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PREFACE

I
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SE~~ ION I

INTRODUCTION

This report summarizes the investigation, “Factor s Affect-

ing Electrostatic Hazard s ,” Contract No. F336 15—77—C—2047 , conducted

by Mobil Research and Development Corporation ( MRDC) in Paulaboro ,

N. J. The test program was conducted Apri l 15 , 1977 through July

15, 1978 , D. L. Rhynard was the in i t ia l  princ ipal investigator and

on December 1, 1978 , P .  W . Kirklin succeeded him as principal

investigator.

Backg round

Since the fall of 1974, the USAF has experienced several

fuel system fires believed to have been initiated by electrostatic

spark discharges. The reported incidents all involved aircraft

equipped with fuel tanks containing bladder cells packed with

reticulated polyurethene foam . It was suspected that h igh fuel

flow velocities, splashing and/or spraying of fue l into receiver

tanks , or passage of fuel through porous media , e.g. filter—separa-

tor elements or reticulated foam could result in electrostatic

charge separation in aviat ion turbine fuels during USAP a i rc ra f t

fueling operations.

Currently ,  MIL— T—5624 1( allow s for the optional use of the

conductivity additive ASA—3 to minimize static charge buildup.

Conductivity additives have been used for many years for static

electricity protect ion in ground di stillate fuels and coemercial

jet fuels, but it was not known if the AF fueling systems were

conducive to the use of conductivity additive treated fuel. In the

: .::i~~~~~~~~ - 
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c

A F sy stem , fue l is o f t e n  de l i ve r ed  at  h i gh ve loc i t ies th r oug h

re8trictive nozzles into fuel tanks that may be lined with  low

conductivity bladder material and filled with reticulated plastic

foam. If static charges are generated as fuel is delivered to the

tank, the insulating properties of the foam and bladder may inh ibit

the ability of the anti—static additive to relax the induced

electrical charge. Thus, it was considered necessary to evaluate

the electrostat ic hazards and additive effect in an Air Force type

fueling system .

Objective

The pr imary objective of the  MRDC contract  was to provide

specific information for gu id ance to the U SAF on the use of conduc-

t ivi ty (i . e .  anti—stat ic) additives in JP—4 fuel (MIL—T—5624K) as a

means of reducing static electricity hazards throughout the ground

refueling and aircraft fuel system.

The necessary research and testing were to be performed in

order to determine the following :

(a) Are there additives or combinations of additives that

aggravate the stat ic spark discharge hazard?

(b) Does temperature or water content significantl y

change the effects of various additives or combinations so as to

increase or decrease the stat ic discharge hazard?

(c) Are there interactions among the fuels, additives ,

reticulated plastic foams, and fuel bladder cells that affect the

static discharge hazard ?

2
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(d) Do various fuel additive combinat ions s ignificantly

affect fuel charging by filter—separator elements, in high velocity

fue l f low streams, and at fue l  discharge conditions (i . e . ,  fuel tank

inlet ports)?

(e) Can the use of conductivity additives at too low a

concentration increase the electrostatic hazards?

To meet the objectives, the contract investigated the

effect  of conductivity additives , ASA—3 (Shell) and Stadis 450

(Dupont ) on electrostatic charge generation and accumulation in JP—4

fuel with various other additives currently permitted including f uel

system icing inhibitor, (FSII) (ethylene glycol monomethyl ether,

MIL—I—27686), corrosion inhibitors (QPL—25017—12) and antioxidants

and metal deactivators listed in 141L—T—5624X.

Test Apparatus

The primary tes t apparatus was the Small Scale Electr i f i -

cation Test (SSET) rig developed by Mobil. This device is shown

schematically in Figure 1. The SSET consists primarily of a fue l

supply d rum , pump , separate vessels containing coalescer and separa—

tor elements and a fuel receiving vessel, each electrically isolated

via Teflon blocks. In AF re fue l ing systems , dirt and water are k
removed f rom the fue l by similar filter—separator (F/S) elements;

however, these porous media can also cause significant electrostatic

charging of the fuel. In the SSET studies with clean dry fuels, the

F/S elements are used primarily as charging devices and are not

intended to simulate DOD water and dirt removal F/S elements or USAP

3

1
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- ~VVVV_Ø.
_ 

W _~_V~~ —

_
‘ _ _

/ 

v~ ~~ ~// 
•

~ 

~% 

~~
j  I g

/ 
__.T__ 

E~~~~ k.J~~~ 
:~~~~

V 

~~~~~~~~ 
L~~5 _ _  

=

\ ~. ‘EN...!
I E

.
~~~~~~~~

-.
‘- I\

I

I
L. ~~~~I E l

(
~~~~) ( L~~~~~~



F/S practice. The SSET fuel supply, coalescer and separator

vessels are interconnected by 5/16— inch (O.D.) stainless steel

tubing through Teflon blocks for electrical isolation. However,

the receiver fuel delivery tube is 1/2—inch (O.D.) from the Teflon

block to the receiver as shown in Figure 1. Square—end orifices of

either 0.10 or 0.12—inch (I.D.) can be attached to the drop tube to

provide further variation of fuel linear flow velocity into the

receiver. The drop tube terminates about 1 inch below the top of

the receiver and about 1 inc h above the fuel  leve l at 90% f u l l .

The coalescer and separator vessels each have a net volume (total

volume less the elements) of about 31.3 inches. Each contains  9

elements in parallel (Facet models CC9234 and CS9235, respectively).

Fuel enters the 9 coalescer elements simultaneously through a

radial distribution manifold and exitg the s e p a r a t o r  e l e m e n t s

th rough a s imilar  type manifold. These manifolds are mach ined into

the covers of the coalescer and separator vessels. Appropriate

valves are provided in the SSET to al low a choice of fue l flow

configurat ions to the receiver:

1) through the coalescer only

2) through the separator only 
V

I,

3) through the coalescer and separator in series

4) d i rec t ly into the receiver , bypassing both 
V

coalescer and separator.

The relaxation volume for f u e l  from the coalescer is primarily the

net vessel volume. For fuel flow through the coalescer only , the

SSET relaxat ion volume , includ ing tub ing is 33.8 cubic inches (0.15

i 

I
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g a l .) .  For fue l f low f rom the  separa to r , the  SSET re lax at ion

volume is the exit tub ing volume and is equal to about 1.6 cub ic

inches (0.007 gal.). At flow rates of 2 gallons—per—minute (gpm)

these volumes al low 4.4 and 0.2 seconds , respective ly ,  for fue l

charge relaxation before entering the receiver vessel. The re-

ceiver volume is about 5.1 gal. at 90% full.

Streaming currents to ground are measured with separate

Keithly Model 445 digital picoammeters at the coalescer, separator,

and receiver vessels. The reported charge densities are calculated

from str~ aming current s by:

C.D. = 1.585 . 10~~ A/F

where A is streaming current in amps and F is fuel flow rate in

gpm. Field strengths are measured with a HP—400E AC voltmeter

connected to a Chevron fieldmeter mounted in the cover of the

rece iver  vesse l .  The polarity of the streaming currents were

indicated by the picoammeters but the field strength meter noted

field strength magnitude only .

For these studies , the fue l and mechanical c omponents of

the SSET were located in a temperature controlled room at 00 to 
- L.

70° F. The elect ronic and monitoring devices , inc luding a Bell and

Howel l , D a t a gr a p h  5—234 recording oscillograph , were located

outside of the cold room . The connecting cables are depicted by

broken lines in Figure 1. 
V

Fuel charging effects are very sensitive to minute

differences in fuels.  Since the fue l effects are often unpredict—

able , it was desirable to use a s ingle lot of fuel for all compara—

tive stud ies. For Jet A studies , fuel from a single refinery run

6
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was c lay treated and drummed. A s ing le drum of fuel  was then used

f or each st udy ,  no fue l was re—used in the prog ram . Two batches of

JP— 4 were drummed for this  stud y .  The f i r s t  batch of JP— 4 was c lay

t reated and used in stud ies comparing Jet A and JP—4 , a s ingle drum

of fu el was used f or each study .  The second drummed batch of JP—4

(from a different refinery than the first) was used for additive

stud ies in JP—4, again, a separate drum of fuel was u sed in each

add itive study .

Test Program

The t e s t  p rog ram was d i v i d e d  i n t o  6 s p e c i f i c  t a s k s :

1) Modification of the SSET; pre l iminary  charging

tests; determining the effect of bladder and

foam on fue l e l e c t r i f i c a tion.

2) The temperature—charg ing relationships of ASA— 3

in Jet A ; the e f fec t  of conduct ivi ty  level on

charg ing .

3) The t emperature—charging relationship of ASA—3

in JP—4 ; the effect of conductivity level on

charging; comparison of charging tendencies

of Jet A vs. JP—4 .

4) The t emperature-charging relationship of Stadis 450

in base fuel; the effect of conductivity level

on charging .
I

5) Additive charging and compatibility program .

6) Correlation between SSET and another fuel—charging

tendency test .

‘1
V 
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SECT ION II

RESULTS

SSET Results - Procedures Development

This section presents the results of experiments performed

to establish the effects of key variables in the SSET additive study

program.

SSET Mod i f icat ions.  In Task 1, the SSET was mod i f ied to

s imulate the fueling flow velocities of the a i rc ra f t  type s that

have exper ienced stat ic ign it ions . The pump ing system was enlarged

to increase the linea r fuel flow veloc i ty in the pr imary pip ing to

about 20 f ps. A 0.01 inch ( I . D . )  discharge nozzle was installed so

that the fuel discharged into the reservoir at a flow velocity of

about 82 f ps at a 2 gpm vo lumetric flow rate.  As a safety precau-

t ion , n i t r o g e n  i n e r t i n g  was i n s t a l l e d  fo r  the  t e s t s  on J P — 4 .

Effect of Foam and Bladder Materials on Conductivity .

The fuel reservoir was fitted with a USAF—type rubber bladder liner

and var ious  r e t i c u l a t e d  foams . The USAF b ladde r m a t e r i a l  and

-reticulated foams were supplied by the US/IF P roject Eng ineer , C. R .

Ma rtel of the USAF Aero Propul s ion Laboratory , Wr ight—Pat te rson

AFB. Seven samples of reticulated foams and one fuel tank bladder

were soaked in approx imatel y 3 gallons of fue l , each , to determine

if the fuel  would leach conductiv e components from the bladder or

foams. No signif icant  change in fuel conductivity was observed

after soaking 2 weeks in the bladder or 4 weeks with the foams .
a 

Thus, it was concluded that there would be no appreciable conduc—

8
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tivity effect from the bladder or foam materials during the course

of an individual fuel study . These results are shown in Table 1.

Effect of Foam on Field Strenth Measurements. The ‘affect

of foam on field strength measurements was investigated with the

f ie ld  meter cal ibrat ion arrangement.  Here a 300V DC voltag e is

impressed across two paralle l metal plates 1.0 inch apart to obtain

a field strength of 12 Ky/rn. The field meter is affixed in an

opening in the upper plate. When 1.0 inch of No. 4 red polyester

foam was placed between the plates , field strengths of 50 and 55

KV/m were me~-sured with dry and fuel—wetted foam, respectively.

If it is assumed that there is no charge accumulation on the foam,

12 KV/ ni is the expected result. If it is assumed that the foam

surface accepts all ~.he app lied voltage , an infinite surface

voltage 18 expected . This assumption and data are in Table 2.

When the fo am surface was lowered to 0.5 inch , a field strength of

22 KV/m was measured . This is approximately the expected field

strength if the applied voltage is at the foam surface. From these

data, it is apparent that  the foam is being charged and is affect—

ing the field meter results. Fine pore, blue polyether foam also

accepted the applied voltage Vbut more slowly than the- No. 4 red

polyester foam. Further studies with No. 4 red polyester foam and

fine pore blue polyether foam appear in a later section of this

report.

~~~~~~~~~~~~~~~~~
— --- - -  -——-—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-—-—-— -

~ 
V 

-: -. 
:~ 

- - 

.



in 0 00 o~ p.. o p.. .
~~ ~~~. . S I I I I S I

I I I ‘ ‘ ‘ N .4 i- in ‘o ~e.4

0’ 0 ~~ ‘0 0 I’I ‘0 ‘4 ~flI I I I I S S I

I. I I I ‘~ ‘~ N N P’I ~— in ‘o .~Si Si

~~ ~~ 
.
~~ ~~ ‘,~ .~ ~. 

~~. .~~ ,4~ .4 Oh Qh
I ~ S S S S S I • S S

~. 5, s ~- N N ‘~ ‘ N N ~- in in in
~~ C N

is
~~ 4-
o -~~ r— r— 0 ‘4 ‘0 ~fl 0’ 0’ N ‘0 0>s_ ~~ S ~ S S S I S S S S

41 (1) i ~
- N N ~~ N in in ‘0

~1~~ ~~~
‘-I
> ..- i
~-i 414 ’ iS

U 45 4.. ~3. p.. 0’. 0’ N 00 t~ p.. ~~ 0
C_.I ~~~U 5 5 S I I 5

N t~ 
N N P’ t~I t~ N .4 .4 in

C~ I -4
Z O LN
o ~~~~~

-a
is

w •,- N 0 N ~~ P.. 0’. r- ~~ N 1V~ ~fl
— I S • S I I S S S

U. .
~~ N ~‘) ~~ i- .4 N (%I N Ifl I’~ l~Cz — -

‘- 0
p.

N
_I UJ
00 p. C

p. 45 P.
I-. ~~ N 0 Si

_I C U. 01 U
00 45 C c

~ 0 ~5 1. 45 1.
O5 Si U. Si 0 Si 4- .0

U. .C 0 (5
-o C 4- 4•’ ‘S
(5 45 Si P. 4- SI P.

o —‘ ‘ 0 4-’ ‘4 Si >. ‘0 Si
U. 00 ~~ U. in ~~ .C -‘ —a

C 5l 4.’ 0 •r~
U. 4- >.. in Si .

~~~~ 4.. I..
o .,~ C C Si —s > 0. - Si

4.’ 45 45 4-’ 0 I ...a .c
(5 g... 0 in 0. U- 0 in 4-’ C
c U. Si Si 0. Si

ill ci —J Si )‘ 0 0 4- )-,
U. .,_ 

~
.. ~, N N in I. .-‘ Si - 0 3 3 -J .1

U- ~~ S O  0 in I S .  S i 5 1  S i S i  0
LU Si U- U. 0. 0. ~~ ~~ Z I. Z 4.. 0. I—a -~ Si Si Si 0 -  0 ‘0

Si + Si Si + 5 + ‘-  + 4 -  + C  + 0.  + 0.  + ‘03 0 0 .
Ia. U.. N ... N 0.. N 0 N U. N Si N Si N I

~~~~in ~~~ in ~t S i  U)
Si Si Si Si Si Si ‘. I- 4. 4.
U, _ in in -J ~~ —, C —l C -J 4- —‘ 45 —~ 45 ...I 0
is Si ~ 45 5, 5 i 1  5i~~r 41 5, 5 10  5 10  4,0. 4,

3 00 00 ~~~~~ 3U. 3M.  34 .’  3 4.~ 3 4J 3 0
U. U. 3 U. Ia. U. in U. U. U. 5

-f 0 P. P. Si P. p. 3 I—
Si Si —I Si .~~ Si .X Si >. Si Si - Si Si Si .‘-

44 in 4-’ 4’ 51 —’ i n C  i n c  u i - s  i n 3  i n 3  i n 5  -~
Si is Si Si 4 5 4 1  45 .p- (5 .~- 4 5 0  45~~~ 45 ( 5 5 ,

~V i  —, 00 —, —, 0 0 >-  0 0 0 .  0 0 0.  0 0 0 .  0 0 0 0  0 0 0 0
0
4.

i- N ~~ in ‘0 P~ -4 00 0’. C
~ 

_ -

V V 

~
. 

~~~~~~~~~~ ~~~~~~~~~~ 

- 

a 

. 

I

j•



w

It

Si
U
45
‘4-
I.
3
U)

C
(5
0
U-

S i C
4.1 0 ~~ (p.
(5 4.. I .4 X X CO
-a ’.- N V .4

41) 3
I— u .c
Z
LUz
LU

4-
4’

(I) U)

w -o
-J

Si
X
I-. U.
SDz
LU

I- C
U) —

> —P
S

C
Ui -5-

N — 0.C 45
14. 1 i4

W 4- in
.J Z ~ c N N in 0 0’. S

00 0 VI Si ~- N UI in N N
( 5 ’

I— E 41 4-’ 4-
Si

o 4’
IS.

--a
V 4(

LU 5
I-. U. 0.

- is
OS

I.) .~~~
i-i 5. 4. 1. U
I— Si Si Si C
LU 45 4.’ 4.5

V 
5S

51 4, Si Si
U. )p )p. 1.
o ...a ..a 0 14

0 .0  0 0.
I- - 0. 0. 0. 0
4.i - Si 4.
LU 5 0 ~~~~~~ U
U. Si Si 4 1 0  .~~

. 4. (5
U. ~~ ~~~ Si U.~~~
Ui .~~ 

V

a P. P . 4 5  Si
4. ‘4 .4 .t O  5 1 4 5
5, 00 3 0

S S S - J O  0
0 0 0~~~ 0014. 0

.5- Z Z Z is
U. )% ).. 41

~~~~4. . 5 4 1  u S  U
U i  C . 0

45 C C C •~~~ 44
ID -~ p. - .4- p. .~ p. 51

41 45 45 45 0
C (nO  0 ( 5  0 0  P.-- ’ 0
0 0 0 5 0  .0a < z OU.. s U .  s U .  00. (5

- V



WV — 
- -

Effect of No. 4, Red Polyester Foam . This section

focuses on specific foam effects but considers only No. 4 red

polyester foam.

• Charge Generation and Accumulation : When fuel is

dispensed from the drop tube into the receiver, in the absence of

reticulated foam, severe fuel frothing occurs. This causes erratic

field strength read ings at about 75% full (and above) when the

froth beg ins to contact the meter. Therefore , to avoid this

prob lem and compare fuel charging effects with and without foam

(No. 4 red polyester foam) and bladder , comparisons were made at

70% full. These data are summarized in Tables 3 and 4. Charge

densit ies are calculated from streaming current s measured from the

coalescer , separator and receiving vessels. Because these compo—

V nents are electricall y isolated from each other , the charge dens—

ities reported in Tables 3 and 4 show no effects for foam and

bladder in the receiver which is down stream from the detection

point . Field strengths are assumed to be measures of charge

accumulation in the receiver vessel. Generally, highest field

strengths are obtained with fuel flow through the coalescer. In

general-, the foam and bladder have little effect on charge accwnu—

lation . -

V 
- • Charge Relaxation : Fifty percent charge relaxation

times are related to the effective fuel conductivity , k. This is

obtained from the relat ion:

exp — (k t/ce )

where E and Et are field strengths at time equal o and t seconds,

respectively. ~~ is the absolute dielectric constant of a vacuum
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(8.854 pA sec/V m) and e is the dimens ionless relat ive die lectr ic

constant (equal to 2.0 for most hydrocarbon liquids). The effec-

tive conductivity in terms of the 50 percent relaxat ion t ime , ~ 1/2
is:

k(CIJ ) — 12.27 / ~ 1/2
with dimension of k in conductivity units, CU, equivalent to units

of picosiemens/m. Effective conductivity vs. rest conductivity

d i f f e r e n c e s  would be of interest in distinguishing effects of

d i f f e r e n t  c o n d u c t i v i ty  a d d i t i v e s .  U n f o r t u n a t e l y , these fue ls

generally had fifty percent relaxation times of 1—2 seconds , or

less, which could not be measured with better precision using the

conventional methods of this study. Therefore, although stat ic

conductivities of nominal 100 CU generally y ielded experimental

~ 1/2 of about 1 second , the resultant max imum effect ive conduc—

tivities of 12 CU are apparently too low and too insensitive to

distinguish between additives.

At nomina l -  80° F , the da ta of Table 3 in di c a te that

nei ther  the flow conf igura t ion  or the presence of No.  4 , red

po lyes te r  foam and b ladde r hav e a measurab le e f f ec t  on charge

relaxation. At 25°F, charge relaxation times are longer than at

80°F and according to the data of Table 4, the foam and bladder

result in apparent increases in fifty percent relaxation times of

400—900%. (Separate data were not obtained with bladder only or

foissi only at this temperature.) If charge relaxation were truly

much longer with this foam and bladder , much greater ch arge accumu—

lotions should also occur. Since this was not observed , i t is

assumed that reticulated fon holds the charge giving an indicated

~~~~~~~~~~~~~~ VV ~~~~~~~~~~~~ - -
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hi gh f ield strength read ing, whil e the bulk o f the ch arge bleeds

from the fue l as usual.  Thus , the height of the ret iculated foam

in the SSET will affect the apparent field strength measurement.

Typical experimental f ie ld  strength recording s at two d i f fe ren t

foam heights are shown in Figure 2. Here fuel flow is through the

coa lescer and the rece iver is lined w ith bladder and f ill ed w ith

No. 4 red pol yester foam (red foam) . With foam height equal to the

f uel level at end—of—test , lower end—of—test  f ield strengths are

noted compared to foam height 1/2—inch above the final fuel level.

Also , at end—of—test , the charge relaxes to negligib le charge

fas ter with fue l leve l at or above the foam surface compared to

fuel level below the foam surface.  These resul ts  fu r ther  support

the earlier assumption that the foam surface tends to become

charged and the charge is relaxed more slow ly from the fo am than

from the bulk fuel. In subsequent SSET studies , the height

of the reticulated foams was cut to correspond to the final fuel

level  in order  to m i n i m i z e  t he  fo am e f f e ct s  on the SSET field

strengths and relaxation t imes.

. Charge Polarity: Charge polari ty was deduced from the

observed sign of the streaming current from the respect ive elect r i—

cally isolated SSET component. It was assumed that the resul t ant-

fuel polarity is opposite to that of the measured SSET component.

The usual charge characteristics for the various SSET flow conf igu—

rat ions are as follows:
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Usual SSET Component Relat ive Charging
Flow Configuration Charge Polarity* Rate @ 70°F

Through Coalescer + Highest

Through Separator — Intermediate

Through Coalescer
and Separator + Intermediate

Through By—Pass — Low

*Fuel polarity is assumed opposite

• Temperature E f f e c t :  The SSET charge accumulation—

temperature relat ionships with these configurat ions and JP—4 fue l

are shown in Fi gure 3. The data for these studies are presented in V

Table 5. The largest e f fec t s  between 0° and 70° F were observed

with fue l flow through the coalescer elements. Fuel flow through

the combination of coalescer and separator imparted an intermediate

char ge to the fuel bec ause these elements charged oppos itely and

thus the charges partial ly neutralize each other.  Field strengths

were higher at low temperatures despite often lower charge genera-

tion because the rate of charge relaxation was always slower as

shown in Tableá 3 and 4. Highest charging was observed with fuel

f l ow through the coalescer , and this flow conf igurat ion was empha-

sized in subsequent studies . However , fue l flow through the

separator was also examined in order to compare e f fec t s  of d i f f e r —  k

ent charge polarity.

Preliminary Conductivity Additive Results

The effect of conductivity additives in JP—4 and Jet A

was investigated in Tasks 2, 3, and 4. P h y s i c a l  p r o p e r t i e s

of the two fuels are listed in Table 6. The field strength results
- ~V
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TABLE 6

PR OPERTIE S OF SSET TE ST FUEL S

Je t A JP—4
PrOperties

Gravity, °API 46.9 53.5

Di St ~ L tat i~ ri,° F
IBP 325 133

10% 348 190

20% 357 214

50% 385 306

V 
90% 467 441

E.P. 536 475 
V

Hydrocarbon Type

Aroma ti cs , % VoL. 19.8 12.3

-V apo r Pressure , Lbs. — 2.3

FLash Poin t, °F 125 —

Freeze Poin t,- °F —44 <—60

V iscos i ty ~ —30°F 5.88 2.28

Exis tent Gum mg/I 0 0

Sulfur , % Wt. — 0.079

Merca pt an Sulfur, ppm — 7

21
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of JP—4 and Jet A with ASA— 3 at 65° and 85° F , respectively ,  w ith

red foam and fue l flow through the coalescer are shown in Fi gure

4. These data are presented in Table 7. Charge accumulation , i.e.

f ield strength , at 65° and 85° F dec reased r ap idl y as fuel conduc-

tivity increased from the 1—2 CU of non—additized fuel to 5—10 CU.

Increasing conductivity fu r ther  caused an additional small decline

in charge accumulation. JP—4 and Jet A responded similarly to

increases in fuel conductivity at ambient temperature.

The effect of charge accumulation with temperature was

examined for JP—4 and Jet A without additive and with each fuel

additized to nominal 100 CU at 70°F with ASA—3 . These results with

red foam and fue l flow through the coalescer are shown in Figure 5.

V Both fuels accumulated charge s imilar ly  at room temperature. At

low temperatures with fuel flow through the coalescer, JP— 4 (solid

line) base fuel charged significantly higher than Jet A (broken

line) base fuel. However, with ASA— 3 dosage to achieve 100 CU at

70°F, charge accumulation at low temperatures was considerably

lower with JP—4 than Jet A. The data for these Jet A and JP—4

studies are presented in Table 8 and Table 9, respectively. From

the data it is apparent that the differences between JP—4 and Jet A

charging at low temperatures are not due to differences in fuel

conductivity . Low temperature fifty percent charge relaxation

times and charge accumulations (i.e. field strengths) tend to be

higher for unadditized JP—4 than unadditized Jet A , wh ile ASA—3

significantly reduced fifty percent charge relaxation times and

field strengths in both fuels. These parameters tended to be lower

I I
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for JP—4 than Jet A. The sensitivity of the fuel response to the

conductiv i ty additive may depend upon the micro and macro composi-

tion and characteristics of the part icular fuel, the SSET flow

configurat ion (as it effects charge magnitude and polarity), or the

nature of the foam.

The effect of SSET flow configuration with JP—4 was

investigated (with red foam) with base fuel , and base fuel addi—

t i zed  to 100 CU at 70° F and at 0°F w i t h  ASA— 3 and Stadis 450.

Results of fuel flow through the coalescer are presented in Figure

6 (and Table 9) for ASA— 3 and Figure 7 (and Table 10) for Stadis

450. ASA— 3 effectively reduces JP—4 charge accumulation down to

3°F, or lower, with either dosage. However, Stadis 450 is ineffec-

tive at low temperatures with red foam and this fuel flow configu-

ration (Figure 7). Fuel additized to 100 CU at 70°F with Stadis

450 is pro—static , i.e. accumulates more charge than base fuel,

when the temperature is decreased below about 13°F. This fuel had

conduct ivity of 32 CU at 19°F. At 0°F, fuel additized to conduc—

tivity of 100 CU at 0°F with Stadis 450 accumulated about the same

charge as base fuel with fuel flow through the coalescer.

Fuel flow through the separator charges fuel to opposite

polarity compared to the coalescer and generally to lower charge

magnitude. Results with red foam and with fue l flow through the

separator are shown in Figure 8 (and Table 11) for ASA—3 and Figure

9 (and Table 10) for Stadis 450 . With this SSET fuel flow configu—

rat ion , ASA— 3 usage at a concentration to provide 100 CU at 70°F

is not effective below about 40°F (Figure 8) but Stadis 450 usage

to provide similar conductivity at 70°F (Fi gure 9) does control

28
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stat ic charge accumulation between 0° and 70°F. With conductiv ity

additive dosage to provide 100 CU at 0°F, both additives satisfacto-

rily control fue l charging . Since coalescer charged fuel was

generally negat ive and separator charged fuel was general ly posi-

t ive, ASA— 3 may be more efficient at controlling negative fuel

charge while Stadis 450 may more efficient ly control positive fuel

charge. Alternatel y, there may be differences in coalescer and

separator charging mechanisms with ASA— 3 and Stadis 450 additized

fuels. These results are not explained in terms of di fferent fue l

conductivities , since ASA— 3 and Stadis 450 both responded s imi lar ly

to temperature (Figur.e 10).

W ith red foam and fue l flow throug h SSET coalescer and

separator , neither ASA— 3 (Fi gure 11) nor Stadis  450 (Fi gure 12) are

effect ive at both ldw conduct ivity ( i . e .  less than about 30 CU) and

low temperature. Either charging or additive relaxation effects

determine the combined result of flow through the SSET coalescer

and separator elements with  ASA— 3 or Stadis 450 . When the conduc— V

tivity additive is most effective at controlling negative or

coalescer charged fuel , as for ASA— 3, essentially neutral charged

fuel is delivered to the separator and separator charging and H
relaxation effects dominate. However, whenever high coalescer

charging is not being controlled by the conductivity additive , as

with Stadis 450, then the posit ive separator charge may not neutra—

us e the unrelaxed negative charges and the effects of coalescer

charging and relaxation dominate. The conductivity additive/JP—4

data for fuel flow through the SSET coalescer and separator are

I - 
presented in Table 12.
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SSET Ret icu lated Foam Resul t s

Effects of reticulated foam in the receiver vessel ha’e

been noted earlier. Field strengths obtained during the earl y

port ion of the run with  conductivity additized fue l and the summary

of effects between number 4, red polyester foam (red foam ) and

blue, fine pore, polyether foam (blue foam) are presented in this

section. V

Typical rec orded SSET f ie ld strength t races as obta ined

while f i l l i n g  foam—fil led receivers with fuel containing conductiv-

ity additive are shown in Fi gure 13. This example is for Jet A

containing ASA— 3 with fuel  flow through the SSET coalescer artd the

receiver vessel lined with bladde r and filled with red foam .

Init ial l y ,  there is an increase in the magnitude of the field

strength during the f irst  10—40% of fill followed by a decrease

in f ie ld  strength. This is followed by another increase in field

strength to a maximum at the end—of—test when the fuel level rises

above the foam surface.  Whi le  the f ield strength meter does not

normall y respond to field polar i ty,  it was independently determined

that this behavior represented, in some cases, an actua l change of

field polarity as the vessel fills. It is assumed that the initial

maxima represent peak charge on the foam surface and the second

maxima the charge on the fuel surface at end—of—test. The field

strengths of this report are end—of—test field strengths. It is

assumed that these field strengths reflect fuel effects while the

shape, magnitude , or polarity of the field strength records when

the receiver fuel  level is below the foam surf ace, reflect foam

effects and have minimal effect on fuel charging results. Future

work should consider a detailed evaluation of these phenomena.
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Although the additive compatibility studies were all with

No. 4, red polyester foam (red foam), charging comparisons have

been made between SSET charging effects with red foam and blue,

fine pore , po lyether foam (blue foam) . Table 13 presents the SSET

charge accumulation results wi th red foam and blue f oa m, with Jet A

and JP—4, and shows the effects of temperature and conductivity

additives ASA— 3 and Stadis 450.

These results s uggest:

1) Without conductiv i ty addit ive , with fuel flow

through the coalescer, field strengths are gen-

eral ly much higher with blue foam than with

red foam . This is especial ly true between 70°

and 20°F which covers nearly all  fue l handl ing

temperatures in the field. At 5° F w ith Jet A (and

one JP—4 drum), the data are less convincing.

2) With ASA— 3, with fuel  flow through the coalescer ,

charge accumulation s are substantially reduced

with either red foam or blue foam except at 5°F. 
V

In general , the field strengths are slightly higher

with the blue foant;

3) Stadis 450 , with JP—4 fue l flow through the coales—

cer, does not control field strengths adequately

with either foam at 20° and 5°F.

Additive Charging and Compatibility Results

Base Fuel. As previously noted , MIL—T— 5624K requires or

permits several additives in JP—4. FSII, ethylene glycol mono—

methy l ether (EQIE) is a required additive and, therefore , 0.15%

42
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TABLE 13

C(~~ARISCtJ OF CHARGI.NG WITH RED AND BLUE FOAMS
FUEL FLOW THROUGh COALESCER

Field Strength, Ky/rn w/Red Foam Field Strength, KV/m v/Blue Foam

Fuel. 70’F 20°F 5°F 70°F 20°? 5°F

Base Fuels V/c Additive

Jet A, 377—1, D7 33 60 68 220 104 45
JP— 4 , B77—1, D2 10 133 193 130 335 305
JP—4, 871—2, Dl 30 131 206 250 253 255
JP— 4, 377—2 , D3 25 175 190 230 150 40

Base Plus ASA-3
(100 CU @ 70 F)

Jet A, 577—1, D7 4 33 80 5 50 96
JP—4, 877—2, Dl 5 15 24 15 40 70

Base Plus Stadis 450
(100 CU@70 P)

JP—4, Z77—2, D3 20 120 375 5 370 625
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EGME was used in the base fuel. Figure 14 and Table 14 show the

effect of EGME on charge accumulation between 20° and 65° F wi th red

foam and fuel flow through the coalescer. At 25° and 65°F the JP—4

base fuel field strengths are similar to those of EGME additized

fuel but higher at 42°F. In general, measured field strengths

tended to increase as fuel temperature decreased. While the

oppo s i te e f fec t  (dec r ease in field strength as temperature is

reduced) was generally not observed , e f fec ts  s i m i l a r  to the base

fue l field strengths of Figure 14 did occur in several test series.

It is assumed t ha t  charg ing d i f f e r e n c e s  may be a t t ri buted to

undetermined fuel or SSET factors . All JP—4 fuels for -these

additive stud ies were from a single production run and were stored

in separate fifty— five gallon drums for each additive study. Small

differences in impurities were thus possible between various drums

of fuel. Also for each additive study ,  nine new coalescer and nine

separator elements are installed in the appropriate vessles and it 
V

is assumed that individual coalescer or separator elements may not

charge identically. (Nine elements would tend to average small

differences in charging properties but some small variations are

stil l possible.) Further, each additive study used a fresh red

foam sample in the receiver. These possible drum—to—drum van e— - V

t ions of f uel , element—to—element variance of coalescers and

separators, and the sample—to—sample differences of reticulated red

foams are not independently controlled . Instead , the drum of fuel

is sequent ially additized and charging ef f ects ana lyzed on the same

fuel before and after additization. In summa ry , the results for

• this fue l, with fuel flow through the coalescer and red foam in the

44
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receiver indicate that EGME has no significant effect on charge

accumulation at 23° and 65°F but may be pro—stat ic, i.e. increases

charge accumulation, at intermediate temperatures. After the tests

with EQIE, ASA— 3 was added to the fuel and the fuel then retested .

With fuel flow through the coalescer and red foam in the receiver,

ASA—3 effectively reduces charge accumulation.

Fractional Change in Field Strength . In the preliminary

SSET charging studies, absolute values of the field strength in the

V receiver (at 90% full) were applied for assessment of resultant

charge accumulation. A slightly different approach was used to

compare additive charging effects. As previously noted , in the

additives and additive combination .studies , a fresh drum of JP—4

fuel (all from the same batch) was used with new coalescer and

separator elements and new red polyester foam in the receiver

vessel. A base fuel (Jp— 4 + EGME) run was made each time and .the

effect of the additives determined relative to the respective base

fuel. This relative comparison compensated for ind ividual vania—

tiona among drummed fuels, coalescer/separator elements and foam

samples. The parameter, fractional change in field strength, dF , k

was defined :

dF — F — F
0

0

where F is absolute value of Field Strength with the additive

and F is absolute value of field strength without the additive.
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To illustrate: a negative value of dF indicates the additive

is antistatic , i.e. results in less fuel charging . Complete

elimination of static charge accumulation, i.e. F 0, leads to:

dF = 
—F
~ = —1.0

F
0

If the additive has no effect on charge accumulation, F = F0, and

dF = 0

If the additive is pro—static and causes an increase in charge

accumulation, dF is positive. For example, if the field strength

doubles or triples, i.e. F = 2F0 or 3F0 then

2F — F  = +1.0dF = o o
F

0

or V

dF 3F — F = +2.0

F
0

The fractional change in field strength , dF , calculated from

best—fit curves of the experimental field strength data , permitted

comparable comparisons of different fuel charging conditions. In 3
order to focus attention on the additive and additive combination

effects in this report, only dF comparisons are made. Data summa—

rice and absolute field strength plots for all additive and combin— 
- -

ations studies are in the appendix. The order of the additive

presentation does not correspond to the order in which the runs

were made so that run numbers in the tables are not necessarily

consecutive. 
V

At temperatures around 70°F, absolute field strengths

in the SSET were generally low. It is expected that static d cc—

tric charging in the field is also low in this temperature range.
. 1

-
~~~~
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Thue, increases in field strength of leas than 100%, i.e. up to

doub le the base fuel field strength, were generally considered not

significant around 70°F. With fuel flow through the SSET separa-

tor, the absolute field strengths were generally low at all temper-

atures. However, the SSET separator generated a specific type of

charge and it cannot be assumed that this type of charge is small

in the field and thus are considered in these SSET studies in spite

of their low magnitude. Therefore, although dF parameters from low

field strength separator charging data are less precise than

results from high field strength coalescer charging, the same dF

criteria were used for noting significant effects. The test for dF

significance in either SSET flow configurat ion (at temperatures

below about 50°F) was that changes greater than +0.5 are to be

considered s ignifican t.

Additive Study Procedures. In the additive and additive

co.bination studies, the following experimental procedures were

applied . Since FSII is mandatory in JP—4 fuel, 0.15% EGME was used

in all base fuels. The usual practice was to add EGME at room

temperature and then obtain at least duplicate runs with fuel flow

through the coalescer followed by runs with fuel flow through the

separator. After each test run, the fuel in the SSET receiver was

returned to the supply drums . The temperature of the room was then V

lowered overnight to nominal 35°F and the run sequence repeated

at the new temperature. The same procedures were repeated at
•

nominal 0°F. After the base fuel runs were completed at 0°F, the

appr oved additive or additive combination was added to the supply

drum at 0 F .  The fuel was pumped between the reserve drum and the

V
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V
~~~~~~~~~~
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V 

-



V V

supply drum to achieve complete mixing of the additives. The SSET

charging of base fuel plus additive was then examined successively

at nominal 0°, 35° and 70°F. Following these tests at 70°F, the

fuel was divided into two parts, one part was additized with ASA— 3

and the other with Stadis 450. The fuel was circulated through the

coalescer and separator elements to effect mixing and to condition

these devices to the conductivity additive . SSET charging tests

were run at no*~inal 25°F and 0°F with one additive before the

second port ion of fuel was additized and the test sequence re-

peated. To avoid contamination of the conductivity additives

after the first conductivity additive had been examined , the

coalescer, separator and receiver vessels (containing elements and

foam , respectively) were flushed with clean Jet A until the conduc-

tivity of the effluent fuel was equivalent to fresh fuel. The test

sequenc e of ASA—3 and Stadis 45 0 was a l te rn ated in successive

additive studies. After each study , the fuel was discarded , i.e. a

fresh drum of fuel is used for each study, no fuel is re—used.

The following list of fifteen additives or combinations

were examined without and with conductivity additives , Shell ASA—3 - 

L
and DuPont Stadis 450 ( Fuel System Icing Inhibitor (FSII) ethylene

glycol monomethyl ether @ 0.15% vol.  was inc luded in all fuels.):

1) Five corrosion inhibitor additives.

(a) DuPont DCI—4A @ 8 lbs./1000 bbl.

(b) UOP Unicor J @ 8 lbs./1000 bbl.

(c) Petrolite Tolad 246 @ 8 lb s./l000 bb l .

(d) Hitec 3—515 @ 16 lbs./1000 bbl.

(e) Apollo PRI-l9 @ 8 lbs./1000 bbl .

50
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2) Two antioxidant additives. V

(1) Ethyl 733 @ 8.4 lbs./1000 bbl.

(b) DuPont A0—33 @ 8.4 lbs./1000 bbl.

3) Metal Deactivator Additive (MDA) .

N,N’—disalicylidene—1 ,2—propanediamine @ 2 lbs./

1000 bbl.

On the basis of these tests, the following additive combinations

were tested.

4) Three corrosion inh ibi tor/antioxidant  combina-

tions.

(a) DuPont DCI— 4A/Eth yl 733 @ 8.0 and 8.4 lbs . /

1000 bb l . ,  respect ively.

(b ) H itec E— 5 15/ Eth yl 73 3 @ 16.0 and 8.4 lbs./ 
V

1000 bb l . ,  respect ively.

(c) Petrolite Tolad 246/Ethyl 733 @ 8.0 and

8.4 lbs./ 1000 bb l . ,  respect ively.

5) Two corrosion inhibitor/MDA combinations.

(a) Hitec E—515/MDA @ 16.0 and 2.0 lbs./

1000 bb l . ,  respect ively.

(b) Pet ro l i te  Tolad 246/MDA @ 8.0 and 2.0 lbs./

1000 bbl., respectively. 
-

6) One ant ioxidant/MDA combination.

Ethyl 733/HDA @ 8.4 and 2.U lbs./1000 bbl .,

respectively.

7) One corrosion inhibitor/antioxidant/MDA combination

Petrolite Tolad 246/Ethyl 733/MDA @ 8.0, 8.4, and

2.0 lbs./1000 bbl ., respectively.

V - - V_ I
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Coalescer Charging Stud ies.

1. DuPont DCI—4A (corrosion inhibitor)

Wi th fuel flow through the SSET coalescer, 8.0 lbs./1000

bbl . DuPont DCI—4A significantly increased the charge accumulation

of base fue l, JP—4 + 0.15% EGME , between about 20° and 10°F.

However, around 3°F the additized fuel accumulated only about half

as much charge as base fuel. The trend reversal at 3° F V w a s not

typ ical. Generally ,  as the SSET temperature decreased , lower

ch arge den8 ities were obtained but these charge s relaxed more

slowly at low temperatures . The effect of longer relaxation times

generally resulted in greater charge accumulation in the receiver

at low t emperatures . The results at 3° F with base fue l containing 
V

DuPont DCI—4A are not readily explained relative to other additive

results. Increas ing fue l conductivity to nominal 100 CU. at O°.F

with ASA— 3 or Stadis 450 effectively reduces charge accumulati~on 
V

almost 100%. The DuPont DCI—4A results are shown in Figure 15. V 
V

For DuPont DCI—4A with conductivity additives , studies were per— - -

formed at 0°F only. The field strength results are presented in 
V 

V

Appendix Figure Al. All data for this additive study are in

Appendix Table Al. 
-

2. UOP Unicor—J (corrosion inhibitor)

With fuel flow through the SSET coalescer , UOP Unicor J

was antistatic , i.e. accumulated less charge relative to base

f uel , between 20° and 70°F. Increasing fuel conduc t ivity to-

nominal 100 CU at 20°F with ASA— 3 or Stadis 450 reduced charge

• 
accumulation further by 70—80%. Data were not obtained below 25°F 

V

for this additive. These results are shown in Figure 16. The

52
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2) Two antioxidant additives.

(1) Ethyl 733 @ 8.4 lbs./1000 bbl.

(b) DuPont A0—33 @ 8.4 lbs./1000 bbl.

3) Metal Deactivator Additive (MDA).

N,N ’—disalicylidene—1 ,2—propanediamine @ 2 lbs.!

1000 bbl.

On the basis of these tests, the following additive combinations 
- -

were tested.

4) Three corrosion inhibitor/antioxidant combina-

t ions .
V (a) DuPont DCI—4A /Eth yl 733 @ 8.0 and 8.4 lbs./

1000 bbl., respectively .

(b) Hitec E—515/Ethyl 733 @ 16.0 and 8.4 lbs.!

1000 bbl., respectively .

(c) Petrolite Tolad 246/Ethyl 733 @ 8.0 and

8.4 lbs.! 1000 bbl ., respectively .

5) Two corrosion inhibitor/MDA combinations.

(a) Hitec E—515/MDA @ 16.0 and 2.0 lbs.!

1000 bbl., respectively.

(b) Petrolite Tolad 246/MDA @ 8.0 and 2.0 lbs./

1000 bbl., respectively .

6) One antioxidant/MDA combination.

Ethyl 733/MDA 8 8.4 and 2.U lbs.!1000 bbl.,

respec tively.

7) One corrosion inhibitor/antioxidantfMflk combination V

Petrolite Tolad 246/Ethyl 733!MDA 8 8.0, 8.4, and

2.0 lbs./1000 bbl., respectively. 
V
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field strength data are presented in Appendix Figure A2. All data

are presented in Append ix Table A2 .

3. Petrolite Tolad 246 (corrosion inhibitor)

With fue l flow through the SSET coalescer , 8.0 lbs./1000

bbl. Petrolite Tolad 246 had no significant effect on base fuel

from about 5°F to 70°F within the  dF t o l e r a n c e s  of + 0 . 5 .  In-

creasing fuel conductivity to nominal 100 CU at 0°F with ASA— 3 or

Stadis 450 significant ly reduced charge accumulation by more th.~n

80%. Conductivity additives were added at 0°F only. These results

are shown in Figure 17. Field strength data are plotted in Appen-

dix Fi gure A3; all data are in Appendix Table A3.

4. Hitec E—5 15 (corrosion inhibi tor)

W ith fue l flow through the S SET coalescer , 16 lbs ./ l000

bbl. Hitec E—515 was anti—static to base fuel between 0° and 70° F.

Increasing fue l conductivity to nominal 100 CU at 0°F with ASA— 3 or
- 

V 
- Stadis 450 decreased charge accumulations by more than 90%. These

V V 
- results are shown in Figure 18. Field strength data are plotted in

Append ix Figure A4; the data are tabulated in Appendix Table A4 .

5. Apollo PRI—l9 (corrosion inhibitor)

With fuel flow through the SSET coalescer, 8.0 lbs./1000

bbl . Apollo PRI—19 was pro—static (dF > 0.5 ) below about 10°F.

The pro-static effects above about 68°F may not be significant

because , as noted , charge accumula t ion is generally low around

• ambient temperature and frac tional increases less than 1.0 may not

represen t a static hazard . Apollo PRI—19 generally had no static

effects on base fue l between 30°and 65°F. Increasing fuel conduc—

tivity to nominal 100 CU at 0° and 25°F with ASA— 3 or Stadis 450

V 55

V ~~V_ ~~~~ V , 

-



- - —
~~~~

- w~ — - — V V V —

I -

I
j Ih

I ~~~~~~~~~~~~~~~~~~~ 

- g
•=

~

(V
. T 

~ 
0

11
i _ I

I
- 

/ -
~~~~~I U

/
- / 9

I— I _j- __~L -J
I V) (V It) 0 It)

4 . . .
(V I

-- PtL~~~N3~~~LS aiaz~ NI 3ONYH3 1YNOIL3Y ~~~ 
V

56 
-

— V V

- ~ ~~~~~~~ VV - - — V



V~ w -
~~~ 

- 
V V~ 

V V V V

F F 1 I

—

U,
0

— ,— I.- — p  —
V U.

~~~~~~~~~~~~~~

p~)

H 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I

H.L~N3~.LS G131~~ NI 3ONYH3 1YNO!13Y~~.d

~ I

57

V 
~~~~~~~~~ V V V V 

-



- . V

s i g n i f i c a n t ly decreased cha rge a c c u m u l a t ion b y more t h a n  90% .

These results are shown in Figure 19. The field strength data

are plotted in Appendix Figure A5 ; all data are presented in

Append ix Table AS.

6. Ethyl 733 (antioxidant)

W i th f ue l flow thr ough the SSET coalescer , 8.4 lbs. ,I 1000

bbl. Ethyl 733 was generall y anti—static to base fue l or had

essentially no effect. Increasing fuel conductivity to nomina l 100

CU at 0° and 25°F with ASA— 3 or Stadis 450 decreased charge accumu—

lation8 further by more than 90% . These results are shown in

Figure 20. The field strength data are plotted in Appendix Figure

A6; all data are in Append ix Table A6.

7. DuPont A033 (antioxidant)

With fue l flow through the SSET coa lesce r , 8.4 lbs./ 1000

bbl. DuPont A033 had no significant effect on base fuel charge

accumulation between 0° and 70°F. Increasing fuel conductivity to

nominal 100 CU at 0° and 25°F with ASA— 3 or Stadis 450 resulted in

decreases in charge accumulation of more than 90%. These results

are shown in Figure 21. The f ie ld strength data are plotted in

Append ix Figure A7; all data are in Appendix Table A7.

8. N,N’—disalicylidene—l ,2—propanediamine (metal deactivator, MDA)

With fuel flow through the SSET coalescer , 2.0 lbs./1000

bbl. MDA had no significant effect on base fuel charge accumu la—

tion between 0° and 70°F. Increasing fuel conductivity to nominal

100 CU at 0° and 25°F wi th ASA—3 or Stadis 450 resulted in de—

creases in charge accumulation of more than 90%. These results are

58
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shown in Figure 22. The field strength data are plotted in Appen-

dix Figure A8; all data are in Appendix Table A8 .

9. DuPont DCI—4A + Ethyl 733

With fuel flow through the SSET coalescer the additive

combination 8.0 and 8.4 lbs./1000 bbl. of corrosion inh ibitor

DuPont DCI—4A and ant ioxidant Ethyl 733, respectively, was anti—

static relative to base fuel charge accumulation between about 3°

and 70°F. Below abou t 3°F , the additized fuel was pro—static

relative to base fuel. This agrees with earlier DCI—4A data which

indicated pro-static characteristics at low temperatures (Fi gure

15). Increasing fuel conductivity to nominal 100 CU at 0° and 25° F

with ASA—3 or Stadis 450 resulted in significant reductions in

charge accumulation of about 85—90%. These results are shown in

Figure 23. The field strength data are plotted in Figure A9; all

data are in Append ix Table A9.

V 10. Hitec E—5l5 + Ethy l 733

With fuel flow through the SSET coalescer , the additive

combina t ion 16.0 and 8.4 lbs./1000 bbl corrosion inhibitor Hitec V

E—515 and antioxidant Ethyl 733, respectively,  had no signif icant  
~~~

. I
~~

effect on base fue l charge accumulation between 0° and 70°F. j
Increasing fuel conductivity to nominal 100 CU at 0° and 25°F with

ASA—3 or Stadis 450 resulted in significant reductions in charge

accumulation of about 80—90%. These results are shown in Figure

4 24. The field strength data are plotted in Append ix Figure AlO;

all da ta are in Append ix Table AlO. ~ ~ V V

11. Petrolite Tolad 246 + Ethyl 733 -:

Wi th fue l flow through the SSET coalescer , the additive V

62
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combination 8.0 and 8.4 lbs./l000 bbl corrosion inhibitor Petrolite

Tolad 246 and antioxidant Ethyl 733, respectively,  was significant-

ly ant i—static to base fuel between about 13° and 70°F. Increasing

fuel conduc tivity to nominal 100 CU at 0° and 25°F with ASA— 3 or

Stadis 450 resulted in further reductions in charge accumulation of

more than 80%. These results are shown in Figure 25. The f ie ld

strength data are plotted in Appendix Figure All; all data are in

Append ix Table Al l .

12. Hitec E—515 + MDA

Wi th f uel f l ow through the S SET coalescer , the additive

combination 16.0 and 2.0 lbs ./ l000 bbl.  corrosion inh ibitor Hitec

E—515 and metal deactivator MDA , respectively, was slightly pro—

static to base fuel above about 50°F. As prev iously noted , modest

increases in charge accumulation at ambient temperatures may not be

significant because the absolute field strengths are generally low

at these temperatures. Increasing fuel conductivity to nominal 100

CU at 0° and 25°F with ASA—3 or Stadis 450 and at 75 F with ASA— 3

significantly reduced charge accumulation by more than 80%. These

results are shown in Figure 26. The field strength data are

plotted in Appendix Figure A12; all data are in Append ix Table Al2.

13. Petrolite Tolad 246 + MDA

With fuel flow through the SSET coalescer , the additive

combination 8.0 and 2.0 lbs./1000 bbl . corrosion inhibitor Petro—

• lite Tolad 246 and metal deactivator MDA , respectively, had no

V 
significant effect on base fuel charge accumulation from about 0°F

to 70°F. Increasing fuel conductiv ity to nominal 100 CU at 0° and

25°F with ASA— 3 or Stadis 450 and at 70°F with Stadis 450 resulted

V 66
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in reductions in charge accumulation of more than 90%. Those

results are shown in Fi gure  27. The field strength data are

plotted in Appendix Figure A13; all data are in Appendix Table

- AP.

14. Ethyl 733 + MDA

With fue l flow through the SSET coalescer , the additive

combination 8.4 and 8.0 lbs./1000 bbl antioxidant Ethyl 733 and

metal deactivator MDA, respectively, was insignificantly ant i—

static to base fuel between 0° and 70°F. Increasing fuel conduc-

tivity to nominal 100 CU at 0° and 25°F with ASA— 3 or Stadis 450

and at 70°F with Stadis 450 resulted in significant reductions in

charge accumulation of more than 90%. These results are shown in

Figure 28. The field strength data are plotted in Appendix Figure

A14; all data are in Appendix Table A14.

15. Petrolite Tolad 246 + Eth yl 733 + MDA

Wi th f ue l flow through the SSET coalescer , the additive

combina t ions 8.0 , 8.4 , and 2.0 lbs./ 1000 bbl . corrosion inhibitor

Petrolite Tolad 246, antioxidant Ethyl 733, and metal deactivator

MDA , respectively, had no significant effect on base fuel from

about 0° to about 65°F. The increase in charge accumulation

relative to base fuel at ambient temperature may not be signifi—

cant. Increasing fuel conductivity to nominal 100 CU at 0° and

25°F with ASA—3 or Stadis 450 and at 70°F with ASA— 3 resulted in

significant reductions in charge accumulation of more than 90%.

These results are shown in Figure 29. The field strength data are

plotted in Append ix Figure A15; all data are in Appendix Table A15.
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16. Summary of Coalescer Charging Results

The corrosion inhibitor results are summarized in Figure

30. With fuel flow through the SSET coalescer , Petrolite Tolad 246

generally had no significant (dF less than 0.5) electrostatic

charging ef f ect on base fuel , JP—4 + 0.15% EGME . Hitec E—5 15 and

UOP Unicor J were generally anti—static relative to base fuel.

However, DuPont DCI— 4A and Apollo PRI—l9 showed significant pro—

static effects below about 30° and 10°F, respectively. Thus, in

the absenc e of conductivity additives, DuPont DCI—4A and Apollo

PRI—19 may be electrostatic hazards at low temperatures. Both

conductivity additives, ASA—3 and Stadis 450, were significant ly

anti—static at 25° and 0°F for all JP—4/additive and additive

combinations studied . (Conductivity additives were examined only

at 0°F for DuPont DCI—4A and Petrolite Tolad 246 ; and only at

25°F for UOP Unicor J.)

Separator Charging Studies. Fuel flow through the SSET

separator generally generates charges of opposite polarity than

coalescer flow . Also , generally,  the magn itud e of the separator

generated charge accumulation was lower. During the course of this

study , the separator element manufacturer changed suppliers for the V

filter paper media used in the SSET separator elements. The

magnitud e of charging was much greater in these “new” separator

elements although polarity and trends with temperature were

as the “old” separators. In general, dF , fractional change in

field strength, trends were not affected by the change in charging

magnitude. Al though the experimental data precision was generally

73
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less with fuel flow through the separator, the same significance

criteria, i.e. dF greater than 0.5 , was applied as for coalescer

charged fuel.

In each additive stud y at a given temperature , charging

was first examined with fuel flow through the coalescer followed by

studies with fuel flow through the separator. Thus, data were

alternately obtained with both configurations with the same fuels.

In the following presentation of the separator charging results,

additive concentrations are as presented ear l ie r  and are not

repeated .

1. DuPont DCI-4A

Similar to previously observed coalescer charged fuel,

separator charged fuel containing DuPont DCI—4A was significantly

pro—static below about 45°F. Anti—static tendencies were observed

above 50°F but this may not be significant because of generally low

charging at these temperatures. These results are shown in Figure

31. Field strength data for this additive wit.h fuel flow through

the separator are plotted in Appendix Figure A16; the complete SSET

data are in Appendix Table A16. In spite of the strong pro—static 
V

effects with this additive, increasing the conductivity of the -~
generally negatively charged fue l to nominal 100 CU at 0°F wi th

ASA—3 or Stadis 450 resulted in almost 100% reduction of the charge

accumulation.

2. UOP Unicor .1

Wi th f uel flow through the SSET separa tor, this additive

had a s ignificant pro-static influence on JP—4 + EGME base fuel
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below about 30°F. Similarly, pro—static activity was noted above

62°F but this may ‘not be significant as previously noted. Increas-

ing conductivity to nominal 100 CU at 23°F with either ASA—3 or

Stadis 450 effectively reduced separator charge accumulation to

negligible values. These resul ts are plotted in Figure 32. Field

strength data are plotted in Appendix Figure A17; all data are in

Appendix Table All.

3. Petrolite Tolad 246

With fuel flow through the SSET separator, this additive

had no significant effect on ba8e fuel charge accumulation between

about 4° and 70°F. Increasing fuel conduct ivity to nominal 100 CU

with either Stadis 450 or ASA— 3 significantly reduced cha r’ge

accumulat ion at about 5°F. Results for Petrolite Tolad 246 with

fuel flow through the SSET separator are presented in Figure 33.

The f i eld st rength are plot ted in Appendix Figure A18; all data are

in Appendix Table A 18.

4. Hitec E—5 15 - V

With fuel flow through the SSET separator, Hitec E—515

had a s ignificant pro-static effect  on base fuel from about 13° to

70°F. Increasing fu~1 conductivity to nominal 100 CU at about 5°F

significant ly reduced the charge accumulation at this temperature.

Results for Hitec E—515 with fuel flow through the separator are

shown in Figure 34. The field strength data are plotted in Appen—

dix Figure A19; the complete data set for this additive and flow

V configurat ion are in Append ix Table A19. -

5. Apollo P1(1—19

With fue l flow through the SSET separator , Apol lo P1(1—19
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was significantly anti—static relative to base fuel between 0° and

70°F. Increasing fuel conductivity to nominal 100 CU at 00 and

20°F with either ASA—3 or Stadis 450 resulted in further signifi-

cant reductions in field strength. These results are shown in

Figure 35. The experimental field strength data are plotted in

Append ix Figure A20; all data are tabulated in Appendix Table A20.

6. Ethyl 733

With fuel flow through the SSET separator, Ethyl 733 was

slightly anti—stat ic relative to base fuel charge accumulation

between 0° and 70°F. Increasing fuel conductivity ~to nominal 100

CU at 0°F and 22°F with either ASA— 3 or Stadis 450 resulted in

further significant reductions in charge accumulation. These

results are shown in Figure 36. The field strengths are plotted in

Appendix Figure A21; all data are in Appendix Table A21.

7 DuPon.. A033

With fuel flow through the SSET separator , DuPont A033

had no appreciable effect on base fuel charge accumulation between

ØO and 70°F. liowever, increasing fuel conductivity to nominal 100

CU with either ASA— 3 or Stadis 450 at about 3° and 25°F resulted in

significant reductions in charge accumulation. These results with H
DuPont A033 are shown in Figure 37. The field strength data are

plotted in Appendix Figure A22; all data are in Appendix Table A22.

8. N,N ’—disalicylidene—1 ,2—propanediamine (MDA)

Wi th f uel flow through the SSET separa tor, MDA had no

significant effect or~ base fuel charge accumulation between 0° and

70°F. Increasing fuel csnd~ictivity to nominal 100 CU with either

ASA— 3 or Stadis 450 at about 5° and 25°F resulted in significant

81 
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reductions in charge accumulation. These results are shown in

Figure 38. The field strength data are plotted in Appendix Figure

A23; all data are in Append ix Table A23.

9. DuPont DCI—4A + Ethyl 733

With fuel flow through the SSET separator, the additive

combination DuPont DCI—4A + Ethyl 733 had no significant effect on

base fuel charge accumulation between 0° and 50°F. Increasing f uel

conductivity to nominal 100 CU with either ASA— 3 or Stadis 450 at

about 5° and 25°F resulted in significant reductions in charge

accumulation . These results are shown in Figure 39. The field

strength data are plotted in Appendix Figure A24; all data are in

Appendix Table A24.

10. Hitec E—515 + Ethyl 733

With fuel flow through the SSET separator, Hitec E—515 +

Ethyl 733 had no apprec iable effect on base fuel charge accumula-

tion below about 45°F. However, from about 45°F to 70°F, this

additive combination had a significant pro—static effect. Increas-

ing fuel conductivity to nominal 100 CU with either ASA—3 or Stadis

450 effectively controlled the electrostatic charge accumulations

at 00 and 25°F. These results are shown in Figure 40. Field

strength data are plotted in Appendix Figure A25; all data are in

Appendix Table A25.

11. Petrolite Tolad 246 + Ethyl 733

With fuel flow through the SSET separator, Petroli te

Tolad 246 + Ethyl 733 had no appreciable effec t on base fuel charge

accumulation below about 45°F. However, from about 45°F to 70°F,

this additive combination had a significant pro—static influence on

85 
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base fuel charge accumulation. Increasing fuel conductivity to

nominal 100 CU at about 5° and 25°F with either Stadis 450 or ASA— 3

resulted in significant reductions in charge accumulat ion. These

results are presented in Figure 41. Field strength data are

plotted in Appendix A26; all data are in Appendix Table A16.

12. Hitec E—515 + MBA

With fuel flow through the SSET separator, this additive

combination was sign~ ficantl y pro—static between 0° and 70°F.

However, increasing fuel conductivity to nominal 100 CU at about 50

and 20°F with either ASA— 3 or Stadis 450 and to nominal 100 CU at

75° F with ASA— 3, resulted in signific ant reductions in charge

accumulation. These results are presented in Figure 42. Field

strength data are plotted in Append ix Figure A27; all data are in

Appendix Table A27.

13. Petrolite Tolad 246 + MBA

With fuel flow through the SSET separator, this additive

combination was slightly ant i—static to base fuel between 0
0 and

70°F. Increasing fuel conductivity to nominal 100 CU at about 5°

and 25°F with Stadis 450 or ASA— 3 and at 70°F with Stadis 450

resulted in significant reductions in charge accumul ation. These
I—

results are presented in Figure 43. Field strength data are

plotted in Appendix Figure A28; all data are in Appendix Table

A28. 
I 

-

14. Ethyl 733 + MBA
•1 With fuel flow through the SSET separator, this addi t ive

combination had no significant effect relative to base fuel charge

accumulation between 0° and 70°F. Increasing fuel conductivity to

89
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nominal 100 CII at about 5° and 20°F with either ASA—3 or Stadis 450

and at 70°F with Stadis 450 resulted in significant reductions in

charge accumulation. These results are presented in Figure 44.

Field strength data are plotted in Appendix Figure A29; all data

are in Appendix Table A29.

15. Petrolite Tolad 246 + Ethyl 733 + MBA

With fuel flow through the SSET separator, this additive

combination had no significant effect on base fuel charge accumula-

tion between about 8°F and 63°F. At lower temperature (8°— 0°F)

the additive tended to be ant i—stat ic relative to base fuel. At

higher temperatures, 63° — 70°F, this additive tended to be pro—

static; however , at these temperatures , the effect may not be

significant. At any rate, increasing fuel conductivity to nominal

100 CU at about 5° and 25° F with Stadis 450 or ASA— 3 and at 70°F

with ASA—3 resulted in significant reductions in charge accumula-

tions. These results are presented in Figure 45. Field strength

data are plotted in Append ix Figure A30; all data are in Appendix

Table A30.

16. Sunmiary of Separator Charging Results

With additized JP—4 fuel flow through the SSET separator

the observed additive combination pro—static effects all appeared

related to the corrosion inhibitor. DuPont DCI—4A was significant—

ly pro—static relative to base fuel below about 45°F as was found

with fuel flow through the SSET coalescer. Ilitec E—515 was also

significantly prostatic relative to base fuel above about 15°F with

this flow configuration. Additive combinations Hitec E—515 + Ethyl

733, Hitec E—515 + MBA, Tolad 246 + Ethyl 733 , and Tolad 246 +

93
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Ethyl 733, and Tolad 246 + Eth y l 733 + MBA also appeared to  hav e

some pro—stat ic tendencies. The fractional change results for the

five corrosion inhibitors of this study with fuel flow through the

separator are presented in Figure 46. Significant effects are

taken to be absolute values of dF greater than 0.5.

Effect of Additives on Conductivity Improve r Response

The contract study examined the reduction of static

electricity charge accumulation by the use of conductivity add i-

tives in JP—4 containing other military approved additives. The

required concentrations of ASA— 3 and Stadis 450 in JP—4 for nominal

100 CU at 20° and 0°F with the approved additives and combinations

are listed in Table 15. Generally, lower concentration s of Stadis

450 than ASA— 3 were required to ach ieve similar JP—4 fue l conduc-

tivity at nominal 0° and/or 20°F, except where synergistic effects

were noted . Hitec E— 515 has a positive synerg ism with ASA—3 ,

i.e. increased fuel sensitivity to the conductivity additive while

Tolad 246 appeared to have a negative synergism . Thus, Hitec E—515

additized fuels required 60—80% less ASA—3 for similar fuel conduc-

tivity than Tolad 246 additized fuels. Other additives and their

combinations did not appear to significant ly affect the ASA—3/fuel

response. Generally, synergistic effects were less apparent with

Stadis 450 additized fuels. However, Apollo PRI—19 reduced the

Stadis 450/fuel response such that about twice as much Stadis 450

was required for nominal 100 CU compared to Stadis 450 concentra—

tions with other approved additives. A slight positive synergism

was observed for Stadis 450 with corrosion inhibitor/antioxidant

96
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TABLE 15

CONCENTRATION OF CONDUCTIVITY ADDITIVES FOR 100 CU AT 20° and 0°F

- ppm ppm ppm ppm
.JP—4 + FSII ASA— 3 ASA—3 Stadis 450 Stadis 450
+ Additive @ 20°F @ O F  @ 20°F @ 0°F

Base Fuel (less FSXI) — 2.0 — 1.2

Base Fuel 1.1 — — —
DCI—4A — 2.0 — 0.9
Unicor J 1.9 — 0.6 —
Tolad 246 — 2.5 — 1.0
Hitec E—515 — 1.0 — 1.0
Apollo PRI—19 1.4 1.4 2.1 2.1

Ethyl 733 0.75 1.5 0.9 1.0
DuPont A033 1.3 1.7 0.75 1.0

MBA 1.0 1.3 0.6 0.74

DCI—4A/E 733 1.7 1.9 0.5 0.6
Ritec/E 733 0.6 0.6 0.5 0.5
Tolad/E 733 2.5 2.5 0.5 0.5

Hitec/MBA 0.6 0.6 0.4 0.4
Tolad/MDA 2.0 2.8 0.8 0.9

E 733/MBA 1.5 1.6 0.75 0.9

Tolad/E 733/MBA 2.25 2.75 0.75 1.0

4 I
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and corrosion inh ibitor/MBA combinations. These results are

for a single JP—4 fuel. The synergistic effect of Hitec E—515 has

been documented in other fuels but , in general , these results

should be verified on other fuels.

Effect of Fuel Water Content

There was no apparent correlation between fuel charging

and water content. This may have been due to poor precision in the

water measurement; experimental deviations as much as +10 ppm at 30

ppm average total water were noted in some cases. Tables Al

through A30 also contain water content data in addition to other

electrostatic charging data. The water content data for the

various JP—4/additive studies are summarized in Table 16. Because

the water content results are similar for all fuels, it was not

possible with these tests to find a correlation between fuel water

content and its charging properties.

MST—SSET char&inz Correlation Results

The Mini—Static Test (MST), developed by Exxon R&D, has

been used by Mobil and others to compare charge generation tenden—

cies of hydrocarbon liquids. In this device, streaming currents —

from a metal filter paper holder are measured as fuel is forced

through the filter paper by air pressure. Three SSET fuels were

examined by both techniques at 70°F. MST charging was compared

to ~SET charge dens it ies from both the coalescer and separator
-1

vessels. Figures 47 , 48 , and 49 (and Tables 17, 18 , and 19) for

the additive combinations Hitec E—515 + MBA, Ethyl 733 + MBA, and
4 1
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TABLE 17

COMPARISON OF CHARGE DENSITIE S FROM MST AND
SSET COALESCER, SEPARATOR, AND RECE IVER VESSELS WITH FUEL 77D-3315

JP—4 + EGME +
Hitec/MDA

JP—4+EGNE + + O . 4 p p m
JP-4 + EGNE hitec/MDA ASA-3

MST Charge Density —4020 iiC/m3 —360 jLC/m3 —6 ~iC/m
3

SSET Charge Density

1. Fuel Flow Through
Coalesce r

Coaleacer +137 “ —107 “ +63 “

Receiver —118 ~ +100 “ —186 “

2. Fuel Flow Through
Separator
Separator —25 “ —278 “ —219
Receiver +31 “ +277 “ +99 “

- 
Fuel Conductivity 2.4 CU 11.9 CU 158 CU

- k

a I —
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TABLE 18

COMPARISON OF CHARGE DENSITIES FROM MST ANDSSET COALESCER, SEPARATOR, MID RECEIVER VESSELS WITH FUEL 77D—3316

JP-4 + EGNE +
Ethyl 733/MBA

JP-4+EGNE+ + O.6 ppmJP—4 + EGME Ethyl 733/MBA Stadis 450
MST Charge Density —82 ~C/m3 —8 MC/m3 —100 liC/m3

SSET Charge Density

1. Fuel. Flow Through
Coaleacer

Coalescer +168 “ +58 “ +80 “Receiver —172 “ —74 “ —275 “

2. Fuel. Flow Through
Separator

Separator —63 “ —64 “ —219 tI
Receiver +60 “ +44 “ +26 “

Fuel Conductivity 2.5 CU 1.2 CU 122 CU

H
I I~
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TABLE 19

COMPARISON OF CHARGE DENSITIE S FROM MST AND
SSET COALESCER, SEPARATOR, AND RECEIVER VESSELS WITH FUEL 77D—3314

JP—4+EGME +
Tolad/MDA

J P 4 + E G M E + + O.5 ppm
JP—4 + EGNE Tolad/MDA Stadis 450

NET Charge Density — 12.6 iC/rn 3 —55.8 ~iC/rn 3 +24.6 ji C/m3

SSET Charge Density

1. Fuel Flow Through
Coalescer

Coalescer +137 “ +20 “ +85 “

Receiver —137 “ —70 “ —141 “

2. Fuel Flow Through
Separator
Separator —40 “ 

~73 II —135 “

Re ceiver +37 ~ +1.9 “ +70 “

Fuel Conductivity 1.2 CU 2.0 CU 162 CU

I

a I
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Petroli te Tolad 246 + MBA, respectively, presents MST and SSET

charge dens ity results at 70°F. None of the 1.1ST results ahow

trends similar to either SSET coalescer or separator charging.

This lack of correlation is probably due to differences between MST

and SSET filter media and their responses to the fuel—additive

system . Also, because the MST uses relatively small quantities of

fuel, its response is very sensit ive to trac e fuel impurities and

fuel handling practices.

I
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SECTION III

CONCLUSIONS

The follow ing conclusions are made on the basis of these

SSET resul ts :

• Conductivity improver additives , Shell ASA— 3 or DuPont

Stadis 450 , at conductivity leve ls o f nominal 100 CU

or higher , e f f e c t ively reduce JP—4 charge accumula-

t ions ge ner ated b y coa l e sce r  and sepa r a t o r  F/ S

elements (or by p ip ing and inlet nozzle res t r ic—

t ions) regardless of the presence of certain mili-

tary approved additives (FSII , corrosion inh ibitors ,

antioxidants, or metal deactivator) or their combin-

ations. -

• At conduc t ivity levels less than about 30 CU , Stad is

450 increased ch arge accumulation ( i . e .  was pro—

st a t ic) in SSET coa l e sce r gene r a t e d , n e g a t i v e l y

- charged fue l and ASA— 3 increased charge accumulation

i n SSET sepa r a to r gene r at ed , p o s i t i v e l y  charg ed

fuel.

• Withou t conductivity additives , DuPont DCI—4A has

significant pro—static characteristics in both

negatively and posit ively charged fuel; Hitec E—515

and its combinations with Ethy l 733 or MDA and

I 
- Petrolite Tolad 246 + Ethy l 733 with and without MBA

are significant ly pro—static with posit ively charged

fuels. The use of these additives by the USAF may

108
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have contributed to the reported static charge

ignited aircraft fires. Other additives or c~~bina—

tions examined either have little significant effect

on charging or are anti—static .

• With the bladder lined foam—filled SSET receiver

vessel, electrostatic charge s on incoming fuel

transfer rapidly to the foam surface. Red foam

appears to accept fuel charges more readily than

blue foam but the charges are more rapidly relaxed.

• Unusually high concentrations of conductivity addi-

tives may be required to obtain minimum fuel conduc—

• tivity of 100 CU because synergistic effects with

some military approved additives (i.e. corrosion

inhibitors, anti—oxidants, or metal deactivators)

reduces the fuel response to conductivity additives.

• The MST did not predict the charging performance

of fuels in the SSET.

L .



SECTION IV

RECOMMENDATIONS

On the basis of these conclusions , the following recommen—

dations are made:

• Because conductivity improver additives significantly

reduced charging regardless of other additive

effects , cons iderat ion should be g iven to the ear ly

i n t r o d u c t i o n  of conduc t i v i t y  improve r a d d i t i v e s

Shel l ASA— 3 or DuPont Stadis 450 into USAF JP—4 fue l

sys tem at minimum 100 CU at the a i r c r a f t  at t he

t emperature of use.

• Electrostatic effects from charged reticulated foam

surfaces during introduction of charged fuel into

bladder—lined , foam—filled receivers were noted but

not investigated. These effects should be the

subject of future stud ies.

• Because some a d d i t i v e — f u e l combina t i ons  r e q u i r e

unusual high concentrations of conductivity improver

additives for static hazard protection of 100 CU

fuel at low temperatures, it is recommended that

fuel—water separability of fuels with conductivities

of 300—450 CU at t emperatures of about 70° F be the

subject of future investigations.

~ I
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APPENDIX

• Field Strength Plots and Data Summaries
for Additive and Additive Combination Studies
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