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Preface

This report presents the results of an investigation of
the static electricity generated by some hydrocarbons during
flow through tubes of various lengths. The purpose of this
research was to define a parameter and develop a method for
measuring it. The parameter, which is to be used to compare
the charge generating potential, is a function of the
electrical and trsnsport properties of the hydrocarbon, the
pipe material and a representative dimension. Its applica-
tion would provide the designer of both fixed and mobile
fuel handling systems with an analytical method of estab-
lishing system criteria which reflect both safety and
economy.

Throughout the course of this study, there were many
people who provided help and suggestions whe{tthey were
needed. My deepest appreciation is given to Dr. Harold E.
¥right who not only contributed his knowledge and prior
experience, but also a great enthusiasm for the projéct
which urged me on even during periods of difficulties.

I am also indebted to Mr. Millard W. Wolfe, Mr. Carl
Short and the staff members of the Air Force Institute of
Technology shops for their personal interest and effort in
the construction of the test equipment.

To these people of the Air Force Institut~ of Technology
I wish to express my gratitude: Dr George John, Mr. J. R.

Gabriel and Mr. G. J. Gergal of the Derdrtment of Physics,
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Mr. Robert G. Durham of the Department of Efectrical
Engineering, and Dr. Andrew J. Shine and Wiliiam C. Elrod
of the Department of Mechanical Engineering. The instru-
nents, anslysis of equipment malfunctions, and information
based on vast experiernce provided by these people was truly
responsiblé for my being able to complete this project.

In addition, my appreciation is extended to the personnel
of the Aerospace Fuels Laboratory, Wright-Patterson Air Force
Base who provided most of the required background information.

Also, I would like to thank Mr. John T. Flahive who ably
assisted me in gathering materials and setting up equipment,

Finally 1 offer a very special appreciation to my wife
and children who werc most patient and understanding while I

completed this work.

Valcatine L. Denninger
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{ % Symbol Description E
. % Kc Conductivity cell constant, centimeters'1 f
k :E Ke Electrification parameter, coulomb seconds/meterz'5 i
;} :é KP Proportionality constant to correct units 3
é i L Length of pipe or distance between capacitor
- : plates, meters
3 ; L Overall pipe length, meters .
? é n Viscosity, kilogran/meter seconds
éi :§ q Charge in fuel at any time t, anpere seconds
%; fé G Initial charge on incoming fuel, ampere seconds
; g% 4] Total charge on ~apacitor, ampere seconds
fé §% Q0 Initial charge on capacitor, ampere seconds.
‘: i} T Resistance, oacs
;: &3 Tt Resistivity, ohm neter
15‘ £ R Radius of pipe, meters
; E Re Reynolds number, dimensionless
?F ; s Charging tendency, micro'coulombs/meter3
k- . t Tine, seconds
- 4
f ; t! Half time value, seconds
: ' t1 Half time of receiver vessel, seconds
; t, Half time of receiver vessel with capacitor shunt,
E seconds
% Tn Tenperature §ubscripted to indicate location,
. degrees centigrade
Z Tss Shear stress at pipe wall, kilograms/meter second2
?? v Potential difference, volts
i v Average velocity or velocity, meters/second
3 Z Electrokinetic potential, volts




Description

Ao kel

Per=zity kilograms/meter°

T

A : T Relaxation time constant defined as eeolk, seconds

Prefixes

P Pico, 10712 x unit

9 - ]

n nano, 10 ° x unit

-6

1] micro, 10 X unit

é: » milli 1073 x unit '
;’ k kilo, 103 X unit |

= F M meg 106 X unit

LS Fe
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3 E A MLTHOD TO COMPARE THE POTENTIAL OF
‘Z\-
ﬁ g A FLOWING LiQUID HYDROCARBOM TO
é F GENERATE STATIC ELECTRICITY
? - I. Introducticn
? ' Background-

The accunulation of electrostatic charge in the handling
of hydrocarbons has long been recognized in the Air, Force and
petroleun industry as a rpotential hazard. The current use

of higher transfer rates created by the increased fuel

,£ capacity of the new large transport aircraft, and the exten-
e 3 sive use of more volatile fuels is intensifying the hazard.
e In addition, fuel quality standards f>r the new generation

(233

of aircraft power plants requires cleaner fuel, that is,

AR

with smaller percentage of particulate contamination and

N

dispersed water. Since most systems are low capacity and

i1E
oy

PR ——

% use steel piping and components, the above sperational changes
%é ; necessitates redesign of both fixed and mobile dispensing

g g systems to allow use of corrcsion free materials such as

'% i fiberglass or less reactive materials, such as aluminum or

‘g § stainless steel. Since the majority of the refueling systems
;! H

A : vere built using schedule 80 stecl pipe and mild steel

fittings, most data related to static electric charge accumu-

toov . Ay memaen

lation were based on relative motion between fuels and these
‘ materials. Little or no data are available for non metallic
materials other than glass and only small quantities for non-

ferrous metals.
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Although the bonding and grounding phase of static
protection is well under control, there still remzins one
area vﬁere static-ignition possibilities are not always
recognized, or if knmown, are not practically avoided. This
area irvolves those static-caused incidents that occur within
tanks where vapor space exists above a2 free liquid surface.
It is in this vapor space where the use of JP-4 has created
the potentially nore hazardous condition. JP-4, being a
nixture of octare and a2viation kerosine, has a vapor pres-
sure specification with a =inirus of 2 and z maximum of 3 psi
Reia. Ip this pressure range, flammable mixtures could be
encountered in a range of product temperatures extending zas
low as -20°C and as high as 30°C (Ref 2). This range would
include nost commonly encountered operating tenmperatures.

Between 1950 and 1960 the greatest amount of research
was accomplished which considered static electricity in
petroleunm products. It is estimated that more than 150
technical papers and industrial reports were published in
this time frame, but by far the most comprehensive is the
work of Klinkenberg and Vander Minne (Ref 3). This report
provides detailed theoretical and experimental consideratiomns
plus description of and reference to most of the important
works previously accomplished by other researchers.

Review of the many technical reports and available data
indicates at least one significant problem. There is a
definite lack of correlation between data taken under reason-

ably similar conditions but at cdifferent times. This is not
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difficult to understand, however, in that 2 large number of
varizbles contributc to the eisctrostatic charging mechanisms,
but only 2 very few can be directly controlleé. Probably

most inpozta;t is the fact thst mary commercizl hvdrocarbon
fuels are mechanical mixtures, a2né cannot be consiGered molecu-

lariy homogeneous or chemically identicazl batch to batch z2nd

from one time to another. -

Objectives

The fact that previous investigations showed a wide

L J3u0EA SRS RINEMIN BIMME | AR

range in most parameters associated with static electric
phenonmenon suggested that a study be made to investigate the
appropriateness of previously developed theory to wmroduce 2
single characteristic parameter which describes electrostatic
activity. This physical parameter would be analogous, for
instance, to solubility since it would describe a Tate of
activity between the nydrocarbon and znother substance,
nazely the pipe. This would be similar te the relaticmship
between solvent and solute even to the extent that the
magnitude of the rate would te effected by other physical
conditions such as temperature.

To this end, the following objectives were established:

1. The developuent of a parameter based onr the theories
of Helmholtz and Schon most recently repcrted by Hampel and
Luther (Ref 4) which cculd.

a. Relate the rate o° electrostatic charge »ro-

duction created by motion between various liquid hydrocarbons

and solids.
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b. Be defined 2t 2 standard temperature, pressure
and safe current dersity.

2. The design 2nd constructior of experimental appara-
tus capable of establishing a2néd verifying the magnitude of
the parameter. The followirng operational conditions must be
provided.

2. Current measuring czpability In the range

1078 tc 10716 amperes

a3 S RN AT PR 3

b. Compatzble imsulatiomn i shielding so that
outside interference, noise anéd lezkage is minimal

c. Independently measured parameters must be
compatable, reproducible and of such degree of accuracy so
as to preserve the overall zccuracy

d. Apparatus and procediire nust emphasize sim-
plicity 2nd a reasomnably short recycie time

3. Gather data and compare experimental results with

theoretical to the extent that:

a. The workzbility of the systems is demonstrated.
D. Data calculated, using the parameter, will

conpare at least to within an order of magnitude with experi-

mental data.

Units

To preclude the confusion which arises from the use of
nixed unit systems, especially where nechanical system inter-
face with elsctrostatic systems, the rationalized metric

system +ill be adoped throughout this report. The fundamental

i b s e i -

e o
SRR
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quantities zre length, ma2ss, time, temperzture 2mnéd a2n elec-
tric guantity. Their units are meter, kilogram, second,
degree Kelvin, and z2bsolute ampere, respectively. Table I
provides a2 list of deriveé quantities with their umits. It

should be noted that the volt is defined 2s 2 basic unit.

Table I

Basic z2né Derived Upits

Units Expressed in

Quantity Unit m kg sec A m sec ¥V A
Force Nexton (XK) kg :mlsec2 VA sec/m
Energy, Work Joule (J) kg nzlsec2 VA sec
Fower Watt (%) kg czlsec2 VA
Potential Voit (V) kg nzlseczA Vv
Resistance Oha (2) kg mzlsecsA2 V/A
Charge Coulozb (C) A sec A sec

2

Capacity Farad (F) sec4AZIkg n A sec/V
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Ii. Theory

Chargze Sepzaration zpd Streaming Current

There is no gemeral theory which totaliy describes the
mechanism of electrification of hycéroczrbor fuels. Hydro-
carborn fuels can collect 2lectric charges when flowing past
2 solid, for instznce through a pipe, or when finely divided
particles of a2 second substance, such as water droplets,
settles through the fuel. These electriczl phenomexon,
causeéd by the relative movement between two phases, are
knoxn as electrokinetic phenecmenz im c0oiloid chemistry.

#ost of the theories and mechanisms proposed for the elec-
trification of hydrocarbons were 2m cutgrowth of this science.
Iz that =most of these checries zre for highly coaductive
aqueous solutiomns, tleir application to low conductivity
hydrocarbons is very limited and cuestiovmnable. For this
reason, the parameter proposed in this study will be devel-
pped using only those theories of charge separation which
ave gained wider zcceptance. Even under these circumstances,
the variaztions found in most data related to electrification
of hydrocarbcns lecads to a heavy dependence on experimental
determination and verification of any factor.

Following the classical, Helrholtz, double-layer, theory,
it is assuned thkat some ionized material in the hydrocarbon
is selectively adsorbed at the fuel-solid interface. This
ion transfer establishes a vouble-layer of charge of opposite

sign with one layer of charge on the surface and the other

“d



layer at a very small distance within the iiquid. The :

potentizl difference 2t the double-iayer seldom exceeds one
volt and is mocmally between 0.61 2néd 0.1 volt (Ref 3 2mrd 6).
Reiztive movement at this interfuce will cause the twe lavers
of charge to be separated.

thea 2 hydroczrbon floxs through 2 pipeline ioms (mega-
tive by coaventiox) attached to the pipe will terd to remazin
while the corresponding pesitive ioms in the hydrocarbon will
be carried with the flow. Thus, the negaztive ioms ¥hick were
previously bound ia place by the proximity of the positive
ions 2re now lezt f;ee to flow to grouné. Since some
researchers make reference to probable chemical reaction,
similar to electrolysis, a2t the interface it is reasonzble
to believe that the actu2i ion does nct flox to grecund but
rather a2n eleciron exchange takes place a2nd the elvctron
flows to ground. As long as the fluid flows this is 2 cen-
tinuous prccess of charge separation; positive charges
carried downstrean by the liquid while negative charges flow
from the container to ground.

The actual amount ¢f charge separation depends on the
pipe material and surface conditioa, the hydrocarbon and
type of ions, the pipe diameter and length and finally the
average fluid velocity. The nmaxinum charge density reached
is limited by recombination of charges. Mutual repulsion
of positive ions cause them to separate with some reaching
the pipe wall. The recombination and repulsion separation

nechanisms vwere described in the theory of transport of
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electricity by diffusioz pudlished by Gorey and Chzpman
(Ref 5).

From the.quzlitative considerations zbove, Sckorn (Ref 4)
calculated the ipfluence of pipe lemgth or ckarge censity
by evaluatirng the current fiowimg im 2nd out of 2 differen-
tial volumé elenent of lerngth &£ inm round pipe of radius R.

The balance of incoming ard omtgoing currents is
di = ZmR(jz - 3“)62 1)

where jz is the current deansity issuiang from the wall of tke
pipe 2nd is comsidered the charging current. The current
density cf the charge ieaking back to the pipe wall is j“
xhich is a functiom of the reiaxatiom time comstant T and

the total charge Aq contained in the voluxme ﬁRZAQ. So

. _ 2w _ _8q _ Xk _ Mg S
e T3 27aRAL  ee. 2aRA%
¥ 0
s = 27R3 .k, . dig
i= ZLR]aAQ ceg bg = at (3)

Streaming current, which is defined a2s the flow of clec-
tricity caused by the entrainment of charge by a flowing
fluid, can be equated to ZﬁRjaéx for the casec where there

is no relaxation. The finite charge £q is contained in the
voluae ﬁRZAI but aiso moves with the fluid velocity V. Then
Aq nust also be a function of the streaming current, namely,
the product of is with a time 8%2/V. This is all based on the

fact that prior to any charge separation esach separate charge

It w@’év
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wa2s mated witk ome of cpposite sign.

Derivation of the Electrification Parameter, A,

Using these facts, 2 relationship wa2s derivec for the

current is based on the classical theory as modified by

Cooper (Ref 6).

The Helmholtz equation for streaming current (Ref 3 and

6) is

-ZWRTsseeoZ
- - I
1s n )

Knowiang that Fanning friction factor is defined as

£z &Y (s)

and Reynolds Kumber 2as

2pVR
p (6)

Then substituting Eq (5) and (6) into Eq (4)

- - - _‘i_T_ b3
i = - 5 fR Vee,Z (7)

If this {erivation is restricted to turbulent flow

(Re > 3000) which is not unrzasonably restrictive when one

considers operational systems, then f is known as a function

of Re and pipe roughness. The friction factor, f, may be

obtained from a plot of Rc vs. £ (Ref 3 or 9}, or by calcula-

tion using the equation of Blasius:
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0.25

£ = 0.079 ae° (8)

which is for turbulent flow in smooth round pipes. Then

Eq (7} beccmes

. _0.078% , 0.75 — _
. - s =72 R, VesyZ )
or
- . 0.75
s 0075

n
Define ) ]

o.osgsseeozp°’7s

K, = 20-75 ty

which will be called the electrification parameter. If the
electrokinetic potential Z could be readily obtained either
erpirically or theoretically, Ke could be computed and used
in design. Since this is not possible and the variables
describing the physical properties are a.. sensitive to
temperature, an indirect experimental method is required to
evaluate Ke.

Using the basic relationships just developed, an equation
can now be tailored and written for a physical model. The
capability exists for measuring current, potential, velocity
and length by direct means. As a model consider an electri-
cally isolated length of pipe with a hydrocarbon fuel flowing

through it from a source tank to a receiver vessel. The
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liquid motion relative to the walls was restricted to the
electrically isolated test line. Therefore, the current Ip
flowing to tais line represents the net additional current
caused by charge separation and diminished by charge relaxa-
tion. The time rate of change of charge on the slug of fuel,
AL in lengfh, is given by Eq (3). So that Eqs (3) and (10)
may be combined, each must be put in terms of charge per unit

length. The resulting differential equation applying to the

slug of fuel moving at velocity, V, is then

i.[é;l. |

AR 0.75 =0.75

=KD v -
dt e

) |-

Fa
LZ—%J (12)

e i e i b o oy St Wy

where

A derivation of the relaxation time constant T is provided
at the end of this development. If an initial condition of

Aq = Aq0 when & = 0 and t = 0 the solution of Eq (12) is

Aq Aq >
aq _ 29 0.75 -0.75 0 -t/
5L = &% * (rxen v - Tm") <1 " n (13)

Since % = Vt, in terms of length Eq (13) becomes

Aq Aq ) o
A 0 , ~0.75 =0.75 0 -1/tV
it = (“e" v - ) (- ®n) (14)

If ve assume each slug of fluid undergoes the same

charging, the current flow into the pipe from the source

container is:
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.1 = (da) de (.éa) — (19,
s dt 220 t Al 2=O=V YN (15)

where Is is defined as the current flowing from the source
container to the ground. IR is defined as the current
flowing from the receiving vessel to ground. At £ = L the
current flowing from the pipe to the receiver is

= tva .A_ﬂ = - 0;75 T
1, =V 33 I+ (1K D v

-L/%V
n

(1 ) (i6)

Now if one considers the currents after steady state is
reached, then the sum of the three currents will be zero or
as stated previously the charges appear in matched pairs of
opposite sign. From Eq (14), (15), and (16) the current
flowing from the pipe to ground is determined as
- ) _ 0.75 $1.75 RS 7447
Ip = Is IR = (TKeD v + Is)(l e, ) (17)
All variables in Eq (17) except Ke are easily obtained
experimentally. The time constant T, however, is normally

obtained from an independent eiperimental determination of

conductivity,.
The electrification parameter Ke only provides an
indication of the charge buildup which can be expected. 1In

a similar way the time constant 1 is related only to the

12
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ckarge dissipzatior by relaxztior. To obtain z parameter
wkichk better imdicates the overall electrification process
tke product ?ie %111 be used.

Thea from Eq (17)

- -1_-1_4( -e_ )
K, = ) 72 ;s Li<v

(18)
D

Ckarge Relaxation

Tkhe concepts of relaxation time and half value time
were first put forward by ¥ariurg in conrection with a paper
by Holde (Rei 3). They a2re applied to the electrokinetics
of hydrocarbon fuels in the identical manner as they are in
the czlculation of the characteristi:s of capacitors. The
following short derivation of the relaxation time T should
indicate the significance of the concept. In a2 charged
capzcitor with a dielectric which is conductive, the leakage

current i can be expressed as

(19)

where r is the total resistance and V the potential between
the plates. From the definition of capacitance the potential

across the plates

- Q. _Q
V= C ece.A (20)

From the definition of resistance, resistivity and con-

ductivity

]
T = IX& (2

13
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or simce r" x 1/k where k is cormductivity

=2 22)

-

. éQ _ k@ <
dt  ee (25}
0
which yields
-ktleeo
Q= Qpe, (24)

The time constant or relaxation time is
ece
£z =2 25)
k

The nalf value time t' is the time required fcr the charge

of a capacitor to be reduced from Qo to Qolz. Thus

-t/Tt _
n = 1/2

or

t'/t = %n 2 = 0.693 (27)

In the hydrocarbon fuels the relaxation time varies
widely from a few milliseconds for crude oi%s to many ninutes
for highly refined waxes. Since the magnitude of the rela-
tive dielectric constiants e of the hya.ocarbons of interest
is always approximately 2.0 the major variation can be
attributed to the conductivity. This can be easilv shown by

the fact that conductivities will vary from the greatest to

14
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e} .
X - 8

5 the least by 2 factor of zporoximately 10 .

9 The theoreticzl conrcepts discassed herein provide tke

5 basis for this experimestal imvestigation. Hary other

= theories contribste to this work but only to 2 lesser degree.

For these, derivatiorns are rnot provided, however, they 2are

readily avzilable in the “iterature referenced.
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b i11. Experimeptzl Xpparatus

SIS

There were three major pieces of zpparztus useé in

o4,

£ YAt
SR 33

conducting this investigatiorn. Eack of these czr be furtaer

k= subdivided into as many 25 five m2jor compornent groups. Tais
equipment was the corductivity cell with its power suppiy
& and instrumentation; the gravity flow charging teaderns

9 device with its inert gas atmosphere, shielding, 2nd instru-

4.
221

TR

mentation, and finally the pipe flow equipment with its

1"

LT
Xt

,.t\ §! G

pressurizing system, teaperature monitoring equipment,

instrumentation, shielding 2nd inert gas atmesphere.

Sche=natic diagrams of the 2pparatus including sectionzl

FRERESH I

Py
N

views of the non-standarc equipment are provided in Appendix

A

G

A.

At

Conductivity Cell

Figure 1 shows a sectional view of the conductivity

cell. The basic block diagran of the c<omponents of the

CEniaab A ey,
B \‘¥}.2 i

- apparatus, including an insert showing the wirirg schematic

»
———

of the constant voltage source, is given in Fig. 2.

A parallel plate capacitor is the ®main part of tae

E conductivity cell. One electrode of the capacitor is set

3

% on a good insulator (resistivity of 10°> ohms centimeters or

better) and can be connected to a constant voltage source.

g

The second electrode is electrically insulated from all other

-

parts of the cell by the best available insulating material
{resistivity 1018 ohm centimeters or better). This is the

one wirich collects the charge and which is connected directly

PP L b
R
Y. 5 < v,

{ 16
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to thke electrometer. Teflioz, bzvimg resistivity greazter
than S x 1621 okms centimeters, was used To comstruct both
electrode insulators. A groumded gward rimg swvrrounds the
coliector 2lectrede whick shields it from stray currents.

A glass sample holder is provided wkose volume iIs im excess
of 150 milliliters. The electrode comrmecteéd tc ithe wvoltage
source is mounted perperdicular to the a2xis of symmetry of
the sample holder. As showr in Fig. 1 this entire assembly
is mcunted on 2 precision screw which permits the éistance
between the electrodes to be contiruously adjustzble from

0 to 25 millimeters while being maintzined pzrzallel. The
dizameter of the sample contaimex is sized so that the collec-
tor slectrode 2nd the guard ring fit inside and can be sub-
cerged in the sample. The method of fastening used through-
out the assembly provides rigidity and prevents changes ia
the celils characteristics caused by vibrations.

Sevcral special features were designed into the cell.
First a dial gauge was added so that the distarce between
the electrodes can be measured to within 0.01 of a millimeter.
The electrodes were plated with a mininum of .005 inches of
silver. This was done so that cleaning would be relatively
easy and the surfaces woculd be inert to all hydrocarbons.

The outer container for the assembly is made of stainless
steel and serves primarily as an electrical shield and direct
connection to the electroneter preamplifier case. With very
ninor modifications the shell could be pressurized with dry,

inert gas so as to reduce current leakage through the




s
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atmosphere if very lo¥ curremt meazsurements aTe reguired.

The comstznt woltage source is provided by good quality
batteries. A 22.5 yeit mmitiple omtput battery, commoriy
used im electirozic equipment, w2s emncased im zm 2lumizmcm
chasis box for this parpose. Thke ocutput voltages obtaimzbie
are based on the bPattexsy taps but 2 three volt bizs may be
used if 2 particular experimental voltage is desired.

One electrometer used to measure the current floximg
through the cell is 2 wibratimg reed type capzble of measur-

12 e 1.0 x 1067Y anperes

ing currents betweea 1.0 x 10
originating in 2 high impedznce source. Since the currents
to be measured in this study were 211 zbove 10—15 amperes 2
calibrated high wvalue resistor xa2s vseéd to measure the
carrents by the steady deflection method.

The other electrometer used is zm electronic type with
current measuring capability in the range of 0.1 picoamperes
up to J milliampere. The meter, although not as seamsitive,
is battery operated and has the advantage of being isolated
fron line voltage fluxuations and transients.

During calibrati.a of the conductivity cell two methods
were used which required separate circuitry and instrumenta-

tion. Appendix C describes the required apparatus along with

the calibration procedure.

Gravity Flow Charging Tendency Device

Figure 3 is a schematic diagram of the apparatus which

includes critical dimensions, instrumentation, and shielded

18
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enclosure with imert atmosphevre. Tie dimcmsicns estzblished
are only criticzl im that am zttempt was made to dupiicate
the equipment zmd procedure msed by Royzl Dotch Petroleom
Compaay (Ref 3). The apparztws comsists eof SAE 4304 stainless
steel z21loy tobes (imside diamter 2.18 mn) which cam He
coznected imterchzmgezbly to 2 comtaimer of thke sazme alley.
Thkis contaimer bhas 2 volewe iz ercess of three liters zmd 2
simple vzlve im the bottom tc start axd stop thke fiow. The
tube comectior is made so that the emtramce is flwvsh with
the Hottom of the contzimer. The liguid to be tested is
211oxed ro flow uaé;r the ipflmence of gravity from the upper
container to 2 zimilar lower comtzimer.

The three components just discussed zrz assembled as
shewn in Fig. 3. The receiver vessel is insulated from
ground by blocks of styrofoam and teflon while the stzinless
steel tube 2nd source vessel is grounded either directly or
throigh 2 picoanmeter. The receiver vessel is comnmected by
cozxizal cable to a2a electrometer which is used in a2z electro-
static voltmeter mode. During tests, this neter was used
interchangeably with 2z standard electrostatic voltmeter with
a relaxation time greater than 10 minutes and a range of
150 volts. To maintzain the poiential between the receiver
2and stainless steel tube below 10 volts the receiver was
shunted to ground througk a cspacitor. The shunting capaci-
tor used had low leakage and was calibrated. A General Radio
Corporation variable precision capacitor with a range of

11 to 1120 picofarads was used. The shunting resistor was a

o vt R i;g
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Victo-eem Corporation "HiMeg™ with 3 resistamce of 160,000
megzohns, a2nd good thermzl amd cmrremt variationzl stability.
. Durimg the test the appazratus is erclosed im 2 metal
clzd box wkich a2cts both as electriczl shieildimg 2=d 2 com-

taimer for the imert aimosphere.

Loose equipnernt Iinciluded 2 stopwatck zrd siimg psychrom-
eter. Respectively, these were used to determirme the time
reguired for 1 liter of szmpie to flowx from the wpper com-~
t2iner to the receiver, zmd to obtaim an imdicaticon of the

effectiveness of the irmert gas drier to mziptaim the Bumidity

belox 16%.

Apparatus for Determiming Static Chargipg im Full Pipeilinmes

The test setup used for the experiment is shoxm im
Fig. 4. The flox of the sampie hwvdrccarbon through the
stainless steel tube is caused by 2 differentizl pressure
crezated by varrying the height of the mercury columas. The
pistons cn each ead of the sample fluid meinmtains a ciosed
systen with a0 liquid or vapor losses. Tefloa imsulatioa
materizl is used as shown for electrical isolation between
sections of the equipment and between the equipment and
ground. 1In addition, the entire system is electrically
shieided in a metal clad box and surrounded by an inert
atwosphere of cleam, dry, mitrogen.

The apparatus is divided in three sections each of which
is electrically isolated from the others. The source and

receiving vessels are identical in design. Each is a SAE 4304

20
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stzimless steei 2llor cylimder with a IS3.1 miiimeter bore
fitted with 2 pistom. Tke maximem piston Travel is 44.5
millimeters wxhich corresponds to 620 milliiliters fiuid dis-
placenent.

Assemimg Iimcompressible flowx thromgh the test pipe which
B22s 2 creoss sectiomzl zreaz of 3.75 square millimeters, 2
velocity ramge of 1 to I3 meters per secomd may be obtzimed
im 2 5 to 165 secozd time imtervzl. TRke position of the
piston, its stroke iength, 2nd time of traverse were recorded
oz 2 Visicorder usimg z limezr potemtiometer pickup commected
by svoitzble mechaaiczl linmkage.

Referring a2gziz to Fig. 4 it is aoted that each sectio=z
is conmected to greumd thTough 2 sensitive picoammeter.
These meters measure the current fiowing to or fzom grouamd
from each section. A more complete descriptiom of the trams-
fer of charge znd tke directiom of current filow will be given
during the discussion of procedure.

An a2dditional configuration of the apparatus was used
to determine rise in temperature cf the fluid 2s energy was

a2pplied in the form of the pump work. Five calibrated

copper-constantan thermocouples were placed at critical points

in the system 2s shown in Fig. 5. The temperatures were
Ttecorded on a muitipoint potentio=eter type recorder using a
standard thermocouple circuit. The extension wires between
the junctions and the recorder were thermocouple grade copper.

The systenm accuracy was well within the +# 1.5°C required.
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iV. Experimenmzzl Proceduore

The investigative procedure imvelwed two primazry tests
a=d several éupporting experiments. As z prerequisite to
vederstanding the test procedure the guantities to be measured
ané how they will be used must be determimed. For z pipe and
kydrocardor fuel combimatiom the lemgth amé diameter of the
pipe ¥%ill kBave to be kmoxm. Tke varizbles to be determined
will be velecity ﬁ; relzxzaticp time comstaznt T, curremt
floving from source vessel to ground Is’ current flewing from
the pipe te groumd I_, the imside diamter of the tubing D,

|
andé the tuve leagth L.

Conductivity 2nd Relzxation Time

First consider tke use of the coznductivity cell to
deternine k 2néd the dielectric comstant which were used to
calculate 7.

The 2pparatus is prepared zand cleaned as described in
Appendix D and then connected to the other equipment as shown
in the schematic of Fig. 6. XNext the cell was calitrated,
using a nmodification of the proposed ASTH method (Ref 7).
This is described in Appendix C, Operating Procedure and
Equipment Calibration.

Even though there are two methods availabie te measuze
conductivity (Ref 3) tke proposed ASTM method (Ref 7) was
used ¥ith ninor modifications. This utilizes what is con-
sidered the direct method and is applicable in the sanme

resistance range as Ohm's law. A vwibrating reced electrometer
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conrected im series with the cell mezsures the curreat

floxinmg through the sample liquid which is actimg a2s the

dielectric irn the parzllel plate czpacitor. The comstant

AR RPFNEB LS IR SN ORI

voltage supply mz2intains 2 potentizl betweern the electrodes
of the cell. Prior to eackh test this potemtial is measured
itk 2 higﬁ interral impedance voltmeter or an electrometer
using a calibrated resistor. After calibratior and standard-
izatior is completed 2néd the cell comnstant Kc has been cal-
culated the circuit is reconfigured as showxn in Fig. 2.

The equipnené is now ready for conductivity measure-
ments. Once the ce1l has been placed into service the imitizal

clezning process may be omitted, but the finzal ciearning

IRV T Y

process is still required. See Appeadix D for details. The
cell is reazssembled and leveled making certain the distance
between electrodes is not chaaged froz that used in calibra-
tion. By this time the inst.umentation should be conpletely
warnsd up and 211 signals stabilized so that the test may
proceed. The liquid to be investigated is poured into the
sapnple container through the access left by not replacing

the collector electrode during reassembly. To obtain repro-
ducible results the electrodes must be submerged approximately
the same amount for each test. This r:2quires that the fiuid

level in the sample container be maintained within % 1 milli-

peter measured from a point located on the collector elec-
trode. To accomplish this, the test 1iquid was poured into

the cell until the free surface coincidad with the lower

b/ it

surface of the guard ring. A measured volume of sample of

b
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betxeen 3 and 5 milliliters was then added to get the proper
electrode coverage. It was found that reproducible results
coulé be obtained anywhere within this range using the pre-
viously described instrumentatiorn sensitivity.

The remaining part of the cell arc assembled and the

required potential rarge calculated using

vnax =1.5¢2 (28)

ané

0.8 £ (29)

L]
L}

where £ is the electrode separation in millimeters (Ref 3
and 7).

The open circuit voltage of the battery power supply is
measured and regorded after the range of potential is se-~
lected but prior to connection to the cell.

The potential is then applied across the cell electrodes
after making certain the voltmeter is no longer in the
circuit. The current which flows through the cell is
neasured by the electrometer making use of the best scale.
The magnitude of the peak current, which occurs immediately
after the voltage is applied, is the value used to compute
conductivity. Because of this, it is desirable to recerd
the current as a function of time < that the exact peak can
be determined.

The conductivity k is then calculated from the measured

current i, voltage V, and the cell constant Kc.

24

R R T AT SONNEE N PR WU ety ¢ - 3

ey

PVIRYY

ey % o

Mt %o dvadiindf

o ks S et B

RN

1 teny @i bl atite

FErrGiad

wan

S AT T L LT o Y

R TR

3 NAB L R




GA/ME/72-4

K i
k = = x 102 (30)
where k has the units of picomh/meter when the current i is

in amperes, V in volts, and Kc is in centimeters .

By using a precision A.C. bridge and the calibrated
cell where.Kc the cell constant is known, the relative
dielectric constant can be measured. Then by using Eq (25)

the relaxation time constant can be calculated.

Electrostatic Charge Separation

Once the relaxation time constant has been calculated
the problem is to determine the velocity of the hydrocarbon
fuel through various length pipes experimentally and the
resulting electrostatic charge separation. The apparatus
shown in Fig. 4 and described in the previous chapter is used
after being cleaned and prepared as described in Appendix D.
The test procedure consists of measuring the current from
each of the three isolated sections to ground under various
flow rates and tube lengths.

After cleaning and installing a tube of a particular
length, the system is filled with the sample liquid making
sure no air is trapped in the vessels or line. During the

process, the maximum travel of the pistons must be established.
Initially all that is required is to insure that sufficient

travel is available. Then the accurate travel distance is

measured with a micrometer, depth gauge and the stops set.

With this accomplished and che desired fluid velocities
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selected the differential pressures required are calculated.

N [T

3 3?'?‘1

This is done by assuming incompressibie flow and no pressuxe

(s

e
il b

A # loss due to pipe friction, calculating the required pressure

EE

it

differential in inches of mercury and adding 33 inches which

925

%
A OLEINE /R
o0 SEaR

is the »ressure differential required to overcome static

Tzt
7

2 ¥ v ¥ e e

frictional resistance of both pistons. Since the sample was

N

in motion during the filling operation and could be changed,

P,

a relaxation period of at least thirty minutes is allowed.
During this period all three components are interconnected
with a grounded wire. Prior to beginning the actual test
the interconnection is removed from each component while
remaining connected to ground. This is done so that change
is not transferred from the operator to the equipment.

The required pressure is now set by adjusting the height
of the mercury reservoirs until the manometer indicates the
calculated number of inches of mercury differential. During
this adjustment the flow of mercury to the apparatus is
prevented by a clamp on both connecting tubes.

An initial reading of each current is taken while the
test fluid is at rest. All should read zero. Then with the
meters in the '"read mode" the recorder is started and the
hose clamps are released. As the fluid begins to flow the

charge separation in the pipe will cause a current, Ip to be

jndicated on one meter. The meter in series with the source

vesscls ground which would read the current Is will indicate

zero as long as care is taken to insure the sample liquid is

initially fully discharged or at such low level as to be
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mxgligible. 7The meter in series with the receiving vessel
ground imitially will indicate a current opposite in direc-
tica and lagging in magnitude to IP.

After zpproximately three seconds the currents should
stabilize xitk their sum equa2l to zeroc within experimental
accuracy. The time required to determine the velocity is
obtained from the recorder oz which the abrupt change in
slope of the trace indicates the beginning and end of the
piston travel.

70 obtain data at different velocities, the procedure
5 repeated after changing the differential pressure. For
this investigaticn velocities of approximately 1, 3, 6, and
9 meters per sccond was used. After gathering the data for
these velocities the length of tubing was increased and the
vhoie procedure repeated. The tubing lengths used were

0.20, 0.5G, 1.0 and 1.5 meters, which constituted a complete

sequence for that particular hydrocarbon sample. The diameter

was held constant at 2.18 millimeters. To continue the test

a cleaning cycle must be accomplished prior to introducing

a different sample liquid and going through the total proce-

dure again.

Environmental Precautions

In addition to these procedures, environmental controls

were required. They included a dry nitrogen atmosphere around

the apparatus and electrostatic shielding. Both of these

requirements were described previously. The reclative humidity
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of the nitrogen stmosphere was estirated initially but iater
discontinued. The action was taken after it was found that
tiie relative humidity of the nitrogen was on the order of 5%
as delivered from the drier and that the apparatus and
container made no significant contribution to the moisture.
As long as a positive pressure of between 1 and 3 inches of
water was maintained after the ambient air wus flushed out
by an initial 10 minute high volume flow, the relative
humidity was well below the values published by other

rescarchers (Ref 3) as being satisfactory.

Electrostatic Charging Tendency

The gravity flow apparatus for the determination of
electrostatic charging tendency was used as a screening
experiment in this investigation. Its total purpose was to
insure that the hydrocarbon being tested in the primary
apparatus would, in fact, generate a static electric charge.
Since the detailed procedure for the use >f this apparatus
was published by Klenkenberg (Ref 3) a condensed version with

the local modifications is provided in Appendix C.

Temperature Rise Determination

An experiment was conducted to determine the temperature
rise in the hydrocarbon fuel caused by the energy input used
to create the flow. The procedure was identical to that used
for measuring charge separation during full pipe flow except
in lieu of measuring the three currents, five thermocouples

were installed to measure the fluid temperature. The tempera-
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ture rise was determined using the highest velncity condi-
tion (greatest emergy input) with each of the four lengths
of tubing. The temperatures were recorded by a2 Homeywell

nultipoint recorder both whiie the fiuid was fiowing and for

S to 10 minutes after flow stopped.

& Chemical Analysis

% Qualitative and quantitative chemical analysis of the
=

K i hydrocarbon samples are not required for the success of this
b2 i

E investigation. Since follow-on studies wculd require this

3 i : i

-t 1 - - - -

5 1 information for the purpose of data conmparison, a basic
T aralysis was nbtained from an independent laboratory source.
,\“A -

s Their entire report will be maintained in the records of
S this experiment for future uSe.
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V. Results 2nd Discussion

The theoretical development of 2 comparison parameter
t!e wvhich is based on experimentally measurzble, physiczl,
properties has been accompliished. In order to estimate the
valve of this parameter, experimental apparztus 2and operating
procedures had to be designed and tested. This project
entailed the development 2nd construction of the three
pieces of apparatus described previously. Data which can be
obtained from each of these pieces of equipmcnt will be dis-
cussed relative to their accuracy and repeatability. Along
wiih this, the equiprment and procedure will be evaluated and
potential inprovements indicated where applicable. Each

piece of equipment will be discussed individually followed

(R T P Y PPN

by an evaluation of the preliminary data.

The Measurement of Conductivity

The electrical resistivity or its reciprocal, conduc-
ti&ity; determines the rate at which accurulated charge will
relax or dissipat e from a hydrocarbon. For this reason
accurate, repeatable values of conductivity are required to
insure consistency in the developed comparison parameter over
a wide range of hydrocarbon-solid interfaces.

Many experimental difficulties arose when measuring the
low conductivity of hydrocarbon fuels. These can be estab-
lished in two groups namely those relating to the measurement
itself and those caused by adsorption. A third problem is

the change .n conductivity with time which is normally a

30
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decrease. Tkis chamge is zscribeéd to the colioidial charac-
ter of many solutioms a2»d impurities in hydrecarboms améd thus
internal equilibrium proceeding very sloxly. Ia a2ddition,
the chemical and physical properties of many hydrocarbonms
change with time through the ewvaporaticm of thke lighter
fractions z2nd absorption of gases ané sibstances such as
water.

The equipment design and procedure used were estzblished
to minimize these effects wherever practical. Other diffi-
culties such as the ionization caused by cosric radiation
could not be compen;ated, so their effects had to be recog-
nized and treated accordingly.

Polarization, associzted with the passage of direct
current through an electrolyte, cause; a decrease in con-
ductivity with time. The factors which contributes to this
include the low rate of reaction at the electrodes, conceantra-
tion changes in the fluid near the electrodes and the accumu-
lation of electrolysis products on the eiectrodes. Since it
can be proven that direct current nust be used in comnductivity
measurements in hydrocarpbons (Ref.3), two methods of mini-
mizing these effects were included. First the field strength
was kept as low as possible (between 800 and 1500 volts/meter)
and second, the current was measured at a time as close as
practical to the time of potential applicatiom. These
procedures are recommended by most researchers (Ref 3 and 4).

Adsorption, which removes the very small concentrations

of ion impurities which contribute to the conductivity, was

o ¥,
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limited by rimsing 211 etied parts with the iiquid beimg
investigated (see Apperdix D). Im this way adsorptiom
equilibriom is reached prior to inmtroducimg the sampie om
whick the test is performed.

The required electrical céarzcteéistics of the cell ard
the current mezsurizng techrniques demamded specizl desige
consideration to mirimize potemtial errors. For example,
the distribution of the electric fielé in the chamber must
be accurately definmed. Therefore, the parzlilel plzte elec-
trode configuration was selected since it provides excellemt
field édefinition. bther advantages 2re the ease of comstruc-
tion a2ad guarding a2ga2iast stray curreats, z2nd simpie geometry
useful in the calculation of cell capacitance or comstant.

The problem of stztic electric charging is most critical
in a2 relatively sm=a2ll razngz of coaductivities approximately

10”2 to 10714

piconho/neter (Ref 3). Hydrocarbons with con-
ductivity zbove this range have short time constants and,
therefore, relax at such 2 high rate that significant charge
is not built up. 1If the conductivity of the fluid is very

low, below 10”14

nhos/meter the rate of charge separation is
snall and adsorptioa and interface effects tend to maintain
it close to a neutral equilibrium. For this reason the range
of the current measuring equipment was selected between 10-9
and 107 1% amperes.

The electrometer and micro-micro anmeter used in the

conductivity measurements are primary sources of error.

First the vibrating reed electrometer is not an absolute
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imstroment so czlibratiom zgeimst krown walues is essemtial.

Teckmignes recomrended by the egmipment mzmmfzctuorer were
vsed for calibraticm znd to determire the quality of per-

formazrnce. To mazintaiaz reproducibility armd a2ccorate calibra-

tion Teguired comstant caTe To imsure Iimsniators were mol
stressed, temperature fluctuationms within the egmipnment were

mimima2i, zxnd the circmit comfigurztiom were rot chamged.
s mzes - - s -14 -16

The sensitivity of the equipneat im the 10 to 10

amperes rzoge is suck that stress iz imsuiating materials

and changes in temperature czuse extreme electronic roise

~

problems. These problems are temporary amd will @iszppear

in 2bout 24 bours if the temperature is zllcwed to stabilize

and stresses zllioxed tTo reiax.

After gzining sone experience with the equipment DProb-
lems such as those described comld be avoided. Other noise
effects

problems such 2s those associzted with the ionization
of radiation ¥ere not significaat im this iavestigztion.
The magnitudes of the comductivities measured were large
enough so that these effects could be neglected.

A.S.T.¥. (Ref 7) provides standards for repeatability

and reproducibility of conductivity measurements which are

a function of conductivity magnitude. To date the data

collected and shown in Table 11 indicates these standards
will be net. However, before a final determination cam be
made, nore data must be collected and statistically analyzed.

The rate of data acquisition is extremely slow since the

cell cleaning procedure which consumes about 90% of the cycle

time is excessively long.
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Table EE

L

Mezsured Cemémcaiwitiesl

Test Cordectiviey
Product Xexber picomhof/meter
JP-4 33 - 5.70
12 5.84
i3 5.55 -
14 6.60
is5 5.83
16 5.36
Hexzne 21 0.529
22 0.379
25 0.389
- 24 0.380
25 0.369
25 8.3%8
- 5.2 - - -2
Carbon Tetrzchloride 31 3x10
32 s x19°
Benzene™ 41 6.1 x 104
4z 7.2 x 10%
Xylene S1 0.034
1. The conductivity of the samples wzs mezasured im 2 rzandom
order making certz2in that 1like sampies were not measured
one zfter the other. -15
2. Since the current was below 10 anperes the time rate
¢f change of charge on the capacitor was used to measure
this comnductivity. This method without specific calibra-
tion is oaly approximate.
3. Heasured using Xiethley Electrozeter.

Cell Constant

The cell constant, deternined by the direct method, was

-1
0.0225 ¢m ~. This value is based on 5 millineters electrode

separation. If other gap settings are used a new coanstant

rust be experimentally determined. The relationship between
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the constznt axd the gzp dimemsioxn 3s only zpproximately
iimear. The variaticom is prodoced By the imrbility to
prodoce two electrode surfaces wkich zre exazctly pazrallel

2t 211 gap sertimgs.

Eydrocarbon Chargimz Temdemcy

Tee gravity flow zppzrates for determimimg chargimg
texdency was omly msed 25 2 screxmimg experiment. The bydro-
czroor to be imvestigated irp the primery zpparatos was tested
in this eguipnent to imsvre that it did separate charge durimg
ficx. The IP-4 szmple whick bad 2 comductivity of 5.84
piconko/meter the chargimg temdency varied from 48 to 79
micro coalonbs[neters depencding or the leagth of tube z=d
variztion im velecity.

The equipment was calibrated by the precedure cutlimed
in Appendix C. The capacitance of the ilower vessel was
52 picofarads. The cziibratioa was undertzkea to permit 2
preliminary evaluzation of the electrostatic charging occurring
in the case with 2 free jet and im the full pipe flow without
2 free jet. Eventhough no a2ttempt was made to establish a
f£inite magnitude of the coatribution of the free jet to the

verall charging tendency it appeared to be significant.

For instance, in i%e flow through the one neter tube, the
velocity was approximately 1.2 meters/sec as determined from
the time required for a one liter sample to flow to the lower
container. Since the flnid wets the container andé tube and

the entire liter sample does not flow, the velocity is omnly
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zpproximate bwt of swfficiemt zccurzcy for this imvestigztion.
Assuning the welecity Is betwzex: 1.2 zmd 1.4 meters per
second im gross figures, the chargimg temdemcy with the free
jet w2s im excess of 20% higher tham the ca2sc without the

jot. The datz ir Tzble Iil shews the chargimg temdemcy calcu-~
1ateéd by the two methBods. This provides 2 definite imdication
of tke magzmitude of the comtributicm of the free jet 2néd is
why tke chkarging temdezcy derived from previcus experiments

is ot represextztive of pipe flow or useful to designers.

Electrostatic Charge Sepzration

H

As explaimed iz the develcopment of the theory zad the
procedure, the current mexsurement obtained from the primary
2pparatus will be used to calculzte the electrostatic chargimg
parameter Ke andéd the r.imparisoz parzmeter tEe. Since the time
constant T was determined independently, tkhe only remaining
unknowa is Ke vhich is readily obtained by using Eq (18).
Before discussing this calculation, some features
designed into the ecuipment shcutd be explained. Host
important of these is the piston to tube cross sectiomnal
area ratio. Considering 2 5% accuracy im electrical measure-
pents is possible after careful calibration, am area ratio
was desired which would allow the velocity of the fluid to
be neglected in the source cylinder when compared to that in
the tube. 1In addition, the volume of fiuid displaced hkad to
be great enough to provide adequate time for making electrical

neasurenments manually if necessary. The latter item contrclled
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the decisior 2nd an area ratio in ex-=ess of 3000:1 piston

to tudbe was needed. Actuzl ratio attained was 3580:1.

. The question of current flowing from one secticn of the

£

v . N .
©F Lol Bt At n s U e LA e

equipzment to the other through the insulation or through the

e car
Vi v ok g g

fluid arises. In other apparatus, such as the one used in
the screening experiment, this is irportant since total

charge is being measured. In the pipe flow equipment,

AT e e bead

2 »
A 8l i el

-

however, the steady state current flowing between each of 3

-

the three sections and ground is measured. Current flowing f
between secticens is determined by Ohn's law for the potential

betveen sections. Since all three sections are connected

through three meters to a common ground, the difference in

;esistance of the meters will determine the potential between
sections. This potential is found to be zero within experi-

mental accuracy.

The preliminary experimental data shown in Table 1V,

At R e A s il Al b a b e s keast Ve w05y 44

when analyzed, provides additional insight into what physi-
cally occurs. First, within experimental error, the sum of ;
the three line currents is zero. It should be noted that ;
the current was not measured between the source cylinder and
ground after initially determining that with no initial ;

charge on the fluid it had to be zero. Inasmuch as the net

current flow to or from the test set up would indicate a
change in potential of the entire system the current sum
being zero can be expected. Table IV, Column 6 indicat es

that the actual data agrees with this within expected error.
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During the data acquisition several observations were
made. First, in the short pipe lengths and at all velocities
the current measurements did not reach a stable value.
Initially, this appeared to be an instrumentation problem
but later was ruled out since the longer tubes reached
stability.. The reason for this instability is found in
theory. It was assumed that the flow was fully developed
turbulent which probably never occurred in the short pipe.

In addition, velocity gradients associated with enterance
effects would be found for the entire length of the pipe.

Both of these effects would influence the thickness of the
boundary layer, the electrokinetic petential and rate of
charge migration. This was also observed by other researchers
and reported by Klenkenberg (Ref 3).

Another possible cause of instability is the fact that
all data collected was for tubes below the critical length.
The critical length is defined as TV and represents a length
at which the sample would be in contact with the pipe for
the duration of its relaxation time. This effect would cause
errors in all measurements but be most pronounced in the

shorter pipe lengths where the current generated by charge
separation would be approximately the same order of magnitude
as the error due to length. The graphs of pipe current as a
function of length and velocity, Figs. 7 and 8 in Appendix B,
show this greater deviation in the short pipes.

The effects just discussed along with the limited extent

of preliminary data taken made it necessary to use an average
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value of ‘e based on the 1.5 meter tute length. Using this j

valve of Ke the pipe current IP was calculated using the

velocity, time coastant and length values in Table IV. This

PTSE.

then is the origin of the computed curves shown in Figs. 7

2

and §. Even %ith the linited data taken, which was felt
safficient to skow the workability of the apparatus, agree- 5

ment betwezen the experimental and calculated values of I was

.
Ay Sner wrares o

found to be of the same order of magnitude as the data.

Columr 8 in Table IV provides the comparison as the magnitude

s et poee |

of difference between Ip and Ip'.

From this cormparison it is seen that a single value of

(P

the pararpeter tKe appears valid for a2 wide range of velocities

v e ereme v

and pipe lengths. Thus, a single value of rKe can be used
to indicate the relative charging potential of a single

conbination of hydrocarbon fuel and container material.
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IV. Conclusions and Recommendations

Conclusions

art

‘The conclusions listed below were reached as a result

of this experimental investigation.

B v Rat R e e AR it

1. The paranmeter TKe which is composed of the product
of the electrification and relaxation time constants providss

an indication of the combined effects of the charge buildup

oy
ko s e v A% L b

~

v e e A

and reduction which occurs simultaneously.
2, The parameter TKe when evaluated experimentally for
various combinations of hydrocarbon fuels and container o

materials will indicate the relative magnitude association

with each combination.

rnire mahn e B b

3. It is observed that for very long pipelines and

negligible source current Is Eq (17) could be expressed

approximately as

PR
\

I =-1w« 073§y
P [

1.75 (31)

From this it can be seen that charge density does not continue
to increase with length but reaches a limiting value propor-
tional to the liquid velocity, pipe diameter and the parameter
TKe. This observation was not proven experimentally but does
agree with the findings of other researchers (Ref 3).

4, Using the equation

-L/TV

_ 0.75 =1.75 )
I, = - (1K, D v + 1)1 - e )y (32)

one observes that a good curve fit is obtained for a wide
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range of velocities provided the pipe has sufficient length
to allow the flow of both fluid and charge to stabiii;;.

5. Both the conductivity cell and the other apparatus
function as predicted are capable of producing the required
data.

6. The recycle time, which is dependent on the time

required to clean the equipment, is too long and must be

improved if a large number of tests are to be run.

Recommendations

1. The comparison parameter TKe'developed could be a
valuable tool for systems designers. Further study should
be undertaken to examine the parameter for different fluid-
material combinations and also to establish standard condi-
tions for its acquisition and applicafion. ]

2. The basic design of the conductivity cell should
be improved from the standpoint of ease in cleaning. In
addition it should be made smaller, more compact and ulti-
mately developed into a self contained piece of portable
laboratory equipment. This wguld entail optimization of the
component parts relative tuv their use rather than the ease
of manufacture as was done in the oriéinal cell,

3. The magnitude of the issuing current obtained from
this investigation using the pressurized pipe flow épparatus
may be compared with the issuing current found from the

gravity flow apparatus., The difference between these magni-

tudes is the charge buildup which occurs in the free jet.

1
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An indepth study of the pheromencn: associated with this

; type of charging would be extremely beneficial. Its effects

are presently being aveided a2t great design and constructiorn

AT

expense nainly because a knowledge of the exact hazards are

not available.

T ey SHULER
B RLHABRAED

4. A redesign of the saccple holder and lower electrode

insulator should substantizlly reduce the cleaning problen.

e
NYEHANIR

TNVE

In lieu of six separate parts the two piece redesign shown

5§ Tk

as an insert in Fig. 1 is proposed. It utilizes a machined

>

teflon or polyethylene sanple container-insulator combination.

The lower electrode uses a press fit, taper to both fasten

e

e
=
3
&

g
e
.

Tes

2
o
-

e

and seal its edge. This design allows ready access by

cleaning solvents to all surfaces which was not possille

with first design.

1
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Appendix A

Apparatus Draxings and Schematic Dizgraams
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Appendix C

Operating Procedure and Equipment Calibration

Conductivity Cell

For the determination of the conductivity, the value
of capacit;nce of the empty vessel together with wiring and
meters is required. This capcitance was determined using
two methods, one similar to that described by Klenkenberger
(Ref 3) and the other a proposed ASTM method outlined in a
preliminary workiﬂg document of ASTM Committee D-2 (Ref 7).
The latter method was considered the best and mést accurate
and, therefore, adopted for use in this investigation.
Figures 6 and 9 provide the circuit schematic diagrams.

This procedure is considered the direct method as it
uses a precision alternating current bridge to measure the
cells capacitance under various operating conditions. First,
the cell is configured exactly as it will be used and the
capacitance is measured with the sample chamber empty.
Figure 6 provides wiring diagram, Next the cell capacitance
is measured in the exact same configuration as the first
test but the sample container is filled to the proper depth
with a hydreccarbon with a known dielectric constant.
Cyclohexane was used for the standard hydrocarbon.

If we use Ce for capacitance of the empty cell and Cf
the capacitance of the cell with hydrocarbon dielectric, then

the active C' is given by
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c' = ——¢ (33)

t

where ey is the relative dielectric constant (2.013) of
Cyclohexane standard. The cell constant, which is nothing
more than the ratio of the distance between electrodes to

the effective area for a parallel plate capacitor, is given
1

by

1
K= o (34)

or

1

¢ = 11,360 (35)

Calibration of Thermocouples and Multipoint Recorder

The calibration procedure used for this equipment was
the stqndard method described by Coxon (Ref 8). The multi-
point recorder which utilizes a nulled bridge circuit was
modified for use with thermocouples prior to its application

to this project.

Calibration éi the Gravity Flow Charging Tendency Apparatus

The capacitance of the insulated receiving vessel in-

cluding the wiring and voltmeter must be determined since

the charge tendency is equal to the product of the capacitance
1

and the potential of the receiver. The system used to make
the determination is based on a measurement of the rate of
decay of the potential across the capacitor. See Fig. 10

for details of equipment layout.

58

B R L T e T e e et i s




A

A

RO

R TR ST LT A

|

)

VEMRE L A Do e

GA/ME/72-4

sV ps

DRY NITRCGEN
SUPPLY

4=
‘ —

By

S
5o
60~ |
1

L Ho—

[

>=

Ca PRECISION CAPACITOR It To n30 p%
R RESISTOR CALIBRATED 10 .
M ELECTROMETER OR ELECTROSTATILC VOLTMETER

PS5. DC REGULATED POWER SUPPLY 2001ma. O TOISOV
S MOMENTARY ON SWITCH ((N.O)

Fig. 10. Calibration Setup Charging Tendency

Apparatus.

59

e s m.m.,,;,.,,mg,;ﬁﬁ




R feineiz S T

B L Lol st |

A e R S QA A 7, A et

GAJME/72-4

JEE VT YV

%3
© e
P PO |

The insulated receiving vessel with all the wiring ané -
meters attached is charged to about 150 volts using a direct

current power supply. The apparatus is then allowed to dis-

charge through a high resistance (1011 ohns) while the time, %
t» required to reach one half the original potential is ;
recorded. This same process is repeated. only this time the
voltmeter is shunted with a capacitor of known value C,

and low leakage. The size of this capacitor is determined
by the discharge time which can be accurately measured. The

increment of time t_, which is the time required for the

2
petential to reach one half at original valve 1is measured.

To calculate the capacitance C, of the receiving vessel

R

c.= —31 ¢ (36)

The fluid velocity was determined from the inside
diameter of the tube and the time required for a measured
quantity of fuel to flow from the upper vessel to the
receiver. This velocity was determined only for comparison

purposes.

Calibration of Current Measuring Equipment

To measure currents whose magnitude is less than 10'12

amps requires special equipment and careful calibration with
the particular exterpal circuitry to be used. There is no
set procedure to accomplish this. The manufacturer of the
particular equipment used normally provides detailed instruc-

tions on matching impedance, measuring contact resistance,
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and proper guard circuits. Many operating manuzls place
these instructions in an 2rea called equipment performance

specifications.

L

= ] All electrometers used in this investigatioa were care-
. fully evaluated in accordance with nanufacturers instructions
to insure their performance was within published specifica-

tions when used in a particular circuit.
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Calibration of the Piston Travel Timer

CORERVEUIN

In order to determine the current carried by a fluid

E NG TP

= flowing through a pipe the fluid velocity must be accurately
known. This required the calibration of the linear poten- :

tiometer circuit used to determine the time of travel of the

2730 2 MNP eRY S Nas traviea A AN

piston.
The piston travel distance was accurately defined by a :

measured distance between two stops. Then, a voltage applied . ;

to the potentiometer circuit will provide a zero slope line 5

on the recorder corresponding to that voltage associated with

the position of the stop. Only source voltage variations will é

appear in th. slope of the line (scaled by the percentage of J

the potentiometer in the circuit) as long as the piston

remains against the stop. Motion of the piston away from

the stop will cause an abrupt change in the slope which will

indicate start of time. Likewise at the end of travel the

o e s

slope of the trace will again return to zero rather abruptly.

The selection of a record speed to accomplish this is

governed by the piston velocity and the desired accuracy.
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As tke speed of the piston increases the travel time decreases
so an increase in record speed improves both readability and
accuracy. Considering the entire ramge of piston velocities
and the record speeds normally available on most instruments,
2 record speed ten times faster than the piston speed appeared

to be most workable.

Operating Procedure for Gravity Flow Charging Tendency

Apparatus

The apparatus is cleaned in accordance with the procedure
outlined in Appendix D. To determine cleanliness highly
purified xylene is run through the apparatus. System is
consider2d clean when the charge generated oy this pure
hydrocarbon is less than 1 micro coulomb per cubic meter.

The actual development and procedure for the use of
the apparatus is attributed to the Roy Dutch Petroleum
Company Research Laboratories (Ref 3). A condensed descrip-
tion of their procedure is provided here.

The upper container is filled with one liter of liquid
under investigation. If the conductivity of this liquid is
iess than 0.1 picomho/meter the liquid is allowed to relax
at least ten minutes. The valve is opened and the liquid is
allowed to flow under only the forces of gravity from the
upper container into the receiving vessel. The voltage of
the receiving container is deternined using an electrostatic
voltmeter of high time constant. A large potential difference
is not desired between the receiver and the tube, therefore,

the meter is shunted with a calibrated variable capacitor,.
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This will minimize leakage current through the free jet.

The procedure just described is repeated at least three
tines and the nean value of the voltage caliculated. The
rean value of the voltage nultiplied by the total capacitance
of the receiver (measured capacitance plus any shunt capaci-

tance inclﬁded) provides the charging tendency, S. In symbols
S = KVC (37)

where K is a proportionality constant to compensate for units.
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Appendix D

Preparatior and Cleaning of Apparatus

The preparation and clezning procedure established in

this section was used on all three pieces of apparatus after

i piaalii s Mttty

PRSI

«

each had undergone an initial cleaning process. The size of

the part, the type of material and the condition when received

governed the initial cleaning nethod.

Initial Cleaning Methods

— B

The following procedures were used to clean parts either

POt A 200s RV S e

v
pe

el 2

during manufacture or immediately after receipt:
a. All teflon and polyethylene parts were kept as clean

as possible during machining. Tools used werc all washed in

e s et . -

dry acetone as were the parts themselves.

b. All metal parts were processed through a hot vapor

degreaser and then washed in dry acetone.

c. The silver plated electrodes were cleaned in a warm

mixture of equal parts of nitric and hydrochloric acids.

Final Cleaning Process

The final cleaning process is used prior to all tests,

R e AT s T B G4 e DO A 23 s ke A F o N8 B vt Al 2o b e

however, some of the following procedures may be omitted or

e

reduced in the number of times repeated depending on the

experience of the operatcr and order in which samples are to

be tested.

a. The smaller parts with irregular surfaces were

cleaned in an ultrasonic bath of dry acetone.
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b. The parts were then flushed at least five times
with a2 2:1 ratio, mixture of alcohol and benzene, followed
by a single flush with reagent grade zacetone.

c. Between each flushing, the parts are dried with
clean dry nitrogen.

d. I;nediately before use, all parts which contact the
sarmple are flushed with xylene a2 mininun of three times.
Again, any residue is evaporated from the surface using clean
dry aitrogen.

e. The liquid to be examined is used as the final
rinse. The procedure is to allow the liquid to flow over all
surfaces, which will be submerged during the test, at least
three times. Nitrogen drying is not required but instead
parts are allowed to thoroughly drain before a new quantity
of the test liquid is introduced.

f. The procedures described in b and d may be replaced

by a chloroform rinse repeated a minimum of five times.

Test for Cleanliness

All three pieces of apparatus must be checked for
cleanliness by running an actual test. In the case of the
conductivity cell, a run is made with a purified liquid of
known conductivity which is lower than the range of the
liquid being investigated. Cleaning is continued until
the known value is reached within acceptable experimental

error.
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Alternate Special Hethods

The literature indicates that the following special
methods of cleaning ¥ere used on certain occasions:

a. The silver electrodes may be initially cleaned by
using the reverse of the plating process. In this nmethos
the electrodes are placed in an electrolyte solution and a
very thin layer of the surface removed by electrochemical
action. Triplely distilled water is used to rinse any
residue off the electrodes.

b. A method referenced in the literature but only used
when measuring very low conductivities is that of surface
outgassing and electrical cleaning. It applies only to the
conductivity cell and is accomplished by placing a potential
of several hundred volts between the electrodes {actual
magnitude determined by electrode separation) and maintaining
it for several hours. The electrolyte used is the liquid to
be investigated. This process is followed by at least three

rinses with the test liquid.
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