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SUMMARY

This report describes experiments done to examine charge generation and dissipation in aviation
kerosene during the filling of tanks via filter monitor units. There have been changes to both fuels
and filter monitor element design since the last publicly reported studies of these processes more
than 12 years ago. The principal aim of the work was to see if these changes had any impact on the
charge densities that could be delivered to tanks. A secondary aim was to investigate the electric
fields these charge densities could be expected to generate within a receiving tank. A range of fuel
charging behaviours is present globally in aviation fuel distribution systems and it was not practicable
to test every potential situation. The conditions chosen for testing seek to provide the industry with a
fair insight into the expected behaviour within the limitations of the programme.

The test rig was designed to measure charging in commercial filter monitor elements up to 6" in
diameter at their maximum rated flow. The pipe residence times, tank fill times and charge densities
due to pipe charging were matched, as closely as was practicable, to representative values for a
selected full-scale scenario. The measured charge densities should then everywhere be comparable
to those in the equivalent real system. This equivalence can be used to scale the medium-scale test
data to full size conditions. Appropriate scaling laws are suggested. Details of fuel properties and test
equipment (conductivities, charge decay times, flow rate, pipe dimensions, residence times etc) are
also provided to allow for the approximate adjustment of the measured data to predict the behaviour
of full scale systems with different parameters.

For each condition tested, a fuel was charged by passing it from a metal source tote' through a filter
monitor vessel and into a metal receiving tote. Between the filter and the receiving tote the charge
was allowed to relax in two successive sections of fuel hose. The filter vessel, the two hose sections
and the receiving tote were electrically isolated from each other and from ground. By connecting the
isolated sections to ground via sensitive ammeters the currents generated in the filter unit, dissipated
in the hoses and delivered to the tote could be measured. The streaming currents carried by the fluid
across the interfaces between these sections were reconstructed from the measured currents and
converted into charge densities (charge density = streaming current/flow rate) using the measured
flow rate. The receiving tote was fitted with an internal electric field meter to measure the electric
field in the vapour space both during and immediately after the flow period.

The measurements were done in two phases. Phase 1 principally covered the charging, at full rated
flow, of EI 1583 6! edition filter monitor elements from each of the three known manufacturers
(Parker Velcon, Faudi Aviation and Peco Facet)?. Each test used three 2" x 30" elements from one
manufacturer. A few comparative tests using one type of 4" edition element were also done. Each
type of element was tested in its as-received dry state and after water-wetting to a maximum level
set so that the pressure drop at rated flow was around 10 psi/69 kPa.

The Phase 1 results were obtained with an aviation kerosene (Jet A) and a Green diesel. Each fuel
was tested as received, after clay filtration, after additisation with varying doses of SDA and after
additisation with a specified dose of a pro-static agent. The pro-static agent was chosen from the
results of preliminary testing with a mini-static tester. This was the only screening test available,
although it was not expected to correlate closely with the behaviour of commercial filter monitor
elements. The concentration of pro-static agent was set to maximise charge generation without
increasing the conductivity beyond the range that could give a significant level of charge accumulation
in the receiving tank.

1 ‘'Totes' are known in Europe as Intermediate Bulk Containers or IBCs.
2 The report does not link any individual results to the specific manufacturer.
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In Phase 2 an approximate worst-case fuel and additive combination was chosen from Phase 1 and
used with both 2" and a full range of 6" element types at flow rates ranging from 50 % to 100 %
of rated flow. These results primarily indicate the influence of flow rate and the differences between
2" and 6" elements.

The maximum charge densities observed with both dry and water-wetted elements were similar to
the highest values reported in earlier work on 2" filter monitor charging. The differences are regarded
as too small to be significant.

In Phase 2 no significant differences were found between 2" and 6" monitors and the charge
densities either remained constant or increased approximately linearly with flow rate.
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INTRODUCTION

This report describes a work programme initiated jointly by the Energy Institute (El) and the CRC
to measure charge generation and dissipation in a representative aviation fuel handling test
rig using commercial filter monitor elements. Although there has been recent, commercially-
motivated work in this area, much of the detail is confidential. Charging in filter monitors was
last reported on publicly more than 12 years ago [1,2] and most published work [e.g. 3,4]
pre-dates that. There have been changes to fuels and filter element design since these
publicly-reported measurements. The principal aim of the work was to see if these changes
had any impact on the charge densities that could be delivered to tanks. During the work,
the opportunity was also taken to measure the electric fields in the roof space of the receiving
tank to also evaluate the benefit of in-tank relaxation processes.

The rig was designed to match, as closely as was practicable, the specific flow rate in the
filter monitor elements, the pipe residence times, the pipe flow charge densities and the tank
fill times to the equivalent processes in a representative full-scale set-up, whilst using the
smallest practicable test scale that would allow the testing of 6" elements at full rated flow.
With the chosen test parameters the measured charge densities and decay times should then
be as close as possible to those in the equivalent real system. This fact can be used to scale
the parameters that do change with equipment scale (currents, total in-tank charge, voltages
and electric fields) from the test-rig scale to the equivalent full size conditions. The necessary
scaling laws are described in Annex A. In the final design it was necessary to compromise
on tank fill time, which is a little longer than in the real world scenario the rig was trying to
simulate.

This report describes the test rig design, test conditions, measurement methods and test
procedures and presents the results in terms of streaming current, charge density, in-pipe
charge dissipation, in-tank electric field and post-fill electric field decay time.

Although we tried to match a specific real world scenario, all necessary fuel properties and
test rig data (conductivities, charge decay times, flow rates, pipe dimensions, residence times,
fill times, etc.) are provided to allow the approximate adjustment of the measured data to
predict the behaviour of systems with different full-scale parameters.

The general electrostatic aspects of rig design and the data analysis were carried out by
Harold Walmsley Electrostatics Limited. The detailed rig design and construction and the
experimental test programme itself were carried out by Afton Chemical Corporation. There
was much valuable feedback on all aspects of the work from the other members of the
project team.

10
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OUTLINE OF TEST PROCEDURE

As an aviation fuel flows through a fuel handling system, electrostatic charge is generated
and produces an electric current, known as the streaming current, that is the product of
the volumetric flow rate and the charge density generated by the flow. The highest charge
densities are generated by flow through fine filters. The present tests consisted of a series of
runs carried out to investigate the streaming currents and charge densities produced by El
1583 6™ edition filter monitors.

Each test run involved transferring a 180 USG (0,698 m?) batch of fuel between two metal
totes via a filter monitor unit and two successive sections of 2" aviation fuel hose. Electrostatic
charge was generated on the fuel as it passed through the filter monitor and then partially
relaxed as it continued through the fuel hoses to the second ('receiving') tote. The filter vessel,
the two hose sections and the receiving tote were electrically isolated from each other and
from ground so that, by connecting the isolated sections to ground via sensitive ammeters,
the currents generated in the filter unit, dissipated in the hoses and delivered to the tote
could be measured. The streaming currents carried by the liquid were reconstructed from
the measured currents as described in Annex B. The flow rate was also measured so that the
streaming currents could be converted into charge densities. The receiving tote was fitted with
a field meter to measure the electric field in the vapour space both during and immediately
after the flow period. This enabled both the measurement of the vapour space electric field
and the determination of the electric field decay time.

The testing was done in two phases. Phase 1 tests covered the charging produced at full rated
flow (90 USGPM, 340 I/min) in a filter vessel housing three 2" x 30" (50 mm x 762 mm) filter
monitor elements qualified to EI 1583 61 edition. At every chosen test condition, two repeat
test runs were done using a set of elements produced by each of the three current aviation
filter manufacturers (Parker Velcon, Faudi Aviation and Peco Facet). For the presentation of
Phase 1 data, the manufacturers are randomly assigned the labels A, B and C. Each element
was tested in its as-received dry state and again after water-wetting to a maximum level set
so that the pressure drop at rated flow was around 10 psi/69 kPa. For comparison, a limited
number of tests were done with some elements qualified to El 1583 4™ edition 2" that were
still available. These happened to be from manufacturer B.

The Phase 1 tests were done with two different fuels, an aviation kerosene (Jet A) and a 100 %
hydrocarbon Green diesel. Each fuel was tested as received, after clay filtration, after additisation
with varying doses of static dissipater additive (SDA) and/or after additisation with a specified
dose of a pro-static agent. The pro-static agent was chosen from the results of preliminary testing
with a mini-static tester. This was the only screening test available, although it was expected to
correlate fairly poorly with the behaviour of filter monitor elements in commercial operations.
The concentration of pro-static agent was chosen to maximise charge generation without
increasing the conductivity beyond the range that could give significant in-tank electric fields.

The Phase 2 work was all done in a single, approximately worst-case condition (Jet A plus
pro-static agent, dry elements) chosen from the Phase 1 results. It involved testing both the
2" x 30" 6 edition elements used in Phase 1 and a full set of 6" x 28% (152 mm x 727 mm)

elements qualified to El 1583 4™ edition at flow rates from 50 % to 100 % of the rated flow.
These results primarily indicate the differences between 2" and 6" elements and the influence
of flow rate. When reporting Phase 2 results the manufacturers are labelled X, Y and Z.

"
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3.1

THE TEST RIG AND INSTRUMENTATION

THE LIQUID HANDLING SYSTEM

Figure 1 shows a photograph of the main liquid handling equipment and a schematic diagram
is shown in Figure 2. The key components are:

A source container (tote).

A filter monitor housing (with bypass) containing, in Phase 1, three 2" x 30" elements
or, in Phase 2, a single 6" element or four 2" x 30" elements.

Two 120" (3 048 mm) lengths of 2" aviation fuel hose plus short lengths of linking
pipe, flanges and valves connecting the filter to a receiving tote that is part-filled
during each test.

A receiving container (tote) that has an electric field meter mounted to an access

chamber cover in the centre of the roof to permit electric field measurement in the
vapour space.

A clay filter that can be used for treating the fuel between tests and cleaning up
the rig.

Figure 1: Photograph of the test rig

12



CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

/ Ammeter 1

-z .
i T Filt I
Insulating flange 2 ——A | __— Filter vesse

U6 é____’___,_._—-f' Insulating flange 1

&«——— Hosel

£SO RIS 1 Ammeter 2

-
N~
U4 X PS——— Insulating flange 3
1 Ammeter 3

['ua us

&———— Hose 2

¥ U3
‘sc—— Insulating flange 4

Il - Ammeter 4

Source Receiving
tote tote

I

oy

]

Figure 2: Schematic diagram of the test rig

ut

The flow speeds, tank fill times and residence times in the system aimed to give charge
densities, pipe/hose residence times and tank fill times representative of the worst cases that
would be encountered in commercial jet fuel handling (i.e. highest charge density, shortest
residence and fill times), although for tank fill time a compromise was necessary on tank
fill time in order to get adequate test flow time at full rated flow. A discussion of operating
conditions and the selection of rig parameters is given in Annex A, which includes the
recommendation that pipe charging should be considered to scale as velocity/pipe diameter
(v/d) [5,6]. Table 1 lists the dimensions of key parts of the system and includes the flow
speeds, v/d values and residence/fill times at a standardised flow rate of 100 USG/min.
Maximum flow rates were 90 USGPM for Phase 1 2" element tests, 120 USGPM for Phase
2 2" element tests and 115 USGPM for Phase 2 6" element tests so the tabulated data for
residence time, flow speed and v/d are approximately correct for all tests. Accurate values
are readily derived, if required, by scaling the tabulated v and v/d values by (flow rate/100)
and the tabulated times by (100/flow rate).

The flow rates per element quoted here are the upper limits for these filter types and the
v/d values in the pipes and hoses are close to the typical recommended maxima for full-scale
systems. For example 5 m/s in a 4" line, which is a widely used upper limit in road tanker
loading, gives v/d = 50 s7, so filter charge densities and pipe charge densities are expected,
in respect of the influence of flow speed, to be representative of those in full scale systems.

13
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3.2

3.2.1

3.2.2

INSTRUMENTATION
Streaming currents

To enable the streaming currents to be measured, the filter housing, both hose sections and
the receiving tote were electrically insulated from each other and from earth with insulating
flanges and supports (insulation resistance >100 MQ). Each insulated section was then
connected to earth via a sensitive Keithley ammeter. The locations of the insulating flanges
and meter connections are indicated in Figure 2.

During a test, no liquid leaves the receiving tote so the tote meter measures the total current
received. The other two meters measure the difference between the streaming currents
entering and leaving the section to which the meter is connected (see Annex B). By working
upstream from the receiving tote all individual streaming currents can be determined from the
differences. In practice, the current flowing out of the filter section is usually?> much greater
than that flowing in, so the filter meter often essentially records the current generated on the
element minus whatever dissipation occurs between the element and the downstream end
of the filter test section. The hose meters record the loss of streaming current due to charge
dissipation in the hoses.

The standard accuracy of the logged electrometer outputs is adequate for the measurement
of filter charging currents except at extremely high conductivity, when most of the filter
charge dissipates before the fuel emerges from the filter section. In this case the measured
currents are dominated by pipe charging and the results show that in-tank electric fields are
extremely low.

It is, however, a useful bonus if, as noted in Annex B, we can use the current imbalance to
derive the inlet streaming current at the entry to the filter section. The imbalance is usually
much smaller than the measured currents and consequently, for it to be reliably measured,
the calibration of the logged meter outputs must be more accurate than the standard. The
ammeter calibrations were therefore checked and correction factors for the logged values
were derived to increase the accuracy. The calibration procedure is described in Annex B,
which also includes details of the meter types and procedures for ensuring the adequacy of
the insulation of the test sections.

Electric field at the centre of the tank roof

When a streaming current carries charge into a tank, charge accumulates in the liquid and
generates electric fields and potentials inside the tank. We measured the electric field in the
centre of the tote roof using a Boltek EFM 100 field meter protruding down from an access
chamber cover in the centre of the tote roof. The local meter geometry is shown in Figure
3. Experimental calibration tests and theoretical calculations were done to estimate what
the field would have been with a flush-mounted meter or a flat roof (see Annex C). These
suggested that the field at a flat roof would a factor of x0,31 lower than the field measured
by the protruding meter. This factor was independent of liquid depth to two figures.

3 Except at high conductivity when the charge generated on the filter element is all dissipated before the liquid
reaches the end of the filter housing section.
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3.2.3

3.24

1219 1219

1041 .
1067

671 | Liquidfinal fill depth

Figure 3: Field meter geometry (dimensions in mm)

At maximum sensitivity the Boltek meter reads 20 kV/m full scale and produces a £20 V full
scale analogue output. The digitiser had a maximum input voltage of £10 V so only the lower
half of the analogue range could be used. This limited the full range value for the logged
data to 10 kV/m. For fields above 10 kV/m the meter sensitivity was reduced by inserting a
plug-in resistor as described in Annex B, see B.2.1. The attenuation resistor value was noted
in the header of the logged data“.

At measured conductivities below about 20 pS/m, in-tank electric field decay times could be
determined from the field meter readings. At higher conductivities, the charge decay was too
rapid to measure (comparable to or faster than the shutdown time of the flow or the decay
of streaming current). Also, at high conductivity the relationship between roof field and
liquid surface voltage becomes less certain due to changes in the charge distribution, which
becomes more localised around the inlet due to rapid dissipation. However, calculations
show that the ratio of on-axis roof field to maximum surface potential varies by less than 10
percent for a wide range of charge distributions. Hence the extremely low fields encountered
at higher conductivity provide very strong evidence that the surface voltages were also very
low even though accurate values cannot be assigned.

Flow rate

The flow rate was measured with a Micromotion F-series Coriolis flow meter and the flow
meter output was logged throughout each test. The recorded flow decline time in a run with
rapid current decay suggested a first order response time constant of 0,43 s.

Fuel temperature

The fuel temperature was measured with an Ace glass thermocouple located at the centre of
the fluid in the source tote. The fuel temperature was logged during each test.

4 The absence of a resistor is indicated by the manually entered value '0' which indicates open circuit rather than 0 Q.
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3.2.5

3.2.6

Data logging

The analogue outputs from the current meters, field meter, flow meter and fuel temperature
sensor were digitised and logged on a laptop PC using an Afton in-house data acquisition
system. Data were averaged over 1 s intervals and the averages were recorded.

Supporting measurement: electrical conductivity of fuel

An Emcee type 1153 dipcell conductivity meter was used to obtain fuel conductivity readings
for each test. The measurement sample was taken from the source tote after each test. For
this instrument any reading below about 1 pS/m registers as 0 pS/m.
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FUELS AND ADDITIVES

The fuels were commercial samples of Jet A and Green diesel. The Green diesel was a
hydrocarbon fuel (no FAME) from renewable sources. Although not an aviation fuel, it was
included in the programme as a potentially higher charging fuel than Jet A to compensate
for being unable to test enough jet fuel samples to find a worst case. The fuel properties are
given in Annex D.

The SDA was a commercial sample of neat STADIS® 450. The pro-static agent was a proprietary
material supplied by Innospec after a preliminary screening programme with a mini-static
tester. It was used at a treat rate of 5 g/m?, which was expected to give a conductivity of
around 5 pS/min Jet A.
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TEST PROCEDURE

The standard test procedure commenced with the throttling valves already set to give the
required maximum flow rate and with 50 USG (0,19 m?) of fuel initially present in the
receiving tote. A run then consisted of:

start logging;
record baseline data for a few seconds;

start the flow quickly and run at the full test flow rate until 180 USG (0,68 m?®) has
been transferred, and

stop the flow quickly but continue logging data until the electric field in the receiving
tote has fallen to zero.

A few runs were started with an empty tote. In this case 230 USG (0,87 m?3) of fuel was
transferred in the test to give the same final liquid level.

Fuller details of the test run and liquid/rig preparation procedures are given in Annex E.
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6.1

CONDITIONS TESTED AND TEST SEQUENCE

PHASE 1

Phase 1 consisted of the main test sequence and a few supplementary tests. In the main
test sequence, Jet A and Green diesel fuels were tested with three different commercial
filter monitor elements qualified to El 1583 6! edition. Each element was tested dry and in
a 'water-wetted' condition where 'water-wetted' means wetted until the pressure drop at
full rated flow could cause them to be removed from service. A pressure drop of at least 10
psi/69 kPa was used for this criterion as above this the pressure drops tend to rise rapidly
and could lead to unstable flow rates. The fuels were tested as received, after clay filtration
and after additising with the SDA or the pro-static agent. All fuel, additive and filter monitor
element combinations are shown in chronological order of testing in Table 2, which also
notes the procedures used between tests to clean up the fuel/rig, add additives, etc. These
procedures are labelled as Fill, Drain, Flush, Add Water, Clay Treat/Clean and Add Additive. Fill
and Drain (the rig) and are self-explanatory; the other procedures are described in Annex E.

Two analysed runs were done sequentially for each test condition. In a few cases, due to
problems with one of the runs (e.g. signal unexpectedly out of range), a third run was done.
When an extra run was done many of the data points on the problem run were actually well-
recorded and these data were always found to match the other runs within the usual data
spread. However, beyond checking that this was the case, the third run was not usually analysed.

Individual run data have been archived. The main summary data presented in the analysis use
either the maximum or the average of the two runs as appropriate. In Phase 1, individual runs
are identified using labels of the format TCnnAj where TCnn is the test condition ID from
Table 2, A is the element manufacturer code and j is the run number (1 or 2).

Table 2: Phase 1: Main test sequence: three 2" x 30" elements per test at rated flow?

Condition | Fuel Fuel Element | Additive Conductivity,

ID® condition condition pS/m
Target/
Measured?

Flush with pre-test liquid, Drain, Fill with Jet A, Insert New Element?

TCO1 | Jet A | As received | Dry | None | -/1,0

Add Water?

TCO02 | Jet A | As received | Wet | None | -/1,0

Clay Treat/Clean

TC17 Jet A Clay treated | Dry None -/0

TC18 Jet A Clay treated | Wet None -/0

Add STADIS® 450

TCO5 Jet A Clay treated | Dry STADIS® 450 | 20/20

TCO6 Jet A Clay treated | Wet STADIS® 450 | 20/18

Add STADIS® 450

TCO7 Jet A Clay treated | Dry STADIS® 450 | 200/192

TCO8 Jet A Clay treated | Wet STADIS® 450 | 200/193
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Table 2: Phase 1: Main test sequence: three 2" x 30" elements per test at rated flow?
(continued)

Condition | Fuel Fuel Element | Additive Conductivity,

ID® condition condition pS/m
Target/
Measured?

Clay Treat/Clean, Add STADIS® 450

TCO3 Jet A Clay treated | Dry STADIS® 450 | 5/3,3

TCO4 Jet A Clay treated | Wet STADIS® 450 | 5/3

Add STADIS® 450

TC09 Jet A Clay treated | Dry STADIS® 450 | 600/576

TC10 Jet A Clay treated | Wet STADIS® 450 | 600/576

Clay Treat/Clean, Add pro-static agent

TC19 Jet A Clay treated | Dry Pro-static 5/8

TC20 Jet A Clay treated | Wet Pro-static 5/4,7

Drain, Flush, Fill with Green diesel

TC11 Green diesel | Asreceived | Dry None -/0

TC12 Green diesel | Asreceived | Wet None -/0

Clay Treat/Clean, Add STADIS® 450

TC13 Green diesel | Clay treated | Dry STADIS® 450 | 600/605

TC14 Green diesel | Clay treated | Wet STADIS® 450 | 600/601

Clay Treat/Clean, Add pro-static agent

TC15 Green diesel | Clay treated | Dry Pro-static 5/4,3

TC16 Green diesel | Clay treated | Wet Pro-static 5/2,3

Notes:

2 All three makes of element were tested at each condition, rated flow is 30 USGPM
(114 I/min) per element.

® The table rows are in the chronological order in which the tests were performed. For
convenience of liquid handling this differs from the original test plan so test condition
numbers do not rise sequentially.

< There were minor differences in conductivity from run to run: see Table 9 for details.

4 The Insert New Element procedure was carried out before the first test on each element
type in each dry condition. After a set of dry runs was completed, the Add Water procedure
was used to wet the elements and the wet element test runs for that element were done.
When these were complete the next Insert New Element cycle was started. The Insert
New Element and Add Water stages are only shown once in the table to avoid undue
repetition. The capitalised test procedures are all described in Annex E.

The Phase 1 supplementary tests are listed in Table 3. They consisted of three tests done with
one specific example® of an older type of 2" filter monitor element (EI 1583 4™ edition) for
comparison with the newer elements tested in the main sequence and a test with no filter
monitor elements to measure the underlying pipe charging. All the supplementary tests were
carried out immediately after the TC20 tests and the conditions are as for TC 19 and 20 (i.e.
clay treated Jet A containing only the pro-static agent).

5 All that was available.
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6.2

PHASE 2

The Phase 2 work covered both 2" and 6" monitors using conditions as for TC 19 (i.e. clay
treated Jet A with pro-static agent and dry elements). Differences from Phase 1 were:

- The use of 6" as well as 2" elements.
- The flow rate was varied in stages from 50 % to 100 % of maximum rated flow.

- Four rather than three 2" elements were used giving a maximum rated 2" element
flow of 120 USGPM rather than 90 USGPM. This was done to overcome problems
with turning down the flow rate to below 50 USGPM.

6" monitors can have either in-to-out or out-to-in flow direction. Both types were tested.
Most tests used the standard procedure of starting a run with a residual 50 USG of fuel in
the receiving tote but a final run at each condition was added with maximum flow rate and
no initial fuel in the receiving tote. In reporting the Phase 2 tests the filter manufacturers are
labelled X, Y and Z.
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7 ANALYSIS METHODS

The analysis
- Gen

consisted of:

eral

Identifying start and stop times from the flow data.

Applying calibration factors and subtracting zero offsets obtained from the pre-
flow data.

- Current and charge density analysis:

Converting the measured currents into streaming currents (see B.1.4).

Applying a correction where a tote current error was evident (see B.1.8).
Determining the absolute maximum and final measured ‘raw' values of the
streaming currents. These were determined as follows: the maximum raw
current is the maximum absolute value between the time when the flow rate first
exceeds 5 gallons per minute and the time five samples before the flow rate last
exceeds 5 gallons per minute. This interval is chosen to eliminate the transient
effects of starting and stopping the flow. The final raw current is obtained by
averaging the current over the last 25 % of the sampling domain described
here. The tabulated values are the highest obtained in all runs done at the given
condition.

Brief transient currents do not transfer enough charge into the receiving tank
to significantly raise the charge or potential. Hence the in-tank charges, fields
and potentials depend on a current averaged over the in-tank charge decay
time rather than on the raw current. We derived this average current, which we
have called the effective current, I, at the exit from each measurement section.
Mathematical details are given in B.1.9. For summary purposes, we focus on the
maximum and final (end of flow period) I, values. The maximum value is the
most important summary value but the final value, is also recorded because it is
useful to explore the link between the final effective current and the maximum
electric field which usually occurred at the end of the flow.

Deriving maximum and final charge densities from the raw and effective currents
and the flow rates.

Deriving the effective timescale for hose dissipation from the streaming currents
at the hose inlets and exits (see B.1.10).

- Electric field analysis:

6 The decay time of t
strictly exponential).

Selecting the maximum field magnitudes from each run.

Deriving the electric field that would have existed at the tote roof in the absence
of the meter from the measured electric field using the theoretical calibration
factor described in Annex C.

Calculating the electric field decay times by differentiation of both the raw data
and curve fits to these data as described in B.2.2)°.

he electric field after the fill was found to be a function of time (i.e. the field decay was not
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8 RESULTS
8.1 PHASE 1
8.1.1 Aims of Phase 1
The aims of Phase 1 were to indicate the maximum level of charging and the degree of charge
dissipation (in both hoses and receiving tank) produced by the flow of each of the two test
fuels (Jet A and Green diesel) through 2" filter monitor elements in a rig for which residence
times were well documented and representative of full-scale practice and in which the pipe-
charging charge density was expected to be representative of full-scale working practice. The
influence of absorbed water on the elements, SDA (STADIS® 450) in the fuels and a potential
pro-static agent (identified by mini static testing) in the fuels were investigated to probe
worst-case conditions.
8.1.2 Test identification codes
In reporting Phase 1 data, individual runs are identified, where necessary, using labels of
the format TCnnAj where TCnn is the test condition ID from Table 2, A is the element
manufacturer code and j is the run number (1 or 2).
8.1.3 Currents
8.1.3.1 Shapes of measured current vs time plots
An unexpectedly wide range of time dependences was observed in the plots of test current.
In Figure 4 we present a selection that illustrates this variety. All the individual streaming
current vs time plots are reproduced in Annex G.
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Figure 4: Selected streaming current vs time profiles showing the range of behaviour
encountered
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encountered continued
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Figure 4: Selected streaming current vs time profiles showing the range of behaviour

encountered continued

In some conditions [e.g. Figure 4 case ¢)] th

e current rose rapidly then remained almost constant;

in many others [e.g. cases f) to i), ) and m)] it rose to a maximum then declined (sometimes

declining throughout the fill and sometim

es reaching a constant value). In yet others, it started

small or went through a dip after an initial spike and then rose gradually throughout the fill
[e.g. case d)]. In a few it changed polarity during a fill [e.g. cases e), n) and 0)].
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At very low conductivity [e.g. cases I), m) and 0)], the residence time in the hose was much
less than the charge relaxation time, dissipation in the hose sections was small and the current
delivered to the drum was almost equal to the filter current. Conversely, at high conductivity,
[e.g. cases i) and j)] the key residence times are all longer than the charge relaxation time. In
these cases, the Hose 1 dissipation current is comparable (equal and opposite) to the filter
section current and the subsequent streaming currents (at the Hose 1/Hose 2 and Hose 2/
Tote interfaces) are small. In the low and high conductivity extremes only limiting values can
be placed on the effective conductivity for charge dissipation in the hoses but in intermediate
cases, effective conductivities can be estimated via equation (B.7).

Although Figure 4 shows filter charging currents that often change considerably during
a run, the individual test-run data in Annex G demonstrate that repeat runs at a given
condition are very similar. Thus, in the periods between runs, which were typically 5 to
15 minutes, the elements recovered from any changes that occurred during the runs.

8.1.3.2 Overall magnitudes of effective currents and charge densities at the filter exit

and into the tote

The higher of the maximum effective streaming currents from the two runs at each condition’
(to get a worst-case) and the average of the final effective currents (for comparison with the
average final field) are listed in Annex H, Table H.1. Due to the unsteadiness of the filter
streaming currents, the impact of the averaging in the effective current calculation is different
for nearly every run. For some applications, it may be useful to avoid this complication. The
maximum and final raw currents provide additional guidance to cover such cases and are
therefore recorded in Table H.2.

Table 4: Streaming currents at high conductivity

Fuel Conductivity, | Average current, nA
pS/m Upstream | Filter exit | Hose 1 exit | Hose 2 exit
Jet A ~200 -187,9 -543,9 -80,2 -21,5
Jet A ~600 -50,4 -235,7 (-0,6) (=1.4)
Diesel ~600 -3,8 -25,1 (-1,0) 0,3)

7 Averages rather than maxima at >25 pS/m.
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Figure 5: Average streaming currents for high conductivity conditions (~200 pS/m
and 600 pS/m)

We now discuss the main features of the effective current data starting with the high
conductivity cases: that is, the data obtained with conductivities around 200 pS/m and
600 pS/m. In these cases, the measured currents were small and only values averaged over the
entire test run are given to provide an indication of the magnitude. Averages over all element
types and both wet and dry conditions for Jet A at 200 pS/m and 600 pS/m and diesel at
600 pS/m are given in Table 4; data points for individual conditions are shown in Figure 5.

The filter section exit currents are always larger than the other currents and should represent
reliable data. There were generally also non-zero measured values for the upstream current
but these may be affected by leakage current issues across Insulating Flange 1. Hose 1 and
Hose 2 exit currents were noisier and smaller, especially at 600 pS/m, and the measurements
in brackets in Table 4 are probably unreliable although they do indicate the maximum order
of magnitude of the currents. Noise levels were typically about 1,5 nA peak to peak at a
predominant frequency of about 0,08 Hz although this may have been a beat frequency;
at 600 pS/m the hose currents were only of a similar magnitude to the noise. In a few
cases there was no significant difference between the readings with and without flow or the
apparent difference was of opposite polarity to the filter charging. In other cases differences
of order nA could be seen between flow and non-flow periods despite the noise.

Based on the measured conductivity, the relaxation time of the fuel would be between about
0,1 s at 200 pS/m and 0,03 s at 600 pS/m whilst the residence time of the fuel between the
element exit and Insulating Flange 2, which isolates the filter section from the hose, was
0,37 s. Thus T/t varies from 3,7 at 200 pS/m to 12,3 at 600 pS/m. However, there is often a
factor of x0,5 difference between effective and measured conductivity. This would modify
the loss factors at 200 pS/m and 600 pS/m by so much as to make the estimates of element
current at these conductivities completely unreliable. The residence times in the hoses are
such that at both 200 S/m and 600 pS/m the filter currents would have almost completely
dissipated so the tote inlet currents would arise virtually entirely from hose charging.
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We now consider the more safety-critical data, which are those obtained at 25 pS/m and
below. The maximum effective and final effective filter exit currents for each test condition in
this range are plotted as a function of measured liquid conductivity in Figure 6.

30
+ Max
04 CFinal [
L
g 10 §
x F g
- ] e
g 0 i 5% 4 ] O
S CRE 10 15 O % r
3 v
O 49 H g 5 L
* Oe
L
20 L
¢
30
Conductivity, pS/m

Figure 6: Maximum effective and final effective filter exit currents, data below 25 pS/m

Note that if the abscissa were to be extended to 600 pS/m, the currents at 200 pS/m and
600 pS/m would all look like zeros on this ordinate scale. The highest currents all occur at
conductivities below 5 pS/m and there is a trend from positive charging at the very lowest
conductivities (those measuring '0' pS/m in the dip cell) to negative charging at 5 pS/m.
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Figure 7: Charge density corresponding to the currents in Figure 6

The filter exit charge densities corresponding to the currents in Figure 6 are shown in Figure 7.
The highest positive and negative charge densities are +3 610 uC/m? and -4 640 pC/m?3
respectively.

Table 5 gives the maximum and final effective currents and charge densities at the filter exit
for several subsets of the data in Figures 6 and 7. The most important results are the positive
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and negative maxima for Jet A with 6" edition elements. Figures 8 and 9 show, respectively,
the streaming currents and charge densities passing from the exit of Hose 2 into the tote. The
effects of charge dissipation in the hoses can be seen by comparing Figures 6 and 8 or 7 and 9.
Even at low conductivities the maximum values are reduced by about a factor of 2 from the
filter exit values and bigger reductions are evident at higher conductivities.

Table 5: Highest effective filter exit streaming currents and charge densities

Highest effective filter exit current, pA /charge
density, uC/m3
Max Final
Fuel, polarity and filter class | Test Value Test Value
Diesel, positive, 6" edition TC11A 20,4/3 610 TC11A | 19,4/3 440
Diesel, negative, 6™ edition TC16C -25,4/-4 640 | TC15C | -16,6/-2 980
Jet A, positive, all TCO5A 12,9/2 290 TCO1A | 7,0/1 240
Jet A, negative, all TC19 -17,5/-3 130 | TC19C | -13,7/-2 420
4t edition
Jet A, positive, 6™ edition TCO5A 12,9/2 290 TCO1A | 7,0/1 240
Jet A, negative, 6™ edition TC19C -15,6/-2 750 | TC19C | -13,7/-2 420

Comparing the highest values at 0 pS/m in Figures 6 and 8 or 7 and 9 suggests that some
dissipation occurred in the hoses (residence time 2,1 s) even at the lowest conductivity.
This, however, is misleading. The dissipation apparent in the highest values hides the fact
that some of the less extreme currents did not dissipate much at all. This issue mainly
arises because the method adopted for conductivity measurement does not satisfactorily
discriminate between different conductivities of less than a few pS/m. Thus, all conductivities
below about 1 pS/m are classed as '0' pS/m even though the dissipation behaviour expected
would be very different between, say, 0,95 pS/m and 0,03 pS/m. A better representation of
the data is therefore obtained by plotting them as a function of the effective conductivity
derived from the tote electric field dissipation time. This is done in Figure 10 for the filter exit
charge density data.
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Figure 8: Maximum effective and final effective streaming currents into the tote
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The effective conductivity was generally about a factor of 2 lower than the measured
conductivity and the displayed conductivity range is reduced accordingly.
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Figure 9: Maximum effective and final effective charge densities into the tote
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Figure 10 Filter section exit charge densities as a function of effective conductivity
derived from the electric field decay

With this presentation it appears as though the highest exit charge density from the filter
section occurs between effective conductivities of 1 pS/m and 3 pS/m (i.e. measured
conductivities between about 2 pS/m and 6 pS/m) with positive charging predominating
below 2 pS/m effective and negative charging above 2 pS/m effective.

8.1.3.3 Comparison of 4" edition and 6" edition elements
The results of the comparison between 4" and 6" edition elements are given in Table 6.
The 4" edition elements gave a maximum filter segment exit charge density of =3 140 pC/
m3 whilst the 6" edition elements gave a maximum filter segment exit charge density of
—2 800 pC/m?3. The difference is regarded as too small to be significant.
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Table 6: Comparison of maximum effective filter exit charge densities with 4 and
6% edition Elements

Element Maximum filter section exit charge density, uC/m?
Dry Wet

4t edition -3 140 -2 930

6™ edition A +1 000 -2 400

6" edition B -2 600 —1300

6" edition C -2 800 -2 600

8.1.3.4 Comparison of element brands
The charge densities generated by Faudi, Parker and Peco elements are compared in Figure 11
with the brands identified only in coded form.
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Figure 11: Charge densities with different filter element types as a function of
effective conductivity from initial field decay time

All give a similar magnitude of maximum charging although there are differences between
brands. Thus the highest charge densities were A: +3 610 yC/m?, B: =3 130 uC/m3,
C: -4 640 uC/m?. The differences seem to correspond as much to shifts between positive and
negative charging tendencies as to differences in the magnitude of charging. Thus element
A charges highest below 2 pS/m where charging tended to be positive, whereas element C
charges highest above 2 pS/m where charging tended to be negative. It is perfectly possible
that a different fuel would charge negatively at the lowest conductivities and, in such a fuel,
element A might give the lowest charging whilst another fuel might charge more positively
and leave element C as the lowest charging.

When evaluating hazards, in addition to considering the absolute charging tendency, it
should be noted that brush discharges from charged fuel surfaces can cause ignition at lower
voltages with negatively charged fuel [7].
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8.1.3.5 Comparison of charging by dry and wet elements
The charging of fuels passing through dry elements and wetted elements is compared in

Figure 12.
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Figure 12 Filter exit charging currents with wet and dry elements

Contrary to expectations, wetting the elements did not appear to produce a significant
change in the generated charge. However, on average, it shifted the charging negative
by about 16 % of the maximum positive current. The standard deviation of the difference
between the means is about 15 % so the difference is barely significant.

8.1.3.6 The influence of fuel type
The influence of fuel type is shown in Figure 13, which gives the charge density at the exit of
the filter section as a function of the effective conductivity from the final field decay.

5,000
4,000 + # Jet Other |
= A
2 3,000 &~ < JetProstat
£ 2,000 & ¢ A Diesel Other [
= e y .
- E 1,000 - Y & A Diesel Prostat [
E “;— 0 A T T T T T T
® o 0 o
w8 A et & L 2
S @ 2,000 - 3
- FANR ’\ %
£ S« &
gﬂ -3,000 pay ‘h
£ -4,000
[w] A
-5,000 =
-6,000
Effective conductivity from final field decay, pS/m

Figure 13: The influence of fuel type and pro-static agent
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The Green diesel tended to charge more strongly than the Jet A. Thus, the positive maxima
at very low conductivity are 3 600 pC/m? and 2 000 uC/m3, respectively, and the negative
maxima at around 2 pS/m are 4 600 pC/m3 and 3 100 pC/m?. Thus, the diesel was found
to charge 1,5 to 1,8 times higher. It is not clear how much of this is a systematic difference
between the product types (e.g. due to the viscosity difference) and how much is a random
difference between individual fuel samples.

8.1.3.7 The influence of the pro-static agent

Figure 13 also shows the influence of the pro-static agent in both Green diesel and
Jet A. The Green diesel data do not provide an ideal comparison because the tests with and
without the pro-static agent were at different conductivities, nevertheless, the data with the
pro-static agent seem to follow the general trend from positive charging at low conductivity
to negative charging at 2 pS/mé® and there is little evidence of any substantial increase in the
magnitude of charging. For Jet A, there are charge density measurements with and without
pro-static agent at effective conductivities between 2 pS/m and 6 pS/m. In this range the
highest charge density is =3 100 yC/m?® without pro-static agent and =2 750 uC/m?® with
pro-static agent. The standard deviation of the difference between the means is 830 puC/
m?3. Thus, the pro-static agent did not have a significant effect on the maximum charging of
Jet A in filter monitor elements.

8.1.3.8 Effective dissipation time and conductivity from current decay measurements
Figure 14 shows the effective conductivity derived from the current decay in the hoses as a
function of the effective conductivity derived from the electric field decay time (see 8.1.4.2
and B.2.2).
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Figure 14: Effective conductivity from initial in-tank electric field decay time

8 The observed dependence of charging polarity on conductivity may be dependent on fuel type and conditioning.
There is no evidence that it is universal.
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8.14

8.1.4.1

The regression lines (equations shown on the figure) indicate that the ratio of effective
conductivity for charge decay in the hoses to the effective conductivity for electric field decay
in the tank does stay fairly close to one as the effective conductivity for field decay tends to
zero (i.e. there is no hose dissipation at the lowest conductivities even though there appears
to be when the assessment is based on the dip-cell conductivity data as when comparing
Figures 6 and 8 for current or 7 and 9 for charge density). Generally, the effective conductivity
in the hoses is greater than in the tote and the effective conductivity in Hose 1 is greater than
in Hose 2. This is consistent with a form of generalised hyperbolic decay although detailed
comparisons with hyperbolic decay models reveal inconsistencies.

Electric field

Logged values

Figure 15 shows a typical low conductivity measured electric field vs time plot. In nearly all
cases the maximum field was recorded at the end of the fill although in a few cases, when the
current dropped particularly markedly through the run and the dissipation time was relatively
short, it occurred earlier. A full set of maximum electric field values is given in Annex |.
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Figure 15: Raw measured electric field

Features to be noted in Figure 15 are:

- There is a short delay after the start of flow before the field begins to rise. This
probably relates to the time taken for the first highly charged liquid to reach the tote
from the filter monitor.

- After the initial delay, there is a short period of rapid field increase. Some Phase 2 fills
started with an empty tote. The rapid rise was missing in those fills. If, with an initial
50 USG in the tote, the incoming charge remained stratified at the bottom, the fields
with and without the initial 50 USG would be similar. The difference suggests that
the rapid increase is associated with the mixing of the incoming liquid with the initial
50 USG of uncharged liquid in the tote.
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- After the mixing period, the field rises somewhat more slowly and almost linearly
with time. On low conductivity test runs, such as in Figure 15, the rate of rise of field
tended to increase until the end of the fill but at higher conductivities it was usually
constant or falling. Although both behaviours were influenced by the variation of
incoming current over the fill, the effect of higher conductivity is also important.
The total charge in the tank approaches a constant on a timescale set by the charge
relaxation time and at high conductivity this charge is confined to an increasingly
localised volume around the liquid entry jet. Both factors tend to suppress the rate
of rise of field. At low conductivities, the charge in the tank increases for longer and
the charge spreads throughout the liquid.

- There is usually a delay of 5 s to 10 s after the end of flow before the field begins to
drop. The reason for this is not known. It may be linked to the influence of flow plus
non-uniform bulk charge distributions or to the formation of surface charge layers.

- There is often a rather 'wavy' field decay with a decay time that is far from constant
(e.g. a clear kink can be seen at about 170 s in Figure 15). Under some conditions
the decay was close to exponential but much of the analysis had to deal with cases
like Figure 15 using the curve fitting process discussed in B.2.2.

The maximum flat-roof-corrected fields® for each test condition are plotted in Figure 16 as a
function of the effective conductivity measured from the initial rate of field decay and listed
in Table 7.
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Figure 16: Maximum 'flat-roof' electric field as a function of effective conductivity
from initial field decay rate

The highest fields (>50 % of the maximum) occur with an effective conductivity of between
0,1 pS/m and 3,6 pS/m. As with the charge density (not surprisingly but gratifying that there
is @ match), there is a predominance of positive charging below 2 pS/m and a predominance
of negative charging above. The maximum flat-roof positive and negative fields are +59 kV/m
and =52 kV/m.

9 Using a recorded field to flat roof field calibration factor of 0,31. See section 7 and Annex C for details of derivation.
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Table 7: Maximum flat roof field for each test condition (the maximum of the two

runs)
Test Filter Maximum field at | Test Filter Maximum
condition | element | a flat roof, kV/m condition | element | field at a flat

roof, kV/m

S01 None -1,5 TC11 A 59,3
S02 D -24,7 TC11 B -45,1
S03 D -20,1 TC11 C -27,0
TCO1 A 49,3 TC12 A 60,0
TCO1 B 23,2 TC12 B -22,6
TCO1 C 30,4 TC12 C -28,8
TCO2 A 42,5 TC13 A -29,2
TCO2 B 34,8 TC13 B -
TCO2 C 39,0 TC13 C -
TCO3 A 7,8 TC14 A -
TCO3 B -11,8 TC14 B -
TCO3 C -15,4 TC14 C -
TCO4 A -25,1 TC15 A 16,5
TCO4 B -0,93 TC15 B -47,4
TCO4 C -26,0 TC15 C -35,6
TCO5 A 0,59 TC16 A -43,5
TCO5 B -0,13 TC16 B -51,6
TCO5 C -0,62 TC16 C -42,3
TCO6 A -0,90 TC17 A 51,9
TCO6 B -0,16 TC17 B 11,6
TCO6 C -0,75 TC17 C 36,8
TCO7 A - TC18 A 54,7
TCO7 B - TC18 B 37,6
TCO7 C -1,6E-03 TC18 C 44,0
TCO8 A - TC19 A 0,94
TCO08 B - TC19 B -12,2
TCO8 C - TC19 C -19,1
TC09 A -1,0E-03 TC20 A -31,0
TC09 B 1,5E-03 TC20 B -6,8
TCO09 C - TC20 C =243
TC10 A 3,4E-03
TC10 B -
TC10 C -
Note: Dashes indicate fields below the noise level, which could be up to about 0,005 kV/m.
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8.1.4.2 Electric field decay time in the tank
The initial and final decay times generated by the curve fit method (see B.2.2) are shown in
Table 8 and the corresponding effective conductivities are given in Table 9. Because the meter
measurements do not register below 1 pS/m we need to use one of these effective values
as the abscissa for plots that discriminate the lower end of the conductivity range. The final
effective conductivity is expected to be the closest to reflecting the measurable conductivity
of the uncharged liquid whilst the initial effective conductivity is expected to be closest to the
decay rate of the charged liquid in a tank. In Figure 17 we plot the measured conductivity and
the initial effective conductivity from the field decay time as a function of the final effective

conductivity.
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Figure 17: Measured conductivity and final effective conductivity for electric field
decay versus initial effective conductivity for field decay

Figure 17 includes both a plot of individual data points and one of clusters of points averaged
over conductivity ranges. The black lines indicate equality with the final effective conductivity.
The effective conductivity from the hose measurements (both hoses) is included on both
plots for comparison. At around 10 pS/m the measured conductivity is about a factor of two
higher than the final effective conductivity whilst the effective conductivity from hose decay
is about equal to it and the initial effective conductivity is lower. The latter difference probably
reflects the difficulty of separating out the influence of the delay period in this conductivity
range in which the measurable decay period was very short.

Table 8: Initial and final decay times using the curve fit method

Test Filter Initial | Final Test Filter Initial | Final
condition | element | decay | decay | condition | element | decay | decay
time, s | time, s time, s | time, s

S01 None 5,8 5,5 TC12 A 26,3 375,0
S02 D 5,7 6,7 TC12 B 90,0 215,0
S03 D 6,1 7,7 TC12 C 150,9 | 296,5
TCO1 A 21,4 32,1 TC15 A 8,5 10,7
TCO1 B 12,9 259 TC15 B 8,5 15,2
TCO1 C 23,3 34,2 TC15 C 5,2 7,5
TCO2 A 23,1 53,1 TC16 A 9,8 19,2
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Table 8: Initial and final decay times using the curve fit method (continued)

Test Filter Initial | Final Test Filter Initial | Final
condition | element | decay | decay | condition | element | decay | decay
time, s | time, s time, s | time, s
TCO02 B 22,3 43,5 TC16 B 8,6 16,2
TCO2 C 20,6 77,4 TC16 C 6,9 10,8
TCO3 A 4,9 5,5 TC17 A 15,3 144,6
TCO3 B 6,1 4,8 TC17 B 258,9 | 1897,0
TCO3 C 57 6,3 TC17 C 46,1 2241
TCO4 A 5,9 7,5 TC18 A 34,0 277,1
TCO4 B 5,1 4,2 TC18 B 34,6 464,7
TCO4 C 7,0 7,6 TC18 C 20,8 264,5
TCO5 A 1,8 2,0 TC19 A 5,0 3,3
TCO5 B 2,9 1,6 TC19 B 4,3 3,8
TCO5 C 2,5 1,5 TC19 C 4,1 5,1
TCO6 A 2,4 1,8 TC20 A 9,6 10,2
TCO6 B 2,2 1,6 TC20 B 4,5 5,3
TCO06 C 2,5 1,6 TC20 C 9,2 7.1
TC11 A 10,0 17,1
TC11 B 28,2 305,2
TC11 C 145,3 224,8

A slightly increasing factor of difference is maintained between the measured and final
effective conductivity right down to the point at which the meter fails to register measured
values. Both the hose decay conductivity and the initial field decay conductivity become larger
multiples of the final effective conductivity for field decay as the conductivity declines. This
probably reflects the increasing role of hyperbolic relaxation effects. With this explanation,
the higher charge densities existing in the hose compared to the tote could explain the higher
effective hose conductivity. In this respect, it would be interesting, in a more detailed future
analysis of the data, to see how the excess conductivities correlate with excess charge levels
and fuel viscosity.

The differences between measured and final effective conductivity may arise from a
combination of measurement error charge redistribution during the decay period and
the hindering of charge dissipation by the free surface of the liquid. The sensitivity of the
conductivity meter is only a few pS/m so it was working at the bottom end of its range and
accurate readings could not be expected'®. Furthermore, contamination errors tend to make
conductivity measurements read high.

10 That is why the measured readings do not extend below 1 pS/m.
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8.2

8.2.1

8.2.2

8.2.3

PHASE 2
Aims of Phase 2

The aims of the Phase 2 measurements were to use one of the higher charging configurations
identified in Phase 1 to investigate:

- the influence of flow rate on charging, and
- the charging of 6" elements relative to 2" elements.

A repeat of condition TC 19 (Jet A plus pro-static agent) was selected for the Phase 2 tests
and the influence of flow rate was investigated by measuring at a series of flow rates between
50 % and 100 % of the rated flow for each element set. To turn down the flow to 50 % of
the rated flow, it was necessary to use four 2" monitors elements in the housing rather than
three. This increased the full rated flow from 90 USGPM to 120 USGPM and reduced the
residence times in the hoses and the fill time of the tote to 3/4 of the times that occurred in
TC19. It may be possible to extract information about the hose and tank relaxation processes
from these differences, but in this report we focus on the stated aims and report how the
measured currents, charge densities and potentials varied with flow rate and element type.
Charge decay data are obtained and compared with the Phase 1 data without detailed
interpretation.

Element identification codes

In reporting Phase 2 data, individual elements are identified using labels of the format Xnaa
where X is the element manufacturer code, n is the element diameter in inches (2 or 6), aa
is the flow direction code (Ol for Out-to-In, io for in-to-out and omitted for 2" monitors as
these are all out-to-in). Thus, typical Phase 2 codes would be Y60i meaninga 6" element from
manufacturer Y with out-to-in flow or X2 meaning a 2" monitor element from manufacturer X.

Charge densities relative to equivalent Phase 1 data
The maximum effective filter segment exit charge densities at rated flow for the 2" elements

are compared to the Phase 1 values for the same element types and test conditions in Table 10.

Table 10: 2" element comparisons: Phase 1 TC19 maximum effective filter exit charge
density compared to Phase 2 at full rated flow with the same element type

Element Phase 1 charge density, | Phase 2 charge density at rated flow,
pC/m? pC/m?

X +1010 —-1540

Y -2610 -1240

yA -2710 -380

Average -1440 -1060

The charge density averaged over all the 2" elements is reasonably similar between Phase 1
and Phase 2 (both within about 15 % of the mean) but there is considerable scatter on the
individual results. The Phase 2 work was done several weeks later than Phase 1 and the liquid
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8.2.5

conductivities in Phase 2 covered a wider range than in Phase 1 (values from final field decay
range from 0,8 pS/m to 9 pS/m rather than 3 pS/m to 5 pS/m) so there may have been some
underlying differences in the conditioning of the fuel.

Charge density versus flow rate and comparisons of charge density
from 2" and 6" elements

Figure 18 shows the measured filter segment maximum exit charge densities of both 2" and
6" elements as a function of flow rate. It includes the equations of linear regression lines to
each segment.
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Figure 18: Exit charge density from filter segment as a function of flow rate

Some curves are almost horizontal, others are almost linear rises. We distinguish between
these on the basis of the ratio of the slope from the 50 % flow value to the origin to the slope
from maximum flow to 50 % flow. Where this ratio is less than 1,5 we call the curve near-
linear and where it is more than 4 we call it near-horizontal. On this basis, three elements (X6
Ol, 260l and Y2) gave near-linear curves and five (Y6io, Y60I, Z6io, X2 and Z2) gave near-
horizontal curves. There were no intermediate cases. The same grouping can be derived from
the slopes of log-log plots.

Apart from one outlier 6" element (Z60l) that charged the fuel positively when all other
elements charged it negatively, an obvious feature of Figure 18 is that the spread of charge
densities is broadly similar for both 2" and 6" elements. For element brands Y and Z, the
difference in charging between 6" elements with out-to-in (Ol) and in-to-out (io) flow
directions can be compared. For both brands the in-to-out flow charged more negatively,
although the difference was relatively small for brand Y elements.

Electric field measurements: the influence of flow rate and differences between 2"
and 6" elements

Figure 19 shows the variation of maximum measured electric field with flow rate. The
field always increases with the flow rate but the form of the dependence is quite variable.
Sometimes the increase is quadratic, sometimes near linear, sometimes it levels off: e.g. cases
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Y6io and Y60I. Although the maximum currents generated were similar between cases X2
and Y6io the fields are higher in case Y6io. The maximum field occurs at the end of the fill
and is therefore related to the final charge in the tank. The final charge is given by equation
(F4). Evaluation of this equation for the two cases shows that the ratio of the final charges
between Y6io and X2 is ~1,25 whereas the ratio of maximum fields is ~2,0. This suggests
that other factors, e.g. non-uniform charge density with different distributions between
cases, may also be influencing the potentials. The variation of the final field divided by the
final charge density is considered in 8.3.
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Figure 19: Maximum measured electric field versus flow rate

THE RATIO OF FINAL ELECTRIC FIELD TO ESTIMATED FINAL CHARGE
(PHASE 1 AND PHASE 2 DATA)

Figure 20 shows the ratio of final flat-roof electric field to estimated final charge density.
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Figure 20: Final measured field/estimated final charge density
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There is considerable scatter but the trend lines, which perhaps have doubtful significance
given the scatter, suggest an average value of around 1,5 m¥nC at low conductivity that
tends to decline as the conductivity increases. The decline appears to be more marked at low
flow rates. At the lowest conductivities there is the least dissipation during a fill so the charge
is more nearly uniform, particularly for those fills with near constant streaming currents. At
higher flow rates, there is more vigorous mixing, which also tends to make the charge more
uniform. Non-uniform charge densities may be expected to be higher near the inlet so, as
the filling is from the bottom, non-uniform charge density distributions may be expected to
produce lower fields. The trends that are possibly apparent in Figure 20 may thus be linked
to the effects of non-uniform charge density.
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9.1

DISCUSSION

COMPARISON OF MAXIMUM CHARGE DENSITIES WITH OLDER DATA

The results of pre-2004 measurements of charging in 30" x 2" filter monitor elements at
maximum rated flow were summarised in [2], which noted measured element-exit currents
up to 5,4 pA per element (charge density ~2 870 uC m~3) on a sustained basis' with
transient peaks slightly greater than 16 pA (~8 500 yC m~3). It was postulated that element
exit currents could be rounded up to about 10 pA (charge density 5 300 uC m=3) on a
sustained basis with transient peaks up to about 20 pA (charge density 10 600 yC m=). The
rounded values were generated to provide simple working current values for determining
the element resistance needed to avoid discharge damage'?; they are not measurements and
should not be used when making comparisons with measured data. There has been no more
openly-published work since [2] was published, so we take the [2] data as the best available
summary of the behaviour of older systems. Whilst there is no reason to expect either [2] or
the present measurements to reflect an ultimate worst case, the highest measured values
reported in each work probably represent the best basis for comparison between present
behaviour and historical behaviour.

We make the comparison with [2] using charge density, rather than current, because the
charge density is independent of the number of elements in parallel. Our highest effective
filter charge densities were measured at Flange 2 with an effective conductivity of around
2 pS/m for hose dissipation, which corresponds to an effective relaxation time of 7 = 9,3 s.
In conjunction with the residence time of T = 0,33 s given in Table 1, this gives the estimated
proportion of filter element exit charge density reaching Flange 2 as exp(~T/r) = 0,97. The
minimal loss of charge density between the element exit and Flange 2 allows our measured
Flange 2 charge densities to be compared directly to the element exit charge densities in [2].

The maximum absolute effective charge densities obtained in the present work using
Jet A with 41 and 6" edition 2" filter monitor elements at full rated flow (3 130 yC m~3 and
2 750 pC m~3 respectively) closely match the maximum sustained charge density reported
in the older work (2 870 pC m=3). The differences between the maxima in the present
measurements and the older one are 260 pC m=3 or less whilst the standard deviation of our
Phase 1 Jet A charge densities at conductivities between 2 pS/m and 5 pS/mis 1 500 uC m?.
Thus, based on the spread of our Jet fuel measurements, the difference between the highest
old and new values is well within the scatter of the results.

We tested Green diesel as a potentially higher charging fuel than Jet A to compensate for
being unable to test enough jet fuel samples to find a worst case. In keeping with this, our
maximum absolute effective charge density of 4 640 uC m=3 (see Table 5) was obtained with
Green diesel. This maximum Green diesel charge density is, however, only 1 770 pC m3 more
than the maximum absolute sustained charge density in the earlier jet fuel measurements
(2 870 uC m3). Thus, to useful confidence levels, even the difference between the old Jet A
data and the current Green diesel data is within the uncertainties associated with the scatter
of charge densities.

We conclude that there is no evidence that charge generation in aviation fuel filter monitor
systems has changed substantially since the older measurements.

11 The concept of effective current and charge density had not been introduced at that stage.
12 And partly because the older measurements were unlikely to include a global worst case.
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9.3

9.3.1

9.3.2

DELAY BETWEEN END OF FLOW AND DECAY OF ELECTRIC FIELD

In the runs that were done at low enough conductivity to measure the electric field decay time
there was usually a substantial (5 s to 10 s) delay after the tote inlet current stopped before
the field began to decay. The reason for this is not known. It may be associated with the build-
up of surface charge as the internal tank flows decay. This could be enhanced by the meter
protrusion which would tend to attract extra surface charge below the meter. Other charge
transport effects associated with inhomogeneous charge distributions may have a role.

MEASUREMENT LIMITATIONS: POSSIBLE FUTURE IMPROVEMENTS

Current measurements

For future tests the insulating flanges should ideally provide a higher resistance between
isolated segments than in the present work, where it was adequate for measuring the main
currents, but marginally adequate for obtaining an accurate current balance. This made the
assessment of the inlet streaming current subject to a degree of doubt.

Field measurements

9.3.2.1 Alternative meter systems and mounting arrangements

The Boltek meter worked well and was sufficiently sensitive but is rather large and
cumbersome. It may offer more flexibility and easier mounting to explore the use of some of
the smaller field sensors that have been mentioned. Although sensitivity was not generally
an issue, increased sensitivity (lower noise levels) would enable in-tank field and field decay
measurements up to higher liquid conductivity.

If a faster flow stop can be engineered it may be also useful to explore the use of a faster
response field meter.

The delays before charge decay and the 'wobbly' nature of some field decays are not
understood. To explore these issues, it would be useful to enable multiple methods of meter
mounting to verify they are not an artefact of a specific meter-mounting configuration: flush
mounted, protruding and voltage probe meter configurations all have different advantages
and drawbacks and it could be useful to switch between them.

Fitting the field meter flush with the roof, rather than letting it protrude into the tank,
would have reduced the recorded electric field for a given surface potential. This would
reduce the maximum conductivity at which electric field and field decay time measurements
could be made. However, in compensation, flush-mounting the meter would have avoided
possible perturbations arising from hanging the meter in the tank and thereby attracting
extra induced charge whenever mixing processes were weak. Hence it could improve the
quality of those measurements for which the sensitivity is adequate.

9.3.2.2 Field meter calibration

There was little time allowed in the present work plan for field meter calibration. The
outstanding work falls into the following categories:

- Verification of the manufacturer’s electric field calibration for a meter flush-mounted
on a plane surface and exploration of the conditions (e.g. electrode size and spacing)
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9.34

9.3.5

9.3.5.1

under which this calibration is valid. Previous work using this model of meter did
verify the manufacturer’s calibration and gave us confidence this time. However, the
limits to the validity of the verification were not explored and the conditions that
gave the verification were not recorded in detail because the earlier work focused
mainly on voltage probe calibration.

- A more careful experimental check on the enhancement of field readings when a
meter projects from a surface as it did in the present work to check the validity of the
calculated protrusion correction factor.

- Voltage probe calibrations if this type of measurement is planned.
Insulating flanges

The insulating flanges were able to maintain a high enough level of insulation to permit
the main measurements to be made, but the residual leakage errors may have affected the
upstream current balance. | have been involved with similar measurements in which the
insulating flanges could reliably maintain a resistance in excess of 1 Gohm. In any follow-up
it is recommended that higher quality insulating flanges be used.

Conductivity measurements

The clay treatment appeared, from the decay time data, to reduce jet fuel conductivities
to ~0,1 pS/m. Significant changes in fuel charging and dissipation behaviour occur below
~1 pS/m but in this range a dip cell conductivity meter reads '0' pS/m. To obtain more
systematic data comparisons in this low conductivity region it would be better, in any future
testing, to replace the dip cell with a conductivity meter such as a concentric electrode cell
capable of measuring below 0,1 pS/m in jet fuel.

Decay times and effective conductivities

Flow start/stop time

The flow into the receiving vessel did not start and stop instantly. The flow meter had a
response time of about 1 s so we do not know exactly how fast the flow could be stopped
but in some cases the current took a few seconds to fall to zero. Thus, decay times of
less than a few seconds could not be reliably measured and in-tank effective conductivities
could only be observed by electric field decay time measurements for liquids with effective
conductivities below about 10 pS/m (relaxation time >2 s). If the flow stop time into the
receiving tank could be made very rapid (e.g. by a rapid acting valve diverting the flow to a
bypass?) perhaps faster decay time measurements could be made. This would also require
faster data logging. The delay before the onset of field decay would, however, need to be
understood before this was worthwhile.

9.3.5.2 Interrupted fills

Unpublished work using interrupted fills has shown that decay times can vary with liquid
depth. To map out appropriate decay times for different stages of filling it could be useful
to do interrupted fills. That is, tests in which single fills are paused at regular intervals with a
charge decay measurement being made at each pause.
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CONCLUSIONS

We have carried out tests to measure charge generation in commercial filter monitor elements.
The test rig was designed to produce similar charge densities, residence times and fill times as
full-scale fuel handling facilities. Streaming currents, charge densities, in-tank electric fields
and charge and field dissipation times were measured. All brands of element known to have
been qualified to El 1583 6 edition were tested in 2" and 6" diameter forms and each 2"
element was tested in both an as-received (dry) state and water-wetted. Tests were done
with two fuels (Jet A delivered without SDA, and a hydrocarbon-based Green diesel). They
were tested, as received, after clay filtration, after adding varying amounts of static dissipater
additive (SDA) and after adding a fixed amount of a candidate pro-static agent. Test flow
rates varied from 50 % to 100 % of rated flow. A range of fuel charging behaviours is
present globally in aviation fuel distribution systems and it was not practicable to test every
potential situation. The conditions chosen for testing seek to provide the industry with a fair
insight into the expected behaviour within the limitations of a feasible test programme. The
conclusions drawn from the results obtained under the chosen test conditions are as follows:

1. The maximum magnitude of effective charge-density at the filter vessel exit measured
with Jet A at the rated flow per element was 3 130 uC/m?. The corresponding
streaming current at a flow rate of 90 USGPM/340 litre per min (rated flow for the
three 2" x 30" elements) is 17,5 pA™. The maximum magnitude of filter vessel exit
charge-density measured with Green diesel was 4 640 uC/m?, corresponding to a
current 25,4 pA at 90 USGPM. Charge densities in the test rig are expected to be
directly comparable to real-world values; currents at rated flow should scale with the
number of elements.

2. The highest charge density measured with Jet A in the present work (3 130 uC/m?3)
is close to the highest charge density reported in earlier measurements which was
~2 870 uC m= on a sustained basis [2]. The maximum magnitude of Green diesel
charge density was about 50 % higher than with Jet A and hence was close to
the postulated round-number steady value of 5 300 pC m~3 suggested as a useful
representative high value for Jet A in the earlier work.

3. Neither the presence of the candidate pro-static agent nor water-wetting of the
elements had a significant influence on the maximum charge density in the test
system.

4. Comparative tests between 4 and 6™ edition elements did not produce a significant
difference in charge density (a measured 11 % decrease from 4" to 6 edition).

5. At rated flow there was no significant difference in charge density between

2" elements and 6" elements of either flow format (differences between formats
were less than the scatter between brands).

6. At face value, Conclusions 2, 3 and 5 suggest that the changes to fuels and filter
monitor element design that have taken place in recent years have made little
difference to electrostatic charge densities. It should, however, be noted that,
although the influence of filter monitor element design has been well covered, the
evidence on fuels is much more limited. The present charge densities fall within
the spread of the older data and because of the sparse fuel sampling we cannot
distinguish long-term trends in maximum charging from batch-to-batch variations.
As only one batch of Jet A was tested it is unlikely to represent a worst case. Similar
limitations apply to each of the individual earlier tests, but as there are more of
them there is more chance of a closer approach to a worst case. Consequently, it

13 For similar residence times.

49



CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

10.

11.

12.

13.

14.

is probably only safe to say that maximum charge densities are similar to what they
were and that there is no evidence they have increased. The results confirm the safety
advice provided in existing industry literature, such as IEC TS 60079-32-1, which
emphasises that high filter monitor outlet charge densities can be observed with
low (~1 pS/m) fuel. Although the maximum charge densities do not appear to have
increased, the results confirm the importance of following existing industry guidance
to ensure adequate charge relaxation time between refueling filtration equipment
and aircraft.

The streaming current or charge density delivered to the receiving tank tended to
increase with effective conductivity up to about 1 pS/m. High values were observed
between 1 pS/m and 4 pS/m with a trend from positive to negative at around 2 pS/m.
Above 4 pS/m there was a steady decline.

When SDA (STADIS® 450) was added to give measured conductivities of approximately
15 pS/m, 200 pS/m and 600 pS/m the measured currents delivered to the receiving
vessel were substantially lower than in the unadditised fuels.

The highest in-tank electric fields were recorded at conductivities below 4 pS/m. All
the enhanced conductivity levels (15 pS/m and above) produced by adding SDA gave
a substantial reduction in the maximum electric field measured at the centre of the
roof during a fill. Specifically, the maximum measured roof-centre electric field was
195 kV/m at low conductivity but only 2,9 kV/m between 15 pS/m and 23 pS/m: a
factor of 67 reduction. At 200 pS/m and above, the measured roof centre field was
at or below the noise threshold for field measurement, which was about 0,005 kV/m.
This is a factor of 3,74 x 10* lower than the maximum field.

The electric field magnitudes decline faster than the currents with increasing
conductivity because of the additional effects of in-tank dissipation and the tendency
of the charge to cluster around the inlet at high conductivities.

Although the electric field decay times in the tank and the charge decay times
in the hoses were correlated with the measured conductivity there was not close
agreement between measured and effective conductivity. This is commonly observed
[e.g. 8]. Competing factors that could possibly contribute to differences include
hyperbolic relaxation (the enhancement of conductivity by the presence of charge at
low conductivity [9-11]), the hindering of dissipation in the tank by the free surface,
changes in the charge distribution and the hindering of dissipation in hoses by slow
reaction rates at the walls [12].

Hyperbolic relaxation is evident in the data at low conductivities, which shows faster
decay times in the parts of the system containing more highly charged liquid. Thus at
10 pS/m the decay time in the hoses was 1,4 times faster than the initial in-tank field
decay time and at the lowest effective conductivities it was 4,9 times faster. Both are
faster than the final electric field decay time.

In contrast, at the highest conductivities at which decays could be measured, the
effective conductivity for field decay became lower than the measured conductivity.
This may be evidence of hindered decay but the effect only happened where the
electric field decay time became hard to measure because the relatively slow transition
into decay merged into the decay itself. It may therefore represent a measurement
problem rather than a real difference.

An electrostatic risk assessment involves factors outside the terms of reference of
this study. Factors relevant to changing risks are changes to flammability arising from
changes in fuel handling temperatures and volatility and changes to charging and
dissipation arising from different operational flow rates, residence times and fill times.
However, the maximum charge densities measured in this study were not found to be
significantly different to those reported in earlier work on 2" filter monitor charging.
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ANNEX A: OPERATIONAL CONDITIONS AND THE SELECTION OF
RIG PARAMETERS

A1

GENERAL BASIS FOR SELECTING RIG PARAMETERS

We aimed to set up a rig to test charge generation on commercial filter monitor elements
whilst providing a degree of charge dissipation representative of commercial jet fuel handling
practices. This Annex sets out requirements that are designed to ensure the same charge
densities in real and test systems. If, at all conductivities, the charge densities are the same in
the test rig as in a real system then the ratios of surface potentials at different conductivities
and the decay times should also be similar in the test rig and full scale equipment, subject to
relatively minor differences arising from possible differences in charge distribution.

With exponential charge dissipation the charge density, p, in a tank during filling is given by :

p=p0%|:1—exp(—6tﬁ,,/r)] (A1)

where p is the inlet charge density, 7 is the effective charge dissipation time, ¢ is the fill
fraction and t, is the time taken to fill the tank completely at the specified flow rate. At a
particular value of é that depends on tank shape, fill time and liquid conductivity, the surface

voltage, @, goes through a maximum that can be written as:
D = (Kle )pC?? (A.2)

where Kis a dimensionless constant that depends on the shape of the tank and the distribution
of charge within the tank (it can be calculated in some circumstances), ¢, is the permittivity of
free space (a fixed constant), p is the charge density and Cis the tank capacity.

If the factors p,, 7 and t,,, can be made to have values that are typical of full-scale systems,

p should be representative. If the tank shape and inlet arrangement are reasonably typical,

K should also be representative then the remaining factor, C¥3, is the only systematic

difference between the test system voltages and full scale system voltages apart from detailed

differences comparable to those that might occur between different full-scale systems.

Electric fields'* are related to voltages by dividing by the tank length scale, C'3, so electric

fields scale as C'. Thus representative equivalent full scale voltages may be estimated by

multiplying measured voltages by (C,/C)¥* and many representative fields may be estimated
by multiplying measured fields by (C,/C)">.

The factors governing and p,, 7, t,, and K are as follows:

- The inlet charge density, p, is determined by the charging and dissipation processes
that occur upstream of the tank. In the real systems of relevance here, the main
charging occurs in a filter monitor and partial dissipation of the filter monitor charge
occurs as the liquid passes along the pipes and hoses from the filter monitor to the
storage vessel (e.g. road tanker compartment or aircraft tank). A smaller amount
of 'pipe' charging occurs in the interconnecting pipes and hoses. To ensure a
representative filter monitor element outlet charge density, p_, we use a commercial

14 This applies to the fields that are determined by the overall tank shape (e.g. radial field at the wall of a cylinder,

vertical field at the roof). Localised fields around protrusions scale as the local potential divided by the protrusion
size and so may vary, for example, as the tank voltage if the protrusion does not scale with tank size.
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filter monitor element run up to its maximum rated flow. To ensure typical near-
worst-case dissipation, the residence time in the downstream filter chamber, t, and
the residence time, t_, in the interconnecting pipe and hose need to be comparable
with the shortest times found in practice. Although pipe charging is much smaller
than the filter monitor charging, if we want the rig to get conductivity dependences
right, it is necessary to scale it correctly, because it may dominate the delivered
charge density at high conductivity when the filter monitor charge is virtually all
dissipated before reaching the tank. Pipe charge densities are now thought to be
best represented as proportional to v/d [5,6] so, for the pipe charging contribution
to be properly represented, the ratio of v/d in the pipe and hose should be similar to
that in a real system.

- The decay time, 7, is determined by the liquid.

- The fill time, t_, can be made representative by choosing a suitable test tank size for

the flow rate.

- The shape factor, K, depends on the gross tank proportions (i.e. on the ratios of
length and width to height), to some extent on the distribution of charge within
the tank and, to a much lesser extent, on the detailed tank shape (e.g. cylindrical
or rectangular). As long as the inlet arrangement is reasonably representative, the
charge distribution will be similar for a given conductivity. Medium-sized tanks or
compartments are often either roughly equal in length, width and height, e.g. a road
tanker compartment, or taller than they are wide, e.g. vertical axis tanks on a small-
scale congested tank farm.

If all this matching is done we should end up with charge densities that are relevant to
real world cases and, as all the relevant parameters are controlled and known, any residual
differences can be allowed for as necessary. This is in contrast to many older measurements in
which, forexample, filter vessel outlet charge densities were recorded without any information
being provided about the residence time between element outlet and vessel outlet.

SPECIFICS: MATCHING RIG PARAMETERS TO 'REAL' SYSTEMS

To translate the principles in A.1 into a rig design we select a ‘representative' real world
scenario and make the factors p_, t_, v/d, T and K in the rig match the scenario as closely
as we can. The closeness of the match is limited by the need to use standard pipe and hose
diameters and integer numbers of filter monitor elements. The real scenario we chose is
filling a 5 m? truck compartment at 2 400 I/minina 4" line (vd = 0,5 m?/s) via a filter monitor
unit 20 m upstream of the tank'. The data for this scenario and the equivalent data for the
ideal test rig are shown in Table A.1

15 The truck filling scenario was used because of the potential complexity of on-board aircraft fuel systems (line
residence times, line branching, tank fill times, liquid overflows to other tanks) and the lack of sufficient information
to enable a representative worst case to be picked out.
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The key points of comparison are picked out in bold in Table A.1. From left to right:

The flow rate is the maximum for the elements.

v/d is similar to the real scenario value for the Phase 1 rig flow rate so the expected
pipe charge density should also be similar. In Phase 2 the v/d values are up to 1,4 times
the real values so the charge densities produced by pipe flow would be expected to
be higher by this factor in these tests.

In all tests the hose residence times are rather short so a higher proportion of the
filter monitor charge will reach the tank than in the real system. The measured
tote inlet charge densities should therefore be higher than the corresponding real
behaviour. The shortest real-world residence time is not known so this may provide
a useful margin.

The fill times are longer than the real-world case; this provides more time for
dissipation and reduces the charge density in the tank.

The compromised fill time was adopted because it was required to keep the system to tote
scale and some key sponsors specifically wished to ensure a minimum test duration of 120 s,
even though the tote could not be completely filled in a test (to avoid immersion of the field
meter). The lower flow rate associated with the longer fill time also helped to minimise the
number of elements needed for testing at maximum rated flow. As the main focus of the
work was to establish charging behaviour rather than to match in-tank fields and potentials,
the loss of tank fill time similarity was judged to be an acceptable compromise.

In addition to these points we do not know the shortest residence time between filter monitor
element and vessel outlet that could occur in practice but we record the value in the test rig
so allowance can be made for it. It was 0,57 s at 115 I/min.
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ANNEX B: CALIBRATION AND ANALYSIS PROCEDURES FOR
CURRENTS, ELECTRIC FIELDS AND DECAY TIMES

B.1

B.1.1

B.1.2

B.1.3

B.1.4

CURRENT
Ammeter details

The currents were measured with three Keithley type 6 514 multimeters and a Keithley type
6 485 picoammeter. All have +2 V full scale analogue outputs and scales that increase or
decrease in decades either side of +2 pA. The rated meter accuracy is 0,1 % or 0,2 % over
a one-year period for the ranges that were used. The 6 485 was within a year of purchase
at the commencement of testing and thus covered by the manufacturer’s calibration but
at least two of the three type 6 514 meters were outside the one-year calibration period.
Furthermore, the rated accuracy applies to the front panel readings and digital outputs, not
to the analogue output. The rated accuracy for the 6 485 analogue output is given as 3 %.
| could not find a rated analogue output accuracy in the specification for the 6 514 meters
but expect it to be similar. There are further possible calibration differences in the logged
results arising from the gains in the data acquisition system.

The logged values of the meter analogue outputs were therefore checked against the (in
calibration) 6 845 front panel readings by the method described as follows, which includes
calibration of the data acquisition system gains.

Range setting

The range setting was noted manually in the header for each run of logged data. The logged
analogue outputs were scaled with this range setting.

Zero offsets

The residual zero offsets obtained from the pre-flow data were subtracted from the in-flow
readings to ensure a good baseline, although this correction was only important at the
highest conductivities where currents were small. At these conductivities noise on the signals
typically varied from 1 nA to 5 nA.

The relationship between measured currents and streaming currents

During each test we measured the current from the receiving tote to earth, /_, the current
from the second hose section to earth, / ., the current from the first hose section to earth,
I ...and the current, / , from the filter housing to earth. The relevant electrostatic streaming
currents flowing in the system are the current from the pump and inlet piping into the filter
housing, I, the current from the filter housing into the hose, [, the current from hose 1
into hose 2, /., and the current from the hose into the receiving drum, /_. Applying current
balance (Kirchoff’s current law) to the receiving drum, hoses and filter housing section we
get:

I, =1 (B.1)

sd mt

l,=1 +1 (B.2)

shi1 sd mh2
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B.1.5

B.1.6

I.=1

st lshi + /mh7

=1+, (B.4)

sin

(B.3)

At low conductivities the inlet streaming current, /_, is usually much smaller than the filter
outlet streaming current, /, hence the measured filter current is approximately the same
magnitude as the filter exit streaming current but with reversed polarity and the sum of
the measured hose and drum currents should be approximately equal and opposite to the
measured filter current. At very low conductivities there is little dissipation in the hoses and
then/ =/ and/ =-_.

Estimating the upstream inlet streaming current by current balance

With low-noise and high leakage resistance both to ground and between isolated sections
the streaming current entering the measurement sections from the pump and upstream
piping is given by the balance of the four measured readings (see B.1.4). Unfortunately, the
balance is usually a small difference between relatively large readings and consequently is
highly susceptible to noise, leakage currents and small differences in meter calibration. In
the present work, the current measurements were not seriously affected by noise and meter
calibrations were corrected as discussed in B.1.6 but flange leakage resistances were only just
at an acceptable level. Only the leakage across Flange 4 affects the current balance used to
obtain the upstream current but this was often marginally adequate for measuring currents
at the level of small differences. Hence our estimates of the inlet streaming current may not
be of high accuracy.

Calibration procedures

A current source was used to inject currents of approximately 10 nA, 100 nA, 1 pA and
10 pA into each meter in turn. The meters were set to the corresponding ranges, the front
panel readings were recorded and the analogue output values were logged on the data
acquisition system.

The front panel readings of the meters were first compared to check if the uncalibrated
6 514 s were still operating within the manufacturer's specification. The differences were
within the expected range except on the 20 pA range of the filter electrometer, which was
reading high by about 1,1 %. We adopted the average of all the in-specification values as
the 'true' reading for each range and then, for each meter and each current range, formed
the ratio of the logged analogue output value (averaged over 30 + readings) to the true
value. These ratios are given in Table B.1. The logged currents need to be divided by these
the calibrated values to obtain calibrated values.

Table B.1: Ratio of logged current values to 'true’ value

Range Filter Hose 1 Hose 2 Tote
20 nA 1,011 1,003 0,9943 1,000
200 nA | 0,9993 1,001 0,9807 0,9997
2 pA 1,003 1,051 1,048 1,047
20 pA 1,005 1,051 1,037 1,058
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B.1.7

B.1.8

Figure B.1 shows a plot of the maximum effective streaming currents calculated over all Phase 2
tests using both raw (uncalibrated) and calibrated ammeter readings. In the raw readings
the different meter calibrations clearly affect the current balances required to calculate the
upstream current, leading to some unexpected variations in upstream streaming current that
are eliminated or greatly reduced by using the calibrated currents. For example, in the second
group of data from the left in Figure B.1 a) the filter charge is high even at low flow rates and
the upstream inlet charge is also high, whereas it would be expected to be unaffected by the
change of filter element. There are still residual differences between runs in Figure B.1.b).
These may arise from leakage currents across Insulating Flange 1 but it is also noted that the
Phase 2) tests showed relatively large degrees of conductivity variation and it is possible that
these arise from rig and fuel conditioning/contamination issues that affected the upstream
current.
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a) Uncalibrated currents b) Calibrated currents

Figure B.1: The effect of current calibration
Insulation resistance and measurement lead integrity checks

The accuracy of the current measurements depends on the quality of the insulation
separating the isolated sections. If the insulation resistance is too low, leakage currents lead
to measurement errors. In particular leakage across Insulating Flange 1 will affect the overall
current balance. The adequacy of the insulation resistance was directly checked daily by
connecting the measuring meters in turn to a current source of the appropriate range. The
current source was first connected directly to the meter without the meter being connected
to the rig to obtain a baseline current reading. The current source was then connected to the
rig component under test, the meter was also connected to the rig and a repeat reading was
taken. With good insulation there should be no significant leakage and the baseline and the
two test readings should be equal.

By making the connection from the current source to the rig for the leakage measurement
via a separate current source lead the test was also able to verify the integrity of the signal
lead to the meter; if this had become disconnected or broken it would show zero current in
the leakage test.

Correction to measured tote current

In a few measurements at low conductivity (<5 pS/m) it appears as if the tote current
measurement is subject to a small but distinct error starting about half to three quarters of
the way through the fill. This causes a corresponding dip in all the derived streaming currents.
At the end of filling, the upstream streaming current actually changes polarity and continues
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B.1.9

after the end of the fill for a short time before settling to zero. An example is shown in
Figure B.2 which shows both uncorrected streaming current signals containing this error and
streaming currents corrected by the procedure described in this section.
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a) Streaming currents with uncorrected tote current | b) Streaming currents with corrected tote current

Figure B.2: Tote current correction

The error is thought to arise because the (rather large) field meter could not be isolated from
earth whilst logging data and so had to be isolated from the tote. Hence the internal tote
charge that linked to the field meter went unrecorded'®. During filling this results in a current
signal that gets progressively reduced as the coupling to the meter increases with rising
liquid level. After the completion of filling no new charge is introduced into the tote but the
proportion of the remaining charge that couples to the meter increases due to the reduction
in flow-related mixing resulting in the period of apparent reverse polarity current.

At higher conductivities (above 5 pS/m) and even in many low conductivity runs the effect
was absent. In these cases it would appear that the charge was stratified and concentrated
lower in the tote so that the linkage to the field meter was always small and the error was
too trivial to observe.

The streaming currents introduced by the filter elements often varied in complex ways during
the fills but the upstream entry streaming current typically shows simple behaviour (more or
less constant or slowly declining after an initial transient) and the tote current error often
showed itself as an obvious departure from this (the analysis in B.1.4 shows that an error
in the tote current would propagate through to all the streaming current estimates). A tote
current correction was therefore obtained by assuming that the errors in the upstream current
all arise from the tote current error and that until the end of the fill the actual upstream
streaming current was fixed at a constant value taken from the point where the error became
apparent whilst after the fill it was zero. Applying this correction to the tote current produced
a satisfactory elimination, or at worst a major reduction, of the apparent tote current errors.

The 'Effective current': exponential averaging

Hazards are determined by the accumulation of charge in the receiving tank. This is governed
by a time integral of the current so a short-lived transient has little effect. Consequently we

16 The field meter could not be isolated from ground because the connection between the analogue output and the
data logging system introduced a ground leakage path. The meter has an optical link that would have avoided this
issue but it was not planned to use it and there was no time to implement the change of output method by the
time the issue became apparent.
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do not wish to measure the highest recorded transient current irrespective of duration as it
may make no significant contribution to a hazard. A consideration of the process of charge
accumulation in a tank (see Annex F) leads to the conclusion that the best approach is to use
exponentially weighted averaging of the current with a time scale based on the measured
relaxation time. During the fill it would seem reasonable to assume that the relaxation
time measured as early in the decay period as possible would give the best estimate of the
relaxation time. We call the weighted exponential average obtained using this relaxation time
the effective current, /_:

Ly ()= [ 1(t")exp(—(t - t’)/ro)dt’/{r[1 —exp(~t/7,) ]} (B.5a)

where [(t’) is the measured current at a time t” after the start of filling and z is the initial decay
time. After the fill, if the relaxation time is variable it is given by:
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Figure B.3: Measured and effective currents

In our analysis we used a simple trapezium-rule method to evaluate the integral in equation
(B.5) with the measured current data and hence determined values of /_, throughout each
fill.
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B.1.10

Some representative /., vs time plots are given in Figure B.3, which compares the measured
and effective streaming currents at the exit of the filter section (Insulating Flange 2) for
representative low conductivity cases'. The effective current is a smoother curve than
the measured current and has a slightly lower peak but higher currents at other times. As the
conductivity increases it approaches the measured current. Above 12 pS/m we use only the
measured current because the decay time needed to estimate the effective current cannot

be determined accurately.

It was found in a few cases that when the relaxation time was not much longer than the
digitisation interval, the maximum effective current was greater than the maximum measured
current. This is a numerical error arising from the simple integration method. It was verified
that the error disappears when the more accurate integration procedure outlined in Annex F
is used, but in most cases at low conductivity the simple method is accurate enough and the
results were not generally re-evaluated with the more accurate method.

At conductivities of more than about 15 pS/m we could not measure decay times accurately
so the effective current could not be determined. However, there were relatively few data
between 5 pS/m and 15 pS/m and at 15 pS/m the integration time for effective current is
comparable to the sampling period, so for this conductivity and above there is little difference
between the recorded and effective currents. Furthermore, at these conductivities the
currents are low and the signals are noisy. For these conductivities we therefore only record
the average current over the test run. This is useful mainly as confirmation of the low level of
the currents. The fields and potentials are also low so a detailed analysis of the corresponding
currents is not so important for hazard analysis.

Deriving the decay time or effective conductivity for charge dissipation in the
hoses from the recorded currents

The effective exponential decay time for charge dissipation in a pipe or hose section may be
written as:

. T
g=—————
‘ |n( Is/n _/soo )
/SOUT - /500
where T is the residence time of the liquid in a section (e. g. Hose 1, Hose 2 or both), /_ is
the streaming current entering the section, /_  is the streaming current exiting the section

and /__ is the streaming current that would be reached in an infinitely long pipe or hose of
the given type.

(B.6)

From equation (B.6) and the definition of relaxation time, the effective conductivity, «_,, for
the dissipation of charge in a section of pipe or hose can be written as:
egy | 1y =l
K — _ln sin S <B7>
" T (/sout - /500)

where e is the dielectric constant of the liquid. We do not generally have a measure of /_
but the measurements of pipe current in the Phase 1 supplementary tests along with the inlet

17 These plots give the effective current calculated after the fill by using equation (B.5) with the initial decay time even
after the end of the fill. After the fill the expressions in Annex F should really be used with the measured time-
dependent decay time in place of 7.
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B.1.11

B.2

B.2.1

B.2.2

streaming current estimates in the rest of the data suggest it is usually much smaller than the
filter currents and so can be neglected. In this case «_, can be estimated from the current data
using equation (B.7) with | = 0.

Making allowance for dissipation within the filter section

The insulating flange forming the downstream boundary of the filter section was about 1 m
downstream of the filter element exit and the corresponding residence time between the
element and the insulating flange (~0,33 s) is thought to be reasonably typical of residence
times in operational filter monitor housings so the measured exit charge densities are
expected to be representative of filter monitor housing exit charge densities in real systems.
However, if adjustments need to be made it may be useful to estimate the actual filter
element exit current based on scaling the segment exit current. This has not been done in
our analysis but can be done approximately by assuming an exponential decay of charge
between the element exit and the insulating flange on a time scale equal to the measured
charge dissipation time in the first hose (see 8.1.3.8).

ELECTRIC FIELD
Magnitude of the field

The electric field at the meter sensing surface was obtained directly from the logged analogue
output voltage of the field meter (1 V out per kV/m of field with unattenuated sensitivity).
The equivalent field that would exist at the tank roof without the protrusion of the meter was
estimated from the recorded field using a calculated calibration factor of 0,31 (see Annex C).
This value was roughly consistent with some practical calibration tests that gave a correction
factor of 0,36. However the calibration tests were done with a rough and ready setup that
did not have a well-defined geometry so the calculated results are felt to be more accurate’®.

The recorded data were logged as if the meter had full sensitivity. For some of the lower
conductivity tests the meter sensitivity had to be reduced to avoid out-of-range signals. This was
done with a plug-in attenuator resistance. When this was done, the attenuation resistance, R,
in ohms was noted in the header of the logged data file. The meter manufacturer’s literature
then indicates that the sensitivity is reduced by an attenuation factor, o, of:

R
=I5 iR (B.8)

This factor was applied in the analysis spreadsheets.
Deriving the electric field decay time from post-fill field readings

A simple exponential decay is characterised by a single fixed value of the decay time
[t = =1/dIn(E)/dt] throughout the decay period. In some cases, this ideal behaviour was
approached but usually the decay time varied throughout the decay. We tracked this in
two ways.

18 It is recommended that follow-up work should be done to provide a more accurate measured estimate of the meter
protrusion correction factor.
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The simplest was to use the Excel Slope function to obtain d£/dt over a short moving segment
of the measured field versus time curve and hence to directly determine —1/[dIn(E)/dt] as a
function of time. This was quick and easy but vulnerable to noise and not applicable to rapid
decays. The second was to fit a second order polynomial curve to the plot of In(E) against
time (sometimes separate polynomials were needed at the start and end of the decay) and
use the fit coefficients to obtain dIn(E)/dt. This was generally found to be the more useful
approach.
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Figure B.4: Example of decay time measurements (TC01 A)

Figure B.4 shows example plots of decay time versus elapsed time from the end of fill obtained
using both methods. It illustrates a common feature of the data: the initial delay of 5 s to
10 s between the end of flow and the commencement of the decay. This was nearly always
observed. In the curve fit data we overcome this by fitting the curve from the end of the delay
period onward and then extrapolating the fitted curve to the end-of-flow time.

The direct measurements commonly show the wavy features seen up to about 100 s in
Figure B.4. It is speculated that these are caused by the movement of stratified layers of
different charge density. If that is the case, extrapolation of the curve fits probably provides
the best estimate of the average underlying decay time.
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ANNEX C: CALIBRATION FOR METER PROTRUSION:
CALCULATIONS AND TESTS

C1 CALCULATIONS

<> 1219

- I
Flat-roof electric field
AN '\

Electric field enhanced by meter protrusion

Liquid final fill depth Liquid final fill depth

a) Enhanced field due to meter protrusion b) Field at flatroof without meter

Figure C.1: Enhanced field due to meter protrusion

The protrusion of the meter from the tank roof raises the electric field at the meter sensing
surface above that which would exist at a flat roof. Spreadsheet solutions for Laplace’s
equation with cylindrical symmetry are available using a relaxation method and we modified
one of these [13] to solve a combination of Laplace’s equation (vapour) and Poisson’s equation
(liquid). The overall dimensions were similar to the test tote geometry (1 m diameter, 1 m
high) and comparisons of Asano solutions for cylindrical tanks [14] and Carruthers and Wigley
solutions for rectangular tanks [15] have shown that for cubic and cylindrical tanks with the
same height and cross-sectional area there is little difference in tank centre roof field. It is
expected that the percentage distortion of roof fields by a protrusion, being essentially a
local effect, would be insensitive to overall tank shape and so it was felt that the cylindrical
solutions for an approximately equivalent geometry should give a reliable indication of the
field enhancement.

The following modifications were needed to the original spreadsheet model to enable the
calculations we required:

- Conversion to solving Poisson’s equation in the liquid by adding a charge term
into the relaxation expressions. This was set to zero in the vapour space and to the
required charge density in the liquid.

- Alteration of the weightings in the uppermost layer of cells in the liquid to impose
the normal-field boundary condition required by the liquid/vapour dielectric constant
difference. The weighting of the potential of the lowest layer of vapour cells was
changed from 1 to 2/(1 + ¢,) and that of potentials in the layer of liquid cells below
the interface layer was changed from 1 to 2¢ /(1 +¢,).

Other changes were made for convenience. They included:

- Simplifying the outer boundary conditions. This was possible because we are dealing
with the specific case of a system totally enclosed by an earthed conductor.
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- Removing the calculation of information we do not need.

- Adding a means to set the liquid level and dielectric constant and to determine
dimensional values for the electric fields and potentials.

With these modifications, the spreadsheet was set up on a 100 x 50 grid (making use of
symmetry) to solve for the potentials and fieldsina 1 m high 1 m diameter cylinder containing
a variable depth of charged liquid (uniform charge was used but this is not essential). The
earthed boundaries could be modified to make a meter-shaped protrusion at the centre of
the tank roof. The fields at the meter surface with the protrusion and at the roof without
the protrusion were then compared. The ratio was found to be 0,31. To this accuracy it was
independent of fill depth.

CALIBRATION TESTS

An experimental check of the meter protrusion factor was made by mounting a meter a)
flush with an earthed conductive surface and b) protruding below the surface as in the fill
tests, then setting up a field by applying a voltage to a second conductive plate mounted
below the meter assembly. The general layout is shown in Figure C.2.

[ el

a) Meter flush b) Meter protruding

Figure C.2: Meter protrusion calibration test

In the actual tests we did not have a properly constructed calibration rig with those features.
Instead a rough set up was jury-rigged with pieces of scrap metal that were lying around.
With this set up, the bottom plate was rectangular and just over 1 m long and about 0,6
m across whilst the top plate, which was 0,57 m above the bottom plate, was made up
of several separate rectangular sub plates supported on drums and fitting loosely round
the meter with small gaps. The overall dimensions of this upper assembly were roughly
1 m square. When protruding, the rim of the meter shroud was 150 mm below the top plate
(as in the test set up). The meter output with 100 V applied to the bottom plate was
180 mV when the meter was protruding and 65 mV when it was flush-mounted. This ratio
is 0,36. Considering the rough and ready nature of the measured calibration set up, the
agreement with the calculated factor is remarkably good. However, it is recommended that
the calculated value should be used for interpreting the measurement data.
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ANNEX D: FUEL PROPERTIES

Table D.1: Green diesel properties

Green diesel
Method Test Result Units
ASTM D5771 Cloud Point -12 °C
ASTM D2709 Water and Sediment <0,05 % Volume
ASTM D2624 Conductivity 0 pS/m
ASTM D4176 Appearance Clear and Bright
ASTM D4052 API gravity @ 60 °F 49,2
ASTM D4052 Specific Gravity @ 60 °F 0,7823
ASTM D93A Flash Point 66 °C
ASTM D5453 Sulfur <1 ppm (mg/kg)
ASTM D524 Ramsbottom Carbon 0,05 % Mass
ASTM D482 Ash <0,001 % Mass
ASTM D445 Kinematic Viscosity @ 40 °C 3,0 mm?/s
ASTM D130 Cu Corrosion (3 Hr @ 50 °Q) 1a
ASTM D86 Distillation Temperature, @ 90 % | 301 °C
ASTM 4737 Pro. B | Cetane Index 83
Table D.2: Jet A properties
Jet A
Method Test Result Units
ASTM D1176 Appearance Clear and Bright
ASTM D6045 Saybolt Color 25
ASTM D3242 Acid Number 0,003 MgKOH/g
ASTM D6379 Mono-Aromatics 16,8 %(V/V)
Di-Aromatics 1,9 % (V/V)
Total Aromatics 18,7 % (V/V)
Sulfur 0,0793 Wt %
IBP 155,5 °C
10 % 169,2 °C
50 % 201,7 °C
90 % 245,0 °C
95 % 255,6 °C
Final BP 270,3 °C
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Table D.2: Jet A properties (continued)

Jet A
Method Test Result Units
Residue 0,9 Vol %
Corrected Loss 0,6 Vol %
Corrected Recovery 95,8 Vol %
ASTM D93 Procedure Used A
Corrected Flash Point 46,7 °C
ASTM D2386 Freezing Point -44,0 °C
ASTM D445 Kin. Viscosity @ —4 °F 4,307 mm?/s
ASTM D611 Method BinF
Aniline Point 60,0 °C
ASTM 4529 Net Heat of Combustion 43,3 MJ/kg
ASTM D1322 Smoke Point (Manual) 29,0 mm
ASTM D1840 Naphthalenes 1,7 Mass %
Naphthalenes 1,4 Vol %
ASTM D130 Cu Corrosion @ 212 °F 1a
ASTM D3241 Temperature 260 °C
Deposit Color 1,0
Max. Pressure Drop 0,0 mm Hg
Spent Fuel Volume 450 ml
ASTM D381 Existent Gum <1 mg/100ml
ASTM D1094 Change in Aq Layer 0,0
Interface 1
Degree of Separation 1
ASTM D3942 MSEP Test A 98
ASTM D4052 API Gravity @ 60 °F 44,5 °API
ASTM D2624 Temperature 70 °F
Conductivity 0

67




CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

ANNEX E: FUEL HANDLING AND RIG PREPARATION PROCEDURES

E.1

E.2

E.3

RUNNING A TEST

The following test sequence was adopted:

- Set the required flow rate. This was usually done by adjusting a throttling valve located
just downstream of the filter vessel between the vessel outlet and Insulating Flange
2, i.e. within the isolated filter section, but for the lowest flow rates required in Phase
2 it was necessary to use an additional throttling valve located just downstream of
the pump (i.e. upstream of Insulating Flange 1).

- Return most of the fuel to the source tote, leaving 50 USG in the receiving tote as it
was time-consuming to completely empty it'°.

- Start the pump and initiate logging. Open the stop/start valves after a short delay to
log baseline data.

- After about 120 s manually close the start/stop valves and switch off the pump but
continue logging data to capture the electric field decay.

- Stop logging once the field has decayed (this took several hundred seconds at the
lowest conductivities).

- Return the fuel to the source tote, leaving 50 USG in the tank unless the fuel condition
is to be changed.

- Save the logged data.

ADDITISATION

First the additive concentration increment required has to be determined. The pro-static
agent was always added at a fixed concentration (5 g/m®) that was expected to enhance
charging whilst keeping the conductivity in the range where hazards would be expected
(<~5 pS/m). For SDA, a conductivity response curve was measured for each fuel. From this
and the existing conductivity the additional concentration needed to generate the next target
conductivity was found.

The volume of fuel in the rig was known, hence the total weight of additive to be added was
determined from the required concentration increment.

To facilitate accurate additisation and promote good mixing of the additive doses, an
intermediate stock solution was made by mixing the total amount of additive for the addition
step into 1 litre of test fuel. This stock solution was added gradually into the source tote
whilst fuel was being circulated.

CLAY FILTRATION AND RIG CLEANING

Clay filtration and rig cleaning was done by circulating the fuel through the clay filter unit
and the main part of the rig, then back to the source tote. Some fuel was then transferred to
the test tote and the process was repeated with circulation through this.

19 A few tests were done with a completely empty receiving tote for comparison.
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E.4

E.5

E.6

E.7

FLUSH (ADD FLUSHING FLUID TO RIG, CLEAN FLUID AND RIG,
REMOVE FLUSHING FLUID)

—_

SV N A WN

Ensure both test totes are empty and filter vessel contains no elements. Activate
system power. Set flow meter to read USG/minute.

Fill sending tote with minimum 200 USG of flush fuel.

Open valve 4.

Activate pump.

Direct flow through clay filter.

Continue recirculation for 30 minutes.

Shut off pump.

Flow 160 USG of fuel into receiving tote to clean tank base, pipes and hoses.
Activate pump and recirculate through clay filter for 30 minutes.

Close all valves and drain totes and filters.

CLAY TREAT/CLEAN (CLEAN UP RIG AND FUEL ALREADY IN RIG, FUEL TO BE
RETAINED IN RIG)

T2V NUAWN =

- o

Drain filter vessel and remove elements.

Ensure receiving tote is completely drained so all liquid is in sending tote.
Open valve 4.

Activate pump.

Direct flow through clay filter.

Continue recirculation for 30 minutes.

Shut off pump.

Flow 100 USG of fuel into receiving tote.

Activate pump and recirculate through the clay filter for 30 minutes.
Return all fuel to the sending tote.

Carry out a complete receiving tote fill followed by a conductivity check prior to testing.

ADD ADDITIVE

IV NOULAWN =

Drain filter vessel and remove elements.

Ensure receiving tote is completely drained so all liquid is in sending tote.
Open valve 4.

Activate pump.

Pour additive stock solution gradually into the sending tote.

Continue recirculation for 30 minutes.

Shut off pump.

Flow 100 USG of fuel into receiving tote.

Activate pump and recirculate through receiving tote for 30 minutes.
Close all valves and return all fuel to sending tote.

ADD WATER

With all fuel in sending tote begin recirculation.
Inject deionised water through water injection port using 60 ml syringe.
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E.8

E.9

E.10

E.11

After each 60 ml injection, allow minimum 50 USG circulation and check differential
pressure.

Once pressure differential reaches 8 psi, begin adding 30 ml per addition.
Discontinue addition when pressure differential reaches 10 psi. Continue flow for
150 USG, then commence testing.

CHANGE/INSERT ELEMENT

ok WwN =

Close valves to isolate filter vessel.

Drain fuel from vessel.

Open vessel, extract any old elements that are present.

Remove new element from plastic sheeting and insert immediately.

Close vessel.

Close drain valves and refill filter vessel. Start pump and recirculate 300 USG through
sending tote to bleed air and prime filters.

Open valves ready for next test flow.

Drained fluid is added back into the sending tote. Minimal fluid (~0,5 USG each set) is lost in
the filter monitors themselves.

STANDARD TEST RUN

ok WwN =

With a minimum of 230 USG fuel in sending tote and 50 USG fuel in receiving tote.
Simultaneously open valves 4 and 13 while activating pump.

Flow 180 + 1 USG into the receiving tote.

Simultaneously close valves 4 and 13 while deactivating pump.

Monitor field meter until field has dissipated.

Fuel return.

EMPTY TOTE TEST RUN

ok wWwN =

With minimum 280 USG of fuel to be tested in sending tote.
Simultaneously open valves 4 and 13 while activating pump.
Flow 230 + 1 USG into receiving tote.

Simultaneously close valves 4 and 13 while deactivating pump.
Monitor field meter until field has dissipated.

Fuel Return.

FUEL RETURN

WEN

After a run there is about 230 USG in receiving tote. The amount is known from the
test flow data.

Open valve 4 and activate pump.

Return the volume required to leave 50 USG in receiving tote.

Shut off pump, close valves 4 and 14.
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ANNEX F: EFFECTIVE CURRENT CALCULATIONS

F.1

ANALYTICAL INTEGRAL SOLUTIONS FOR IN-TANK CHARGE

I assume the charge in a tank is governed by (assumes charge transport only by conduction):

% =I(t)- % (F1)

If we start from a time when there is no charge in the tank, the charge at a time t can be written:
S Y du

q(t)=r1, bf I(xt, )exp —{ () dx (F2)

where u and x are dimensionless dummy time variables based on dividing real times by the
initial relaxation time, 7, and corresponding to real dummy times t" = xr, and t” = ur,. Hence
lixz ) is the current at a time t" = xz and 7'(ur,)) = 7(t")/r, where 7(t”) is the observed relaxation
time at a real time t”. This expression can be applied to the data as it stands because the
experimental results give us / and 7. However it is instructive to simplify. During the fill period

we assume that 7 = 7, and hence 7" = 1. If the fill ends at time, T, we thus have for t > T

Vg Vg
g(t) =1, [ 1(xe,)exp[—(t /7, —x)|dx =, exp[ = (t/7,)] [ 1(xt,)exp(x)dx  (F3)

0

This expression was evaluated numerically to obtain the in-flow charge?® and hence the

effective current using /. = q/[r (1- exp(=t/r))]. At the end of flow (t = T) we have:

T

q(T)=eXp|: (T/7,) ]f/ xt, )exp[x] dx (F4)

For a time t greater than T the upper limit of the inner integral in equation (F.2) is t but the
upper limit of the outer integral is fixed effectively at T because the current is zero for t > T.
Thus for times after the flow period the only change to the outer integral is in the exponential
relaxation term. To clarify this we look at the value of the outer integrand in equation (F.2) at
a dimensionless dummy time x. For an integral extending just to the end of flow this value is:

Vg
I(xr, )exp —f% (E5)

For an integral extending to a time, t, which occurs after the flow it is:

t, T t
%o dU Ao dU %o dU

I(xt,)exp —fm =/(xt,)exp| — r'(uro)+7{ () (F6)

X

20 These calculations were actually continued beyond the end of flow but have no real validity here as the decay time

was then variable.
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F.2

F.3

Thus the contribution of the current at time xz, to the remaining charge at time, ¢, is a factor
t
S du . I . . .
exp —f ——— | lower than its contribution to the charge at the time T (end of fill). This
[/ (uro)
factor is independent of the current time, xr,, hence when the integral extends to a time, ¢,
that is beyond the end of flow time, T, the charge is given by:

o) = q(T)exp[—t/f L] (£7)

T/7o T’(UTO)

Equation (F.7) shows how to include the influence of variable decay time as was found
experimentally after the end of the flow period. With a fixed time scale it reduces to an
exponential decay (as it must). In fact, equation (F.7) has not been used in the analysis because
the finite difference procedure described in Figure 4 was set up first.

EFFECTIVE CURRENT CALCULATIONS

From equation (F.3) the effective current can be written as:

%0
Ly = [ /(Xro)exp(x)dx/:exp(t/ro) —1] (F8)

0

To evaluate this directly by trapezium rule integration we used the expression:

e [exp (t,/75)— 1] +0, 5[/n exp(t, /7o) + L exp(t,,. /70 )]6t/to

/e n+1 T
2 [xp(ts1/70) 1] (F9)

starting with /) = 0. Equations (F.8) and (F.9) apply during the fill. After the fill period we have:

t/to
loge () = | ¢ (T)eXp|:_f du ] (F.10)

T/to T’(UTO)

CORRECTIONS TO TRAPEZIUM RULE

Because of the exponential term in the integrand, the trapezium rule approximation
sometimes gave large enough errors to give misleading results. The errors were never more
than about 5 % but, for example, could sometimes lead to effective currents that were
greater than the maximum of the current values from which they were derived. This is not a
possible result as the effective current is just a weighted average and therefore cannot exceed
the maximum raw current. Consequently, a correction was applied. It would probably have
been better to integrate with Simpson’s rule but applying the correction was easier.

The trapezium rule approximates the mean value of the integrand over an interval by the
mean of the end values. As the currents are approximately equal this is approximately

Texp(t, /7, )[exp(dt/7,)+1]/2. Integrating the exponential term over the interval shows
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F.4

F.5

that the actual mean value would be T exp(t, /7, )[exp(0t/7,) —1]/(0t/7,) . Thus, with slowly

varying current (generally observed except at the start and after the finish) a correction factor
2[exp(0t/7,) 1]

(ot/7,)[exp(0t/7,) +1]

In lower conductivity cases (k < 5 pS/m, 7,> 4 s) the correction factor is very close to 1

and was found to be unimportant but around the upper limit conductivity for decay time
measurements (15 pS/m to 20 pS/m, 7,< 3 s) it was found to be useful.

should be applied. This was found to eliminate the anomalies.

FINITE DIFFERENCE SOLUTIONS

Instead of using the analytical integral solutions to equation (F.1), an alternative is to use a
finite difference approach to integrate it directly. In setting this up it seemed best to average
the rate of change rather than the time constant for charge decay. This gives:

Qn+1 _ qn — /n+1 +/n _ (qn+1 +qn) (1/Tn+1 + 1/Tn) (F 1 1)
ot 2 2 2 '

Rearranging this expression to obtain g__ , in terms of earlier values gives:

. 1=[(/n+1+/~)+q {1_(f+f)5fH/{1+(f+f)5f} F12)
" 2 ! 4Tn+1tn 4‘L’n+1""n

Where this was used the effective currents were then calculated as /,,, | = q,/[t(1 — exp(=t /r)].
These results have no validity outside the flow period although the charge data are valid to
the extent that the model is applicable. In a couple of cases the / . obtained in this way from
equation (F.12) during the flow time was compared with the analytical integrals evaluated
using equation (F.9) with good agreement. After the flow time, the charge decays produced
by the method were compared to the electric field decays used to determine the decay times
after normalising both with the experimental end of flow values. Again agreement was good.

POSSIBLE ALTERNATIVES

+
Arguably it may have been better to use G/ T G0 /Ty for the decay and Simpson’s rule

for the analytical integrations but these alternatives were not tried as relatively approximate
solutions were considered good enough and seemed to work adequately after some
corrections to the trapezium rule for the cases where the decay times were of the same order
as the 1 s intervals between data points (conductivities 5 pS/m to 20 pS/m).
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ANNEX G: STREAMING CURRENT VS TIME PLOTS

This Annex gives all the Phase 1 individual corrected streaming current vs time plots.

Table G.1: Streaming currents in main Phase 1 test sequence
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Table G.1: Streaming currents in main Phase 1 test sequence (continued)
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Table G.1: Streaming currents in main Phase 1 test sequence (continued)
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Table G.1: Streaming currents in main Phase 1 test sequence (continued)

1.0 1.0
0.0 T T 0.0 T —
50 100 << 50 100
% a0 S0
7 £ .
E S Upstream/filter g 55 ——Upstream/filter
= L. 3 "
E, Filter/Hose 1 E., i = Filter/Hose1
E -3.0 Hose1/Hose 2 E ———Hose 1/Hose 2
@ _ H.
§ -4.0 ——Hose 2/Tote E 40 Hose 2/Tote
2 -5.0 g
5.0 e
-6.0
6.0 Time from start of fill, s
Time from start of fill, s
TCO4 A
3.0 3.0
2.0 o 2.0
<
3 10 { \ 210 g
t E .
E - —— Upstream/filter ¢ up ‘ : = Upstream/filter
g 50 100 Filter/Hase 1 2".1 g 50 100 —Filter/Hose 1
E -1.0 — Hose 1/Hase 2 'E . ———Hose1/Hose2
H H.
£-20 ——Hose 2/Tote g 20 Hose2/Tote
&
3.0 A0
40 4.0 . .
' Time from start of fill, s Tima from start of fil, s
TCO4 B
2.0 2.0
0.0 T T 0.0 T ;
< 50 100 ‘§: 50 100
&0 £ 20 )
E il’// —Upstream/filter g —Upstream/fllter
= S p— :
E, -4.0 — —— Filter/Hose 1 o 4o M e ~——Filter/Hose 1
— E
E o ‘,,J ——Hose1/Hose 2 E &5 ",.'J.‘JJ ——Hose1/Hose 2
© 5.0 g -6
g / ——Hose 2/Tote E ——Hose 2/Tote
o
20 r -8.0
-10.0
-10.0 Time from start of fill, s
Time from start of fill, s !
TCO04 C

77




CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)
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Table G.1: Streaming currents in main Phase 1 test sequence (continued)
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Table G.1: Streaming currents in main Phase 1 test sequence (continued)
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Table G.1: Streaming currents in main Phase 1 test sequence (continued)

0.0 0.0
02 Bl o0 02 50 100
< 0.4 /-'-'—‘: AL Aeaha pad s < 04 r“‘a*.,- Padyroa
5 €06
£ 0.6 g —_ i
E I — Upstream/filter s 8 ’ Upstream/filter
c 038 50 ;
E’ ’ ——Filter/Hose 1 ® 19 I Filter/Hose 1
-1.0 I am—
E ’ —— Hose1/Hose 2 .E.. 45 l Hose 1/Hose 2
L @
£ —Hose 2/Tote = a4 Hose2/Tote
G 14 ’
-1.6
-1.6 o
-1.8 ’ Time from start of fill, s
Time from start of fill, s
TCO8 A
0.0 0.0
: |
0.1 01 -0~ 1007 71
o .WJ o .W
< N < 0.
i“- 0.3 r ‘:": 0.3 (r
E ’ —— Upstream/filter E 2 = Upstream/filter
= -0.4 s 04
3 Filter/Hose 1 3 Filter/Hose 1
205 205
E ——Hose 1/Hose 2 E ——Hose 1/Hose 2
T -0.6 = -0.6
g ———Haose 2/Tote 2 Hose 2/Tote
" 0.7 @ -0.7
0.8 08
0.9 0.9
Time from start of fill, s Time from start of fill, s
TCO8 B
0.0 0.0
01 -hi) B 01 50, 206
< 02 < 02
E
= - 0.3
- -0.3 a
: c A
E -0.4 r —— Upstream/filter 204 l’ = Upstream/filter
= 5 :
a 0.5 ’ ——Filter/Hase 1 E" 0.5 ’ ——rFilter/Hose 1
£ 06 ——Hose 1/Hose 2 E06 I ——Hose1/Hose 2
o o 0.7 ]
v 07 ——Haose 2/Tote = ' Hose 2/Tote
i 0.8 -0.8
! ’ 0.9
-0.9 it
-1.0 ’ Time from start of fill, s
Time from start of fill, s
TCO8 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

0.02 0.02
0.00 A~ 0.00 N an e T Aoy
g 002 50 100 < .02 Sty abadO0A 1
< -0.04 £ -0.04 )
E = pstream/filter E = Upstream/filter
£ -0.06 ) £ .06 )
g Filter/Hose 1 B ——Filter/Hose 1
-0.08 -0.08
E ——Hose1/Hose 2 E ———Hosel/Hose2
5 010 & -0.10 -
2 ——Hose 2/Tote g Hose 2/Tote
@ 012 @ 012
-0.14 -0.14
-0.16 ‘ -0.16
Time from start of fill, s Time from start of fill, s
TC09 A
0.02 0.02
0.00 e A e e b 0.00 A L
b o A L s’ A i pfihaty-1908] 1
< 0.02 g -0.02
g -
E -0.04 ——Upstream/filter E -0.04 —— Upstream/filter
£ £
E, 0.06 M ——Filter/Hose 1 E 0.06 4 ——Filter/Hose 1
c t=
= ~——Hosel/Hose2 1= —
E -0.08 Y / E -0.08 AR Hase1/Hose 2
——Hose 2/Tote 2 Hose 2/Tote
& -0.10 & 010 /
012 0.12
-0.14 - : 01
Time from start of fill, s Time from start of fill, s
TCO9 B
0.02 0.02
0.00 - 0.00 R e
529 fporeidfereitin £ 992 DA sy
< -0.04 £ -0.04 §
H ——Upstream/filter E ——Upstream/filter
£ 0.06 5 -0.06
E, ——Filter/Hose 1 E, ———Filter/Hose 1
-0.08 -0.08
E ——Hose1/Hose 2 E ———Hose 1/Hose 2
® -0.10 L -0.10 4 1 i
g Hose 2/Tote = ——Hose 2/Tote
-0.14 -0.14
0.16 0.16 -
Time from start of fill, s Time from start of fill, s
TCO9 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

0.02 0.02
0.00 et 0.00 orompmrrotorar o Py
5 100 1 w s 1 1
< 0.02 ’W‘VV&WWVA E 0.02
4 = -
E -0.04 —— Upstream/filter g -0.04 = Upstream/filter
E .
2 0.06 4 ) —Filter/Hose 1 Z .06 ——Filter/Hose 1
o c
E 0.08 ——Hose1/Hose2 E -0.08 ~——Hose1/Hose2
5 X 5
(‘i—" o Hose 2/Tote Z 010 - | ——Hose 2/Tote
012 12
-0.14
-0.14 n c
Time from start of fil, s Time from start of fill, s
TC10 A
0.02 0.02
0.00 JAARAAAARAAARAY 0.00 facru A ALA
< 50 100 1 < 50 00
S _0.02 A oA A i Y ¥ .02 Y
H ' | L A | hi ——Upstream/filter a i ——Upstream/filter
H £
2 -0.04 - TP S | ——Filter/Hose 1 E -0.04 \ ——Filter/Hose 1
E ———Hose 1/Hose 2 E ——Hose1/Hose 2
® (.06 © -0.06
o —Haose 2/Tote 9 ——Hose 2/Tote
& &
-0.08 -0.08
-0.10 -0.10 z :
Time from start of fill, s Time from start of fill, s
TC10B
0.02 L 0.02
0.00 P oraiuroraua oo 0.00
< 50 100 1 o 50 100 150
3
a.0.02 002
H x c .
= |Ipstream/filter @ = Upstream/filter
3 ——Filter/Hose 1 E’ Filter/Hose 1
o
£ -0.06 ———Haose 1/Hose 2 £ -0.06 Hose1/Hose 2
E E
L] o
Y p.08 | a1 Hose 2/Tote o -0.08 Hose 2/Tote
& @
-0.10 A 0.10 -
-0.12 -0.12
Time from start of fill, s Time from start of ill, s
TC10 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

30.00 30.00
25.00 25.00
< Lo
3 20.00 Apate, 320,00 f oY
o
H l“ ——Upstream/filter E = Upstream/filter
£ 15.00 oo £ 15.00 —]
E’ Filter/Hose 1 2 G ——Filter/Hose 1
E 10:00 . ——Hose1/Hose 2 E 10.00 ———Hosel/Hose2
o L]
2 500 ——Haose 2/Tote g 5.00 —Hose 2/Tote
w w
0.00 ‘ : 0.00 ; ——
50 100 50 100 0
-5.00 -5.00 . -
Time from start of fill, s Time from start of fill, s
TC11 A
2.0 2.0
1.5 15
< 10
< 10 ::
s = "
E 0.5 —— Upstream/filter g 0.5 Upstream/filter
= = o
?n 0.0 ——Filter/Hose 1 E" 0.0 - - = Filter/Hose 1
E 0.5 a0 100 ' 1 ———Hose1/Hose2 E-05 1 s 0sed Hoses
5 &
g 4 ——Hose2/Tat
é’ | /‘_-‘ ——Hose 2/Tote Z-10 oseZfTote
-1.5
1.5
-2.0
2.0 Time from start of fill, s
Time from start of fill, s
TC11B
0.05 0.05
0.00 ; 0.00 4
100 < L]
1 oos T-0.05
E ——pstream/filter E —— Upstream/filter
£ -0.10 £ 010 :
3 Filter/Hose 1 o ——Filter/Hose 1
60 =
E oL ———Hosel/Hose2 E 015 M ———Hose1/Hose 2
&
o @
8020 = ——Hose2/Tote 5020 ——Hose2/Tote
&
-0.25 B
-0.30
-0.30 5 = Time from start of fill, s
Time from start of fill, s
TC11 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

25 25
20 20
g 5
£15 £15
E = Upstream/filter § ——Upstream/filter
E £
alo ——Filter/Hose 1 510 ——Filter/Hose 1
E \}\%A. Hose1/Hose 2 E Hose1/Hose 2
g3 oy ‘l"T“l MG & 5 1\ Mg LT, YW TR
o a
: N O A ‘ Hose 2/Tote : %V*‘_&‘al Hose 2/Tote
0 T T 0 T T
50 100 1 50 100
-5 -5
Time from start of fill, s Time from start of fill, s
TC12 A
1.5 1.5
1.0 1.0
% S
= 0.5 <05 .
E ——Upstream/filter g = Upstream/filter
= o
2 00 — Filter/Hose 1 2 00 : A ——Filter/Hose 1
E =0 }( 1 ~———Hose1/Hose 2 E 20 /ﬁ —Hose1/Hose2
@ 0.5
E -0.5 Hose2/Tote g ——Hose 2/Tote
A ? 1.0
1.0 / .
L5 b ime f il
' Time from start of fill, s Tima fromistartotiill s
TC12 B
0.2 0.2
01 0.1
< <
< 0.0 ; o T oo . ;
o
c 5 100 1 —— Upstream/filter 3 100 ——Upstream/filter
£ -01 ; 0.1
3 = Filter/Hose 1 o Filter/Hose 1
£ 02 202
T ——Hose 1/Hose 2 £ ——Hose 1/Hose 2
® &
203 ——Haose 2/Tote 203 Hose 2/Tote
& &
0.4 0.4
0.5 s " "
Time from start of fill, s Time from start of fill, s
TC12 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

0.04 0.04
0.02 0.02 I
<
E =
= 000 AAJ— £ 0.00 ]
@ 5 0 140 ——Upstream/filter g A i 1bg  —Upstream/filter
;3; -0.02 ——Filter/Hose 1 2 002 Filter/Hose 1
E l Hose1/Hose2 E L ———Hose1l/Hose 2
] @ -0.04 [
g 00 ¥| | l W Hose2/Tote g ——Hose2/Tote
w &
-0.06
-0.06 ' —w '
-0.08
008 Time from start of fill, s Timie:framatartat fifl s
TC13 A
0.02 0.02
0.01 | l 0.01 4
< 0.00 < 000
= 0 150 ) 50 109 130
o ] n -0.01 h = Upstream/filter
g 001 = Upstream/filter g L ‘1 I P /
= 3 :
1_0_02 ] Filter/Hose 1 5—0.02 i =—Filter/Hose 1
E 0.03 ———Hose 1/Hose2 E -0.02 ——Hosel/Hose 2
& 0.
L ——Hose2/Tote f:-j 0.04 =—Hose2/Tote
< 0.04 o
-0.05
-0.05
-0.06
L0.06 Time from start of fill, s
Time from start of fill, s
TC13 B
0.30 0.30
0.25 0.25
0.20 < 0.20
i = 0.15
T oas g0 ]
E i 1 —— Upstream/filter g Nl ——Upstream/filter
3 ’ ——Filter/Hose 1 3 ——Filter/Hose 1
2 0.05 ¥ 0.05
‘E i Hose1/Hose2 £ Hose1/Hose 2
@ 1 o 0.00 i
; 0.00 —rsv-(; 100-—1— o Hose 2/Tote g o ’ﬂ‘;' 180 Hose2/Tote
-0.05 | I v -0.05 P
0.10 .10
I -0.15
21 Time from start of fill, s Time from start of fill, s
TC13 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

0.02 0.02
0.01 | 0.01
g
< =
4 + 0.00
o o0 ] @ = Upstream/filter
@ 5 00 = Upstream/filter g
2 p.o1 Filter/Hose 1 En 0.01. ——FHilter/Hoze
.%n Hose 1/Hose 2 E ———Hose 1/Hose 2
E T -0.02
g -0.02 Hose 2/Tote = ———Haose 2/Tote
& &
0.03 H
-0.03
0.04 . .
0.04 Time from start of fill, s
Time from start of fill, s
TC14 A
0.005 0.005
0.000 R
< 0.000
< =
E -
o c :
E 0.005 ——Upstream/filter g—0.00S Upstream/filter
3 Filter/Hose 1 3 ——Filter/Hose 1
i 2
E 0.010 Hosel/Hose2 g 0.010 ——=Hose 1/Hose 2
®
o P o
& Hosg2/Tote - =—Hose2/Tote
0.015 9 0.015
-0.020
-0.020 5 y
Time from start of fill, s Time from start of fill, s
TC14 B
0.010 0.010
0.005 0.005
0.000 | 0.000
0 0 )
-0.005 —— Upstream/filter 0.005 Upstream/filter
= Filter/Hose 1 ——Filter/Hose 1
-0.010 -0.010
Hose1/Hose 2 ———Hose1/Hose2
-0.015 - Hose 2/Tote -0.015 =—Hose 2/Tote
— -0.020 -
ey -0.025
0.030 -0.020
TC14 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

8 8
7 7
sl MM L AL g i
,[Jw il W
5 5 )
— Upstream/filter ‘I{/ Upstream/filter
4 I[PN\VA.AVA \MMWL ——Filter/Hose 1 4 W Filter/Hose 1
3 fo Hose 1/Hose2 3 ——=Hose1/Hose2
3 Hose 2/Tote 2 =——Hose2/Tote
1 1
0 : 0 : i
50 100 4 50 100
-1
TC15A
> 5
0 | ; 0 7 !
50 100 50 100
= _5 .
2 = Upstream/filter Upstream/filter
— i ——Filter/Hose 1
i e Filter/Hose 1 10
——Hose1/Hose2 |F:: ——Hosel/Hose2
ik }/"‘W-—-—-‘—""‘“ Hose 2/Tote 15 ——Hose2/Tote
-20
-20
-25
-25
TC15B
> 5
0 ; : 0 T T
50 100 50 100 30
: 5 . .
3 —— Upstream/filter Upstream/filter
Filter/Hose 1 =Filter/Hose1
10 o, -10
i Hose 1/Hose 2 ~—Hose1/Hose2
% = ——Hose2/Tote 15 —Huose2/Tote
20
-20
|
25 -25
TC15C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

6 6
4 4
2 2
=== Jpstream/filter
0 T ——Upstream/filter 0 T T » /
S 100 Filter/Hose 1 5 50 100 = Filter/Hose 1
Hose1/Hose 2 I ——Hose 1/Hose 2
4 //‘_'___’_’ Hose 2/Tote 4 f’.‘_'_———’-_’_’_‘ —Hose 2/Tote
_6 i |
6 ;MM M
-8
" 'd
V 10
-10
TC16 A
0 T T 0 T I
50 100 (l' 50 100
5 -5
10 /ﬂ—'—.d ——Upstream/filter 10 Iﬁ ——Upstream/filter
= Filter/Hose 1 =———Filter/Hose 1
Hose 1/Hose 2 ———Hose1/Hose2
i 15
———Hose2/Tote —Hose 2/Tote
20 20
25 -25
TC16 B
> 5
[ ; 1] . .
50 100 50 100
-5 -5
LM ; " | _,....--—“-"J —— Upstream/filter
-10 p—— —— Upstream/filter 10 .
Filter/Hose 1 is ——Filter/Hose 1
-15 E
/ Hose1/Hose2 M ——=Hose1/Hose2
20 ’)"/ Hose 2/Tote =20 “)’/ ——Hose 2/Tote
25 -25
-30
-30
-35
35
TC16 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

10.0 10.0
8.0 8.0 —‘N\
6.0 R — a 80 f=— =
1 a0 o 40 ——
= 5 g “""‘—"'-—u—;.q___‘ . .
E 2.0 —— Upstream/filter g 2.0 Upstream/filter
lé 0.0 - - ——Filter/Hose 1 2 po : - = Filter/Hose 1
g g 50 100 1%0
E 2.0 50 100 150 Hose1/Hose2 E 2.0 ——Hose 1/Hose2
L] L3
£ a0 Hose2/Tote e ——Hose2/Tote
“ ]
6.0 6.0
Hi -8.0
1.0 00 ime f £ fill
i Time from start of fill, s dime o skartofall 5
TC17 A
0.20 0.20 /
0.10 « 0.10
< 3,
: £ .
E Wi . " ——Upstreamy/filter g 0.00 ; : Upstream/filter
S 50 100 1%0 Filter/Hose 1 E 50 100 130 ——Filter/Hose 1
2 E
E 010 Hose1/Hose2 g 010 ——Hose1/Hose 2
o W
2 —Hase 2/Tote f‘-,' —Haose 2/Tote
&
LU
-0.20 0:20
-0.30
-0.30 - . Time from start of fill, s
Time from start of fill, s
TC17 B
0.7 0.7
0.6 0.6 )ﬁ
ot <
& = 505
B t ’
- o 04 ——Upstream/filter
H 0.4 —— Upstream/filter =
£ o 0.3 ——Filter/Hose 1
S 03 Filter/Hose 1 W
z E 02 ——Hose1/Hose2
E i Hose1/Hose 2 s B
& 0.
g Hose 2/Tote ",,': 0.1 Hose2/Totd
& i
g2 0.0 T T
a0 M ‘ : i 50 100 150
50 100 150 Time from start of fill, s
-0.1
Time from start of fill, s
TC17 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

8.0 5.0
7.0
6.0 « 4.0
S
g 50 £ 30 !
¥ 4.0 H = Upstream/filter
v —— Upstream/filter ‘==:
E, 3.0 il hEse E" 2.0 Filter/Hose 1
2.0 = S—
E Hose1/Hose 2 E 10 Hose1/Hose 2
o 1.0 i
[ Hose 2/Tote g Hose 2/Tote
& 0.0 T T 2 0.0
} T T
1.0 50 100 1 50 100 1
2.0 1.0
o Time from start of fill, s
’ Time from start of fill, s
TC18 A
1.4 1.4
12 ] 12 ﬁ
1.0 W :EL i ﬁ/m
3 0s / //F £ 08 .
o O 7, @ fy ——Upstream/filter
a é/ —— Upstream/filter t 06
£ 06 . o l Filter/Hose 1
B ﬂ ——Filter/Hose 1 En 0.4
E 0.4 i Hose1/Hose 2 g - I ———Hose1/Hose 2
& e 0
g 02 Hose 2/Tote & - | Hose 2/Tote
& ; T .
0.0 T . 50 100 1
50 100 1 0
02 0.4
i Time from start of fill, s
' Time from start of fill, s
TC18 B
2.5 2.5
2.0 A 2.0 34
p / = %/
215 £ 15
o = Upstream/filter v .
I = = Upstream/filter
2 10 ——Filter/Hose 1 3 10
g E Filter/Hose 1
'E ~——Hose1/Hose 2 £
8 05 © 0.5 e Hose 1/Hose 2
u ——Haose 2/Tote s
& “ - Hose 2/Tote
0.0 ‘ ; 0.0 ‘ ‘
f 50 100 1 50 100 1
0.5 g Time from start of fill, s
Time from start of fill, s !
TC18 C

91




CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

7.0 7.0
6.0 6.0 L.\
< 50 g 50
m E‘ 4.0
£ 40 o 4 W
£ \,\‘ —— Upstream/filter E b \A ——Upstream/filter
3 30 :n 3.0 ’
14 M ——Filter/Hose 1 = 50 \\ - g ——Filter/Hose 1
E 22l ———Hose 1/Hose2 E INM Hose1/Hose2
& T ”qu.m.\ & 1.0 ——— — Hose2/Tote
: ﬁ-‘"*—--——._. ——Hose 2/Tote
0.0 § . T
0.0 T T
50 100 1
50 100 1 -1.0 J
1.0 Time from start of fill, s
Time from start of fill, s
TC19 A
5 5
0 T r < 0 T T
« 50 100 1 3 1
: £
£ e * 5 .
g 5 L_/’,ﬂrﬂ""’w Upstream/filter E =—Jpstream/filter
o o b .
o M/,u-f / T E— E - =—Filter/Hose 1
£ -10 S —
: — Hose1/Hose2 H Hose1/Hose 2
] ——Hose 2/Tote “ oy ———Hose 2/Tote
-15
-20
20 Time from start of fill, s
Time from start of fill, s
TC19B
a T T 0 T T
50 100 1 50 100 1
5 & -5
< =4
ES - =
H 5 10
g 10 ——Upstream/filter £ R = Upstream/filter
3 o
g /’\‘“ ——Filter/Hose 1 2 is s Fil ter /Hos e 1
E 15 = -
E ~——Hose 1/Hose 2 E ——Hose 1/Hose 2
3 P=
2 56 Hose2/Tote @ 39 =——Hose2/Tote
25 -25 " g
Time from start of fill, s Time from start of fill, s
TC19 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.1: Streaming currents in main Phase 1 test sequence (continued)

2 2
1] T T 0 T T
50 100 150
4 G —%0 100
< ES .
1 . -
o e -4 /f’ Pt
c L "
g -6 = Upstream/filter E -6 V’ffr = Upstream/filter
3 2
2 3 //( ——Filter/Hose 1 E -8 ./ ——Filter/Hose 1
E £ ¥
E -10 ’// ~——Hose1/Hose 2 i -10 V/ ——Hose1/Hose 2
4 12 / Hose 2/Tote & 12 / ———Hose2/Tote
/ -14 ’#
14
-16
16 - Time from start of fill, s
Time from start of fill, s
TC20 A
2 2
0 . . 0 T
e 50 100 1%0 ‘§_
T2 = g o2
5 g ,
= —— Upstream/filter = ' —— Upstream/filter
3 4 3 - .
2 —Filter/Hose 1 g Filter/Hose 1
£ £
v 6 ——Hose1/Hose2 E -b ——Hose1/Hose2
& el
= ——Hose 2/Tote = 8 Hose2/Tote
-8
-10
-10 Time from start of fill, s
Time from start of fill, s
TC20B
0 T T 0 T T
] 100 1 50 100 |
* PG TTA N e
q i -4
e 6 g 6 ,}.
T @
& //;’ ) S 3 / — Upstream/filter
- =
t 8 = Upstream/filter o /
o f'/ / 210 ——Filter/Hose 1
E’ -10 Filter/Hose 1 E }
E }f & 12 / ———Hose1/Hose2
b, ——=Hose1/Hose2 =
g 12 / / & 14 ——Hose2/Tote
14 / =——Haose 2/Tote 16
16 -18
Time from start of fill, s
-18
Time from start of fill, s
TC20 C
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.2: Streaming currents in Phase 1 supplementary tests

0 o T I
50 100
< -5
: ~
!
c
g 10 ‘,\,f"/
=
R - /
E -15
L]
g
@
-20
-25

Time from start of fill, s

—— Upstream/filter
—— Filter/Hose 1
e Hose1/Hose 2
——Hose 2/Tote

Streaming current, pA

0 ; .
tﬁ 50 100 1
5 // =
-10 /
15
20
25

Time from start of fill, s

= Ipstream/filter

Filter/Hose 1

Hose 1/Hose 2

Hose 2/Tote

TC19 Generation 4 B element, dry

0 T I 0 I
I I—-———
50 100 0 50/% 150
-5 A -5
! N«// E /“’//{l
£ 10 P ——Upstream/filter Eis 7 ——Upstream/filter
g / — Filter/Hose 1 L ,7 Filter/Hose 1
E L]
£ 15 ———Hose1/Hose2 E BT ———Hose1/Hose2
w
g —Hose 2/Tote ?:l Hose 2/Tote
20 Y20
25 - : 25
Time from start of fill, s Time from start of fill, s
TC19 Generation 4 B element, wet
2
0 T T
2 5 100 15 200
« -
Ed
£ 7 - —— Upstream/filt
stream/filter
£ 6 W K
3 M/ ——Filter/Hose 1
t
c -8
& | J"/ ———Hose1/Hose2
© 10
o / —Hose 2/Tote
& 12 il
14
-16
Time from start of fill, s

TC19 Generation 4 B element, wet, empty tote at start of run
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.2: Streaming currents in Phase 1 supplementary tests (continued)

01

0.0 ; : T
50 100 150
01

-0.2

v

03 A
04 i{

-0.5

Streaming current, pA

-0.6

Time from start of fill, s

—Upstream/filter
———Filter/Hase 1
——Hose 1/Hose 2

~——Hose 2/Tote

Streaming current,

50 100

Time from start of fill, s

——Upstream/filter

Filter/Hose 1
———Hose 1/Hose 2

Hose 2/Tote

TC19 Pipe currents with no element
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CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.3: Streaming currents in Phase 2 tests: 6" elements

Time from start of fill, s

1.0 1.0
0.5 a 0.5
E 0.0 ; T —4 —— Upstream/filter g 0.0 I I ) Upstream/filter
E, 50 100 150 2 Filter/Hose 1 2 50 100 150 2 = Filter/Hose 1
o
c
E 0.5 Hose1/Hose2 E -0.5 ———Hose 1/Hose 2
o (1]
& Hose2iTote g = ——Hose 2/Tote
1.0 == b 40 F“—m
A 45 : :
Time from start of fill, s Time from start of fill, s
Element A/Ol, 58 USGPM
1.0 Il 1.0
0.5 0.5
" E I
< 0.0 T T o = 0.0 I I
z 0 w1 2 g 50 100 150 200 ——Upstream/filter
E 05 = Upstream/filter g 05 P
?n = Filter/Hose 1 En ——Filter/Hose 1
E 1.0 ———Hose 1/Hose 2 E Al e ———Hose 1/Hose 2
& ﬁ
£ . Hose 2/Tote E -1.5 ——Hose 2/Tote
& 15 i |
2.0 -2.0
5 25 _ _
. Time from start of fill, s Time from start of ill, s
Element A/Ol, 69 USGPM
0.0 ; ; — 0.0 ; e
v
50 o Juse 2 50 100 150 2
s <05
E e
o 15 :
E -1.0 ——Upstream/filter g -1.0 Upstream/filter
?n ———Filter/Hose 1 uan E ——Filter/Hose 1
E a5 ~——Hose1/Hose2 E -1.5 ———Hose 1/Hose 2
H
H ———Hose 2/Tote E e Hos 2 2/ To e
v B 20
-2.0 *
-2.5
2.5 Time from start of fill, s

Element A/Ol, 81 USGPM

96




CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)

Time from start of fill, s
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)

Time from start of fill, s

6.0 6.0
2.0 4.0
<
i ]
4 2.0 e = pstream/filter
g ] £ 00 . .
¢ 0o o —— Upstream/filter g 50 100 150 |2 — Filter/Hose 1
E, 50 100 150 Filter/Hose 1 E 20 ~———Hose 1/Hose 2
E 2.0 Hose1/Hose2 E -4.0 —— Hose 2/Tote
L] "
g a0 d— Hose 2/Tote 6.0 E
-8.0
6.0 ¥ Time from start of fill, s
-8.0
Time from start of fill, s
Element B/io, 58 USGPM
8.0 8.0
6.0 6.0
4.0
10 E
Ed g 20
T 50 E ——Upstream/filter
t . 5 040
e Upstream/filter 2 .. |
g 0.0 i ; B E" 20 50 100 15 2 Filter/Hose 1
A 50 100 15 ——Filter/Hose 1 £ Hose1/Hose 2
£ 20 ® 4.0
£ ———Hose1l/Hose 2 g | Hose 2/Tote
® 3
g a0 Hose 2/Tote W <60 e
bl S R . T ,80
-0.0
-10.0
2.0 Time from start of fill, s
-10.0
Time from start of fill, s
Element B/io, 69 USGPM
8.0 8.0
6.0 6.0
« 4.0
10 E
< € 20
< 20 E = pstream/filter
€ i 1 5 0.0 I =
H] ——Upstream/filter 2 —— Filter/Hose 1
£ oo i ) iter oo E., 20 50 100 f150 2 /
o 20 50 100 150 ilter/Hose £ i ~——Hose 1/Hose 2
£ -2 m -4
E Hose1/Hose2 o —Hose 2/Tote
o A 6.0
£ -4.0 ——Hose2/Tote
“ -8.0
-6.0 ]
-10.
g e Time from start of fill, s
-10.0

Element B/io, 80 USGPM

102




CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Element B/io, 115 USGPM, empty tote
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Table G.3: Streaming currents in Phase 2 tests: 6" elements (continued)
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Table G.4: Streaming currents in Phase 2 tests: 2" elements
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Table G.4: Streaming currents in Phase 2 tests: 2" elements (continued)
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Table G.4: Streaming currents in Phase 2 tests: 2" elements (continued)
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5 ) £
& a0 T Filter/Hose 1 uﬁn a0 I e, ——Filter/Hose 1
s Hose1/Hose2 1=
E E =——Hose 1/Hose 2
= 4.0 ——Hose 2/Tote ® -1.0
Ll :‘:.J‘ ——Hose 2/Tote

5.0 ? 50

s 6.0

Element B, 84 USGPM
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Table G.4: Streaming currents in Phase 2 tests: 2" elements (continued)

Streaming current, pA
A
=]

= Upstream/filter

Filter/Hose 1

0.0 T T T 0.0 T
150 2 10
1.0 -1.0
<
120 120
o t .
E 3.0 —— Upstream/filter g 30 = Upstream/filter
?ﬂ &_ —— Filter/Hose 1 E Rﬁ"" = Filter/Hose 1
E o Q ——Hose1/Hose2 E 40 ~ ——Hose1/Hose 2
©
& 50 Hasg2/Tote 250 ——Hose 2/Tote
b
6.0 6.0
7.0 ‘ 1.0 - -
Time from start of fill, s Time from start of fill, s
Element B, 96 USGPM
0.0 T T 0.0
)0 150 0
i 1.0 L

Streaming current, pA
A
o

= Upstream/filter

——Filter/Hose 1

Time from start of fill, s

%% Hose1/Hose 2 50 b‘ =———Haose1/Hose2
\". Hose 2/Tote e
—Hose 2/Tote
6.0 -6.0
J0 -7.0
8.0 |I '8.0
Time from start of fill, s Time from start of fill, s
Element B, 108 USGPM
0.0 0.0
oo 150 100
2.0 -2.0
<
< =
EY ..
= 40 £ 40 i
E —— Upstream/filter g Upstream/filter
?., 50 ——Filter/Hose 1 S 6.0 | Filter/Hose 1
E R ———Hose 1/Hose 2 E Hose1/Hose 2
® 30 ey m -8.0
o i ] = Hose 2/Tote :"-: Hose 2/Tote
w
10.0 -10.0
b -12. - -
) Time from start of fill, s Time from start of fill, s
Element B, 120 USGPM
0.0
150 200
-2.0
<
I a0
E —— Upstream/filter
5 :
E" -6.0 Filter/Hose 1
2 /"\\—. Hose 1/Hose 2
g 8.0 f‘\\m Hose 2/Tote
-10.0
-12.0

Element B, 120 USGPM, empty tote

109




CHARGE GENERATION AND DISSIPATION IN AVIATION FUEL HANDLING WITH FILTER MONITORS

Table G.4: Streaming currents in Phase 2 tests: 2" elements (continued)

Time from start of fill, s

Time from start of fill, s

00 ‘ ; : 0.0 : i
50 100 150 100
0.5 gan S — -0.5 e
\M*‘ <
T E
T <10 X
s e DV —— Upstream/filter a e TR = Upstream/filter
3 .15 Filter/Hose 1 E a5 ——Filter/Hose 1
c
E Hose1/Hose2 E ——Hose1/Hose 2
[ X] © -2.0
B Hose 2/Tote g — Hose2/Tote
wy
_— 2.5
Hi 3.0
Time from start of fill, s Time from start of fill, s
Element C, 60 USGPM
0.0 T T 0.0 T
G5 &.Aq__ go,g_._..L(] 0.2 J;———q.ea—h
04 0.4
<
3 06 \ Z0s
E -0.8 \\\ = Upstream/filter s -0.8 \\" —— Upstream/filter
[ 3 L = A i o ———
E, W \\\. ¥ ——Filter/Hose 1 E 1.0 h Filter/Hose 1
? M
E 12 A —Hosel/Hose2 E -1.2 Hose 1/Hose 2
o 1]
& 14 I i Hose2/Tote 2 14 et ——Hose 2/Tote
,1.6 “ _1-6
55 | 13
15 | 2.0

Element C, 72 USGPM

0.0

-0.2

Streaming current, pA
i L e e .
(=]

] 100 150

n

\

Time from start of fill, s

—— Upstream/filter

Filter/Hose 1

Hose1/Hose2
——Hose 2/Tote

Streaming current, pA

0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
-1.4
-1.6
-1.8
-2.0

Time from start of fill, s

= Upstream/filter
= Filter/Hose 1

=——Hose 1/Hose 2

Hose 2/Tote

Element C, 84 USGPM
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Table G.4: Streaming currents in Phase 2 tests: 2" elements (continued)

Time from start of fill, s

Time from start of fill, s

0.0 T T T 0.0 T
150 2 200
0.5 -0.5
<
< 4
% "
a0 £ 1.0 )
E \\\\\*-\ —— Upstream/filter g \\\\\ —Upstream/filter
z e Fi g == Filter/Hose 1
o 1.5 \"‘r‘.‘ Filter/Hose 1 E’ 1.5 -\\ /!
E ——Hose1/Hose2 E ——Hosel/Hose 2
H 5
¥ 20 ¥ ——Hose 2/Tote E 20 Hose 2/Tote
& &
2.5 2
5 30 L .
’ Time from start of fill, s Time from start of fill, s
Element C, 96 USGPM
0.0 T T 0.0 T T
100 150 2 54 100 150 200
-0.5 -0.5
<
< :
- - 1_0
g A0 ] ——Upstream/filter
o \\\\ = Upstream/filter E
g s ——Filter/Hose 1 » 1.5 \\\m ——Filter/Hose 1
£ \‘_ = ——Hosel/Hose 2
H Hose1/Hose2 E
E o -2.0 1‘“‘«-
g-20 o ——Hose 2/Tote B =——Hose 2/Tote
& ":!
\\hw‘ 25
-2.5
3.0 . .
30 Time from start of fill, s
' Time from start of fill, s
Element C, 108 USGPM
0.0 T T T 0.0 T T T
50 {00 150 2 50,00 150 20
-0.5 -0.5
1.0 1.0
1 1
E. 1.5 \\\ = UUpstream/filter E 2 \\\ —— Upstream/filter
E" 2.0 \“_ Filter/Hose 1 E" 2.0 \M ——Filter/Hose 1
E Hose1/Hose2 E =——Hose1l/Hose2
Eoas & 2.5
Z \\“:‘N Hose 2/Tote 2 \;::‘N Hose 2/Tote
@ 30 ]
a5 -3.5
4.0 -4.0

Element C, 120 USGPM
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