the pipe sections and
measuring the resulting current. Unless stated other-
wise, Ry values listed in this paper are those obtained
with a test current of 1uA.

5. Tests and Results

5.1. Fuel Contamination and Filter Charging
Tendency

Initial tests were conducted to investigate the rela-
tion between fuel contamination and the charging
tendency of paper microfilters. The flow circuit, as
shown in figure 2, utilized a two-tank system to enable
use of one tank for supply and the other as a receiver.
This system is desirable for experiments with fuels
of low conductivities as it ensures uncharged fuel
entering the pump inlet line. Thus, service operating
conditions are duplicated closely. In these tests, a
48-in. length of semiconductive TFE tube (Rr= 50M(})
was used as the pipe sample, and the filter current,
I;, and pipe current I, to the ground were measured.

The naptha had an initial conductivity of about
1 pmho/m. The two contaminants investigated were
asphaltenes and a commercial antistatic compound
(ASC). Fuel conductivities in the range 2 to 200

pmho/m were obtained by varying the concentration
of these two materials. The asphaltenes were dis-
persed quickly and evenly throughout the test naptha
by first dissolving in isopropylbenzene (Cumene).
In order to generate large charging currents, these
initial tests were performed with the 5-gpm stacked
paper filter at a flowrate of 8 gpm through the filter.
This corresponds to an average velocity of 4 ft/sec
across the section of the 0.875 i. d. TFE pipe specimen.

The results of the stacked-paper filter charging
tendency tests are shown in figure 4, a plot of filter
current versus the fuel conductivity. Contamination
with asphaltenes gave very significant filter charging
currents with fuel conductivities above 10 pmho/m.
The maximum charging tendency obtained by contam-
ination with the antistatic compound (ASC) was only
about 1/25 of that obtained with the asphaltenes under
identical test conditions. Also, with the ASC con-
taminant, charging tendency decreased rapidly to a
low value as conductivity exceeded 100 pmho/m. One
additional point on figure 4 shows the effect of adding
a small amount of the ASC to the asphaltenes mixture
having an original conductivity of about 200 pmho/m.
A considerable decrease in charging tendency was
noted with a relatively small increase in fuel conduc-
tivity.

The charging tendency of the napthas containing
the asphaltenes and ASC contaminants were also
studied using the apparatus described on page 50 of
reference [3]. Briefly, this provides a method of
determining the amount of electric charge produced
as a fuel flows by gravity through a steel capillary
having an inside diameter of 3 mm and a length of
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FIGURE 4. Charging tendency of a stacked-paper filter at a con-
stant flowrate of 8 gpm showing the influence of fuel conductivity
with two different fuel contaminants.
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0.5 m. No relationship was found to exist between
charging tendencies obtained with the paper filter as
compared to those obtained using the steel capillary.
In fact, the ASC contaminant gave approximately the
same charging tendencies in the steel capillary as
was obtained with asphaltene contamination.

Also in tests of other fuels having conductivities
of 84 and 165 pmho/m caused by unknown contam-
inants, relatively insignificant charging tendencies
were indicated by tests with the steel capillary while
extremely large charging currents were obtained when
the same fuels flowed through paper microfilters.

Thus, the investigation of the relation between
contamination, fuel conductivity, and charging
tendency showed that the charging tendency of a given
liquid hydrocarbon is not related to fuel conductivity
alone. Rather, as might be expected, it is dependent
upon both the material and the amount of the con-
taminant in the liquid and upon the wall material at
the liquid-wall interface. The investigation also
showed that maximum charging tendency in micro-
filters will likely occur when fuel conductivity exceeds
10 pmho/m.

5.2. Preliminary Tests With Various Pipe Samples

Preliminary experiments were conducted with var-
ious pipe samples to determine: (a) the magnitude of
pipe currents to be expected from pipes installed im-
mediately downstream from the microfilters; (b) the
influence of flowrate upon these pipe currents; and
(c) whether the electrical conductivity of the pipe
had a significant influence upon these currents. Fuel
having a conductivity of 165 pmho/m was used through-
out the preliminary tests. Pipe current, [;, was meas-
ured, but unfortunately, the filter current, I, was not
measured during the preliminary tests. However, an
effort was made to keep the test conditions the same
as the different pipe specimens were investigated.
Thus, it can be assumed that the convection currents,
I;, entering the different test specimens were approx-
imately equal at identical flowrate conditions. Only
the pleated-paper filter was used during these tests.
The filter by-pass valve in figure 2 was closed; thus all
flow passed through the filter.

The pipe specimens selected for the preliminary
tests all had a length of 22 in. These included a stain-
less steel tube and two samples of TFE pipe contain-
ing carbon inner liners having Ry values of 108 and
10° ). Voltage measurements were not made and
the pin-type probes were not applied to the test
samples.

The results of the preliminary tests are shown in
figure 5. It is seen that I, increased significantly
with flowrate and that the largest values observed
were in the range 2 to 6 uA. Also, the pipe currents
were about equal in magnitude for all values of pipe
resistance investigated. Thus, it was verified (as
might be expected) that pipe resistance has very
little influence, if any, upon the rate of relaxation of
charges from the charged fuel to the walls of the pipe.
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FIGURE 5. Current to the ground from pipes of different resistiv-
ities, as influenced by flowrate (each pipe 22-in. long installed
downstream from a pleated-paper filter, fuel conductivity 165
pmho[m).

5.3. Electrical Breakdown in Nonconductive Pipes

When a nonconductive TFE pipe sample 22-in.
long, was inserted in this same flow circuit, electrical
sparks and other discharges occurring from the sample
were observed. Also pinhole punctures appeared
in the walls of the sample through which fuel slowly
seeped to the atmosphere. The conditions leading
to the electrical breakdown of the pure TFE pipe
follow.

An unpunctured, translucent sample of bare TFE
pipe 22-in. long, wall thickness 0.040-in., was installed
downstream from a paper microfilter. The sample
was electrically insulated from the remainder of the
flow system by short lengths of TFE tubing. Short
metal adapters were inserted between each end of
the sample and the insulating tubing. These two
adapters were electrically connected to each other
and to the ground. A probe for measuring electro-
static potential was installed on the outside at the
center of the sample. This consisted of a TFE in-
sulator bushing, 0.25-in. wall thickness, having an
aluminum foil strip wrapped around the exterior and
connected to an electrostatic voltmeter. There was
no other grounded metallic object close to the TFE
pipe.

With the room darkened so electrical discharges
could be seen more readily and using a fuel having a
conductivity of about 165 pmho/m, flow through the
system was quickly adjusted to 15 gpm at 25 psig.
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FIGURE 6. Electrical discharges in a pure TFE pipe connected
downstream from a pleated-paper filter (flowrate 15 gpm, fuel
conductivity 165 pmho[m).

The electrostatic voltmeter rose rapidly to a maximum
of about 8 kV and then oscillated about this value
indicating that some electrical discharges were likely
occurring. These preliminary discharges were not
visible in the darkened room.

After a period ranging from about 1 to 4 min at this
constant flow condition, a very bright electrical dis-
charge took place inside of the pipe. It consisted
of bright flashes running lengthwise inside of the tube
with numerous lateral flahses branching off as shown
in the photograph of figure 6. After this initial dis-
charge, the voltmeter oscillated about the 5 kV point,
and the wall of the test pipe contained numerous pin-
hole punctures through which fuel slowly seeped.

Light for the photograph of figure 6 was obtained
entirely from the electrical discharge which took place
within the translucent pipe sample. The actual por-
tion of the pipe shown is the upstream part with the
entrance to the left and the TFE insulator bushing
of the voltage probe at the right. The scale of the
picture may be determined from the approximate tube
diameter of 0.9-in.

Three pinhole punctures caused by the electrical
discharge may be noted in figure 6. One is on the
top of the pipe near the TFE insulator bushing. The
second is the bright spot in the center of the pipe: and,
the third is a bright spot at the bottom of the pipe
towards the entrance end. None of these punctures
were present prior to the initial breakdown.

When the TFE pipe was cut open to display the
inner surface after the initial breakdown, the paths
over which the numerous spark discharges occurred
were observed. Rather wide and deep transverse
and sometimes lateral paths were found to be cen-
tered about each pinhole puncture. Lighter paths
branched off from these to cover practically the whole
interior surface of the pipe with a rectangular net-
work pattern in which the distance between paths
was of the order of a few millimeters. The impres-
sion gained from this network is that of electrical
charges draining along tributary paths to a central
stream and thence to a puncture point. Also, it is
believed that the paths traced by the spark discharges
are proof that discharges such as are shown in fig-
ure 6 occur along the inner surface of the pipe and not
in the liquid itself.

As flow continued after the initial breakdown, a
glow discharge and sometimes small sparks were
noted within the pipe centered about one or more
of the punctured points. Electricity in the form of a
purple corona discharge was seen streaming into

the punctured points from the air. This corona dis-
charge continued so long as the fuel flowed and its
effect was to enlarge or erode the pinhole punctures.

Although not known definitely, it seems reasonable
that the potentials existing just prior to breakdown
may have been in the range 50 to 100 kV as this would
likely be sufficient to cause the dielectric failure of
the pipe wall. The electrical breakdown of noncon-
ductive TFE pipe as described above is repeatable.
It was observed in the same manner with numerous
pipe samples, and other photographs of these initial
breakdown flashes have been obtained.

5.4. Current-Voltage-Resistance Relationship

Three samples of TFE pipe with carbon inner liners,
designated as A, B, and C, each having a length of
36 in., were selected for the investigation of the cur-
rent, voltage, resistance relationship as expressed
in eq (3). The end-to-end resistances Rr of samples
A and B are given in figure 3. The resistances of
samples A, B, and C were 14,000, 600, and 12 M(),
respectively, with a test current of 1 wA. Using the
flow circuit of figure 2, pipe current, I, filter current,
I;, and pipe potential, V.., were measured. Pin-
type probes described previously were placed on the
test samples at distances of 9, 18, and 27 in. from the
upstream end for the measurement of V... The
potential between each of these three probes and the
ground was measured with high impedance volt-
meters for each flow condition established.

The hydrocarbon naptha had a conductivity of 84
pmho/m throughout these tests. Flow rates in the
range 5 to 26 gpm were selected. These rates, in
combination with the particular fuel conductivity and
the inside pipe diameter of 0.875-in., resulted in values
of N in the range 1 to 6. Pipe currents, I, ranging
from 2X 1071 to 3X10°¢ A could be obtained con-
veniently by conducting tests with the filter by-pass
valve both open and closed over the range of flowrates

selected. ] )
The results of these tests are summarized in figure

7, a log-log plot of the maximum pipe potential, Vp.x,
determined from measurements at the three probes,
as a function of the current, [, from the pipe to the
ground. All of the pipe currents in figure 7 having a
magnitude less than 10-7 A were negative. These
were obtained with the filter by-pass valve open, a
condition of minimum filter charging. It is believed
these smaller currents all resulted from the separation
of charges at the liquid-pipe interface. The pipe
potentials corresponding to these small negative cur-
rents were also negative with the single exception of
sample A at 5X 107 A where positive readings of
voltage were obtained. No explanation can be sug-
gested for this single deviation, but it is of interest
to note this test point does not lie on the straight line
defined by the other points.

All I, currents greater than 10~7 A were positive and
were obtained with flow through the filter, i.e., the
by-pass valve completely closed. These larger cur-

312



RT ot | pA
SAMPLE  TOHMS,
o a 1.4x10
e 8 6x10°
1.2x 107
w
510> n
o
>
=
-
=
z
w
=
2
i) | -
a
T
=z
2
=
x
-
=
10— =
2 3 -5
1010 109 107 107 10" 10
PIPE GURRENT, I, AMPERE
FIGURE 7. Maximum potential versus pipe current in pipes with

carbon inner liners (length 36 in., flowrate range 5 to 26 gpm, fuel
conductivity 84 pmho/m).

rents were the result of the separation from the fuel
to the wall of the pipe of charges produced during
flow through the filter. Also, all potentials resulting
from the positive currents were likewise positive.

Still referring to figure 7, it is seen that one straight
line for each pipe sample defines the test points quite
closely and the slopes of these three lines are approxi-
mately equal. Also, the slopes are considerably less
than 45° indicating that the resistances of the three
pipe samples were not constant, but tended to decrease
with increasing voltage.

The experimentally determined maximum pipe
potentials of figure 7 can be compared to those pre-
dicted by eq (3) provided Ry values corresponding
to the pipe currents under consideration are used.
Figure 3 gives these values for samples A and B. In
selecting a value of Ry from this figure which cor-
responds to a designated [, current, it is assumed
that the net deposition of charges is relatively uni-
form lengthwise along the pipe. Thus, the average
current existing in the wall of the pipe can be con-
sidered to be approximately 0.25 [,. This is the
current which has been used in obtaining values of
Ry from figure 3.

The comparison of calculated and measured maxi-
mum pipe potentials for samples A and B is presented
in table 1. Considering the practical difficulties

TABLE 1. Comparison of calculated and measured maximum pipe
voltages
Maximum pipe voltage
Rl - S
Sample I, (fig. 3)
Calculated Measured
Ve = 0. 1R 11, (fig. 7)
Amperes Ohms Volts Volts
A 107 1 x 101 100 700
10-6 2.2 10 2.200 2,700
10 1.2 % 100 12000 11.000
B 10-% 9.3 X 10% 90 100
102 17X 100 170 190

involved in measuring Ry and V.. accurately it is
believed that good agreement between the calculated
and measured values was obtained. Certainly agree-
ment such as this is quite adequate for the practical
purpose of estimating potentials to be encountered
in pipes through which a known current /, to the
ground is encountered. However, it must be realized
that eq (3) applies only to the conditions in which the
conductive portion of the pipe is in actual contact
with the fuel throughout its length and the pipe is in
electrical contact with the ground only at the two ends.
Grounding of the conductive portion of the pipe at
many locations throughout the length will of course
result in lower voltages. Insulating the conductive
portion of the pipe from the fuel will likely result in
potentials having magnitudes sufficient to cause
electrical breakdown.

5.5. Charge Relaxation in Short Pipes

Both filter current. 1. and pipe current. I,. were
measured during the experiments reported in figures
4 and 7. During that portion of these tests in which
the fuel passed through the filter. the values of I;always
exceeded 0.5 pA. These are very large compared
to the currents generated at the fuel-pipe interface
when the fuel bypassed the filter. Thus, for flow
through the filter, it can be assumed that the measured
1), values are equivalent to the charges which migrated
to the pipe wall during passage of the charged fuel
through the pipe. Thus, data are available to verify
eq (2), I, = Il —eM.

The results of this check of the relation I, ~[{1—e %)
are shown in figure 8. Each plotted point is the ratio
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FIGURE 8. Experimental verification of the relation 1,/1;=(1 — e~

Jforvarious pipe samples, flow rates, and fuel conductivities.
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I,/1; as calculated from the measured values of these
two currents. The solid line represents the function
(1—e2) versus \, computed from the relation A =L/vr.
Data corresponding to the three pipe samples 36-in.
long were all obtained with a constant fuel conductivity
of 84 pmho/m, and flowrate in the range 5 to 26 gpm.
Data for the one pipe sample 48-in. long were obtained
at a constant flow of 8 gpm with fuel conductivities
in the range 11 to 200 pmho/m using asphaltenes as
the contaminant. The few experimental points ob-
tained for the A range 5 to 10 are not included in this
figure because these measured values of I,/I; were
all within a few percent of unity. It is believed that
the agreement shown in figure 8 is reasonable over the
range of conditions encountered. However, some of
the points indicate relaxation may at times occur more
rapidly than predicted. Certainly these results help
to verify that relaxation of a charged liquid flowing
in a pipe is essentially independent of the electrical
resistance of the pipe for resistance values in the range
zero to about 101 ().

It is believed, but not definitely known, that at least
some of the deviations shown in figure 8 are related
to the determination of fuel conductivity. Perhaps
the effective conductivity of the charged fuel in the
pipe can be influenced by the potential gradients
existing. Thus, it is possible that present methods
of determining fuel conductivity are not completely
adequate for the experimental verification of the
theoretical relations.

6. Discussion

The purpose of this section is to discuss and further
emphasize those results leading to the desirable resist-
ance characterisitcs of pipes and hoses through which
charged liquid petroleum products may flow. It is
believed that the experimental conditions of flowrate,
and of pipe diameter, length, and installation down-
stream from microfilters duplicate closely conditions
frequently encountered, especially in fuel systems
of the larger size internal combustion engines. Ad-
mittedly, this investigation was concerned primarily
with the more severe conditions rather than with
average conditions. Also, the fuel conductivities of
84 and 165 pmho/m used during many of the tests
are higher than those normally encountered. How-
ever, experiments with fuels of lower conductivities
show that maximum filter charging effects usually
occur in the conductivity range 10 to 200 pmho/m
depending upon the filter design and the rate of flow.
Experience has shown that conductivities in the range
10 to 30 pmho/m are encountered rather frequently
in liquid petroleum fuels flowing into the engines.

Perhaps one point should be emphasized concern-
ing fuel conductivity. In investigations concerned
with the more severe filter charging conditions and the
resultant currents and potentials in pipes installed
downstream, it has been found, as shown in figure 4,
that greatest electrification effects are obtained with
fuels of moderate conductivities, range 10 to 200
pmho/m, rather than those having low conductivities

of the order of one pmho/m. Therefore, elaborate
precautions to remove absorbed water and as much
of the contamination as possible are not necessary
during investigations involving the generation of large
filter charging currents. Nevertheless, in this con-
nection some effects of water should be mentioned.
As discussed in [3] and investigated briefly by the
authors, ordinary tap water, which has relatively very
high conductivity, does not increase fuel conductivity
even when present to the extent of 5 percent or so.
In fact, water frequently tends to leach out and reduce
the amount of contaminant in a fuel with the resultant
effect of a possibly large decrease in conductivity.
Finally, water mixed with fuel, especially when dis-
persed in the form of droplets, usually increases elec-
trification considerably during flow through pipes and
filters.

It has been shown that electrical breakdown can
occur when a charged fuel flows through nonconductive
pipes. These phenomena are perhaps similar to
the charging of an electrical condenser until the result-
ing potential gradients are sufficient to cause break-
down. Thereafter, depending upon the current and
the particular materials involved, either a continuous
discharge will be obtained through the breakdown
path, or a series of intermittent discharges will result.

The question arises as to what happens when the
nonconductive pipe has a sufficiently high dielectric
strength so failure through the wall does not occur
at the time of the arc discharge. An example of such
conditions is described below.

Variable-area meters are used frequently in the
laboratory for the flowrate measurement of hydro-
carbon liquids. The metering tubes of these instru-
ments are moulded of thick heavy glass, have a length
in the range 1 to 3 ft, and frequently have no internal
bonding wire or its equivalent. Occasionally such
meters are connected downstream from microfilters
which charge the fuel significantly under certain op-
erating conditions.

It is rather well known that electrical discharges
occur at times in glass-tube flowmeters so installed.
Photographs of such discharges are very similar in
appearance to figure 6 except that puncture or break-
age of the glass pipe does not occur. Rather, the
strong lengthwise spark terminates at any convenient
metallic ground within the end of the glass tube.
Numerous lateral flashes are noted also. Although
not definitely known, it appears from photographs, that
the electric arcs occur on the internal surfaces of the
glass pipe. Arcs extending five or more inches up
into the glass tubes have been observed under the
more severe conditions.

The use of an internal bonding or ground wire in
nonconducting pipes should reduce maximum po-
tentials significantly and thus eliminate the possible
hazard arising from electrical arc discharges. This
internal bonding wire will likely have little, if any,
influence upon the rate at which separation of charge
from the highly charged fuel occurs.

The possibility of placing a conductive skin around
the outside of nonconductive hoses was mentioned
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in the Discussion of reference [2]. This idea may be
practical provided the transverse leakage of elec-
tricity from the interior of the hose to the conducting
skin does not puncture the wall. Experience has
demonstrated this is not practical when applied to
hoses containing a thin tube of pure TFE surrounded
by an exterior, grounded, metal braid. In such hoses,
discharges of electricity similar to that of figure 6,
frequently puncture the TFE tube resulting in liquid
leakage through the wall. One solution to the prob-
lem is the development of a practical inner liner or
coating of moderate resistivity which would be
grounded at each end of the hose.

Considering now the flow of a highly charged liquid
hydrocarbon through a pipe of moderate resistivity,
the experimental results help to verify that the rate
of charge separation from the fuel to the pipe wall is
essentially independent of the pipe material or of its
electrical resistance. The relation [,=I(1—e™) is
in reasonable agreement with the experimental results
provided I; is large compared to [y, where I is the
convection current flowing out with the fuel from an
infinitely long pipe of the same material.

The maximum magnitudes of the currents [, en-
countered in the investigation were in the range 1 to
6 uA. These are of the same order of magnitude and
are in reasonable agreement with a possible maximum
value of 10 pA cited at times in the literature. 1f a
safety factor is desired, a maximum value of /,= 100
A will perhaps cover all operating conditions which
could be encountered in practical applications.

The rather limited experiments indicate that the
maximum voltages occurring in pipes can be predicted
with reasonable accuracy by the relation Viay = 0.1R71),
provided A <6. According to eq (5) in the appendix
and as shown in figure 9, for any given value of Ry
and I,, maximum potentials will be less for values of
X considerably greater than 6. However, such con-
ditions are not usually encountered in practical appli-
cations. If potentials existing within pipes are not
to exceed an arbitrary value of 1,000 V for a possible
maximum pipe current of 100 A, then the end-to-end
resistance of the pipe may be computed as Ry= 1,000/
(0.1 X 100 X 10-6) =108 (1.

Thus, a value of Ry not to exceed about 10 () may
be suggested for pipes and hoses intended for use
with liquid hydrocarbons. It is believed this upper
limit is sufficiently low to eliminate the hazard of spark
discharges occurring either within or through the
walls of hoses and pipes through which a liquid hydro-
carbon flows. However, this suggested maximum
value for Ry is subject to three conditions: (a) the pipe
must be uniformly conductive throughout its length;
(b) the conductive portion of the pipe must be in con-
tact with the fuel throughout the length of the pipe:
and (c) the conductive portion of the pipe must be
electrically connected to the ground at each end of the
pipe.

When conventional end fittings of aircraft hose are
used as electrodes, the end-to-end resistance Ry is
not a reliable parameter for specification purposes
because it does not assure that the interior surface

of the pipe is conductive and electrically connected
to the ground. However, this requirement will be
checked if the resistance from each and any portion
of the interior surface of the pipe to the ground is

measured instead of the end-to-end resistance. Con-
sider an empty pipe grounded at each end. An in-

ternal electrode located at the center of this pipe has
the effect of placing two Ry/2 resistances in parallel
resulting in an effective resistance to the ground of
Rr/4.  With allowance for this, and considering orders
of magnitude only, it is concluded that hazardous
pipe potentials resulting from static electricity can
be eliminated if the electrical resistance from each and
any portion of the interior surface of the pipe to the
ground does not exceed about 107 1.  The use of an
internal electrode in measuring the resistance of pipes
and hoses will be inconvenient at times, but this
method does provide an electrical path to the ground
similar to that seen by the liquids contained within
the pipe during normal usage.

It is acknowledged without reservation that the
relations and ideas presented in [1] and [2] and their
Discussions provided nearly all of the background
material required for this investigation. It merely
remained necessary to demonstrate that such rela-
tions and ideas were applicable to the particular
problem under consideration. Thus, it is gratifying
to be able to present additional experimental data
which, for practical purposes, is in good agreement
with the work of previous investigators.

7. Conclusions

1. High electrical charge densities can be produced
in petroleum liquids having moderate to high electrical
conductivities (10 or more pmho/m) when such liquids
flow through conventional microfilters. However, the
charging tendency of the liquid is not dependent upon
fuel conductivity alone. Rather. it is dependent upon
the amount and material of which the contaminant is
composed and the material at the liquid-solid interface.

2. Maximum currents in the range one to 6 uA were
obtained from the pipe to the ground when highly
charged petroleum liquids flowed through short pipes
or hoses. These comparatively large currents were
caused by the migration to the wall of the pipe of the
electrical charges contained within the charged fuel.

3. The rate of separation of electrical charges from
the charged fuel is essentially independent of the pipe
material and its electrical resistance.

4. When the rate of charge separation is sufficiently
high in pipes constructed from nonconductive ma-
terials, electrical discharges in the form of sparks
and arcs will occur. These discharges will originate
on the inner surface of the pipe. They may be con-
tained entirely within the pipe or may cause puncture
or other failure of the pipe wall depending upon the
pipe material, the wall thickness, and the ground
locations involved.

5. Maximum potentials produced by static electric
phenomena within pipes, grounded at each end, may
be predicted with reasonable accuracy by a simple
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relation provided the electrical resistance of the pipe
and its current to the ground are known.

6. Considering pipes or hoses through which a
highly charged petroleum liquid may flow, an elec-
trical resistance from each and any portion of the
interior surface of the pipe to the ground not exceeding
about 107 ) is adequate to limit pipe potentials result-
ing from static electricity to less than 1,000 V.
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9. Appendix

The object of this appendix is to develop an approxi-
mate relation for the maximum electrical potentials
developed on the inner wall surface of pipes as a re-
sult of static electric phenomena caused by the flow
of hydrocarbon liquids. Essentially this theory is a
simplification of that developed by Carruthers and
Marsh [1] subject to the assumptions that the elec-
trical resistance of the pipe is low compared to that
of the liquid and that the ratio of the residence time
of the liquid in the pipe to the relaxation time of the
liquid has a value less than 6. Both of these assump-
tions appear to be valid as applied to the more severe
conditions likely to be encountered in practical
applications.

I;=current between the ground and the filter

I;= qiv=convection current entering the pipe due
to the flow of liquid containing an initial
charge ¢; per unit length of pipe

I,= current flowing from the pipe to the ground

Iy= convection current which would emerge with
the liquid from an infinitely long pipe

L=1length of pipe

m=x/L

Rr= L/B= end-to-end resistance of the pipe

Viw=the potential on the inner wall of the pipe at a
position m=x/L from the pipe entrance

V max=the maximum potential
wall of the pipe
V=the potential on the inner wall of the pipe at a
distance x from the pipe entrance

v=mean axial velocity of the liquid

x = distance along pipe from the entrance

B=conductance per unit length of pipe wall as-
suming the conductivity of the pipe wall is
considerably greater than that of the liquid

A= L/vr=ratio of the residence time for the liquid
in the pipe to the relaxation time of the liquid

7=relaxation time of the liquid. Its value is com-
puted from eey/k where k is liquid conduc-
tivity, e the dielectric constant of the liquid,
and ey the electric constant of free space.
When £ is expressed in mho/m, 7 in seconds,
and e is taken as 2, 7=17.7 X 10-12/k.

existing on the inner

Carruthers and Marsh [1] in a consideration of the
potentials produced by the flow of hydrocarbon liquids
have developed the expression

ar

Ve=Ii—1o) ,3

[(1 o) —% = e‘””)] (1)

for the potential at any point of the cross section of
liquid and pipe. ;

If it is assumed that the electrical resistance of the
pipe is small compared to that of the liquid contained
within the pipe, Rr=1/B, and by letting m =x/L and
A= L/vr, eq (1) may be written as

Ry
Vn=Li=1) F[A—e™)=ml—eM]. ()
Also in [1], the expression
L,=lLie 11 —e?) (3)

is developed for the convection current, I, emerging
with the liquid when the pipe is of finite length. This
assumes both the relaxation of I; and the generation
of I, at the fuel-pipe interface are exponential proces-
ses. As shown in the discussion of figure 1, [,=I;— I,
and from eq (3) the currents I,, I;, and [, are related
by the expression

[p:(li_l()) (1_6_}‘). (4)

Substituting for (I; —Iy) in eq (2) another expression

Ry [(1 —emy

Vm= Py (1_6#)‘)

z m] = KI,Ry 5)

is obtained for the potential at any point along the pipe.

Figure 9 shows K plotted as a function of A for
selected values of m. It is seen that K varies between
0.13 and 0.08 for values of A less than 6. As A\ becomes
greater than 6, K decreases rapidly becoming less
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than 0.02 for A=50. Values of A\ exceeding 6 are
encountered only with long pipes, fuels of very high
conductivities, or very low fuel velocities; conditions
in which nearly all of the charge relaxation occurs in a
short upstream portion of the pipe. Values of X less
than 6 correspond to the more severe conditions en-
countered in practical applications. Therefore, with
little sacrifice in accuracy an average value of K=0.1
can be used to obtain an approximate expression for the
maximum potential produced in a pipe, and

Vmax:()-l R'/‘I,, (())

where Ryp is the end-to-end resistance of a pipe,
grounded at each end. from which a current [, is
flowing to the ground.

(Paper 69C4-212)
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