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I, SUMVARY

A A 0
N

This study was conducted to dctermine the probability of the
existence of an electrostatic charging hazard in the F Zeries Atlas fuel
Sransfer Systen. A further intention was to investigate test procedures t-
evaluate the degree of the prohblex and poseible solutions if a hazard seemed
probable.
T

\

B, _CONCLUSIONS

All available information indicates that elsctrostatic char
presente a definite hazard in the Silo Fuel Systen. Fatal exploeions or
fires are possible. The most dangerous operation is catchment tank loading
and unloading, Here highly charged fuel is expected to enter the atmosphere-
vented catchment tank and the open tank trucks respectively.

The missile fuel tank seems safe dus to nitrogen inertion of the
ullage atnosphere. Nevertheleas, further investigation is necessary.

C. RECOLJENDATIONS

It is recommended that an antistatic additive bs mixed with RR-1l,
The hazard can definitely be eliminated in the entire fuel transfer system
by use of such an additive. This solution is extremely easy and insxpensive
although the additive's side e{fects require evaluation. Until these side
effects are investigated, it is suggested that a nitrogen purge systea be
applied to the catchment tank and tank trucks as an interim solution. It
should be noted that the nitrogen purge does not eliminate the possible
hazard in the missile tank vhere an ullage gas analysis is needed to determire
ullage atmosphere flamzability,

Alternatively, the degree of the electrostatic charging hasard
can ve irvestigated by means of tests at OSTF=2 (Vandenburg AFB). The extent !
- of the test program rmst be a conpronise between the quantity of data
necessary for the degree of safety desired and the economics of the situation
in terms of time and money.

The relative merits of these approaches should be investigated.
In the mean tine, it is recomzended that personnel be kept at a safe distance
during fuel transfer operatiosns considered dangsrous,
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11, INRODYCTION

A, BACKGROUND

The possibility that electrostatic charging of RP-1 r.ocket fuel
may constitute a tazard was first considered ip early December 1961, by the
Propellant loading System Design Group, because of several features unique
to the F Series Atlaa. The point was raised, quite incidentally, by Dr. Grey,
a forzer consultant to Convair Scientific hesearch lLaboratory, and nov a
professor at Alfrecd University, ilfred, N.Y., in a discussion concerning the
Fuel rurification Unit, He pointed out that the extremely low total water
content of the processed fusl could reduce fuel conductivity to & value
conducive to electrostatic charging. A study was therefore initiated to
deterzine if a rroclexz could exist,to investigate techniques to evaluate its
extent, and to deterxine possible solutions to the hasard,

A survey of available literature and phone conoversations with

" experts of Esso, Shell, and Atlantic Research Corporation indicated that a

problen may very well exist, It was then decided to confer with these

experts in detail, Dr, J.H, Jaffer, Jr., Ir. A.L. ludwig, and Dr. licheal '
larkels, Jr., of Easo, Shell and Atlartic l.esearch respectively, as well

as other people from these firms, graciously gave much of their time to this
etudy in personal discussiors in late January,

E. HISTORY OF FROBIEM

Electrostatic charging has long been a problem in refineriss,
Fany fires and explosions have been attrimted to electrostatic sparking in
stu age tanks, tanxers, ana tank trucks. The Standard 0il Company (Bew
Jersey) avi Affiliates list eighteen fire and/or explosions (1) caused Yy
static ignition. Cther oil cocpanies, too, have experienced static explo-
sions all over the world, lore recently, military aircraft have been involved,
The CF-100 FCAF fighter episode is particularily well documented. Seven
incidents, two of which resulted in explosions, occured in the winter of 1957,
An op-the-gpot, full-scale study was mace by Dr., D.T. Rogers and J.C, Mundey
of Esso hesearch and ['~~ipeering Company, yielding important data (2).

No incidents have been reported with comuwercial aircraft although
increasing fueling rates and purer fuels havs created esnough concern to
resust in several studies, Esso and Shell have performed extensive laboratory
and full scale experiments in the last several ycars, The Coordinating
Fesearch Council, in cooperation with many oil cozjaniea, airlires, and Convair
Division of Ceneral iynamics Corporation, conducted an extensive prograc last
year, Cne objective of the CFC study was to evaluate the use of a scals
model for furtber electrostatic stuciea, Agreepent between th. full scals
equipment ~rnd the model was fairly gocd. Atlanlic Fesearch Corparstion,
Alexandria, Va., also participated in this stuc, and is nov irn possesion of
the scale model,

The results of this work indicate that a definite hasard sxists
when aviation type kercsepes are pumped into aircraft taunks. Esso and Shell
have ceveloped an antistatic additive which, in concentrations of 1 ppmm,
increases fuel concuctivity to the polint where no charye ca: accurulate (9’3).
The adcitives sice effects, hoever, are as yet not fuily evaiuated.
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111, EL:CTT.USTATICS AMD PETROLEU) PRODUCTS
A, GENFRAL '

Electrostatic charging is, of course, not confined to liquid
hycrocarbons but only this espect willi be cornsidered. Llectrostatic charging
can occur whenever there is motion of a fuel relative to a second substance
which may be a solid, liquicd,or gas. A point in case is the flow of fuel
alcrng pipes and through filters., Less obvious is the relative motion of
fuel spray, vapor, or cist anc air through w.ich it may be forced. The charge
generation :echanisc ie not entirely understood. The general opinion is that
charge ceparation occurs at the interface of relative motion, that is, ions
of one sign (present as impurities in the fuel) are nore readily adsorbed at
an interface surface than ions of the other sign. In the case cf fuel flowing
in a pipe, for exarple, negative ions are thought to be adsorbed by the pipe 1
surface. This leavee the fuel with a net positive charge as it enters the ]
tark. A negative charye is then induced on the inside surfaces of the tan“
anc so an electrost-tic field, much as the electric {ield between cppositely
chargec capacitor plates,is estavlished. Field strengths of several hundved
thousand volts per meter are not unusual, and values 1n the millions are
thought to be possibls.

It should be noted that grounding a tank does not remove the induoced
char.e on the inside surface. To clarify, take the exarple of positively
charced fuel in an ungrounced tanx, By induction, electrons (negative charges)
terd to cirrate to the insice surfaces of the tark, This in turn leaves a
nct positive charpge on the outside surface of the tank., Grounding the tank
neutralizes this "outsice™ charge by allowving electrons from ground to flow
to the outside sur{ace, The "insice® charge, held by induction, remains,

If the electric field in the ullage space of a tank exoeeds the
poterntial breakdown value of the ullage atzosphere, a discharge occurs. The
resulting sparx zay be of a high encugh energy to ignite the mixture of air
and hydrocarbon vapor ir the ullage, Less probable, but nevertheless possible,
is structural dacare by intensive sparking even without ignition, These are
the hazards of elsctrostatic charging.

B._ 0 MTUCTIVITI

In any electrostatic study, the fuel concuctivity is of primary
izportance. Electrical conductivity 18 largely a function of lon concentration,
If very few icns are present, ooviously not much charge separation and accumu~
lation can occur and electrostatic charging is not & basard., This is the
situation in a chexically pure fuel and is not expected to be sncountered in the
field, If ion ~oncentraticn is hiph, electrostatic chargin; is again po problen
s.rce, although much charge s2paration occurs, charges ~enerated coumbine almost
{iz ediately through the nighly conductive fuel and no accuculation is posaibls,
1t vecooes aprarent, thez, that electrcstatic charginr is only s problem when
the fuel falls into a certain conductivity range. This raage is approxiuately
C.1 to 10 ricomhos per meter, Unfortunately, aviation xerorenes, which include
Fi-1, have a conductivity als=~et "ilsal® for charpe peneraiicn, In s world
=ice survey, Easo reports that 10. of all aviation kerosenes tested have a
conduetivity of less thar 1 picocho per meter and 90¢ have a conductivity of
less than 10 pleomhos per meter (3). In other worcs, 85% of ths samplss had a
conductivity value ovelween 0,1 and 10 plcaohos per meter,
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Electrical conductivity of petroleum fractions is not ohnmic, that is
current 1s not proportio:al to field strength, and, in addition, depends on
tire. This causes some problems since measurement results obtained depend on
the applied voltege and at tie time readings are taken, Both Esso and Shell
(4,5) have conductivity measurement procedures availahle,

Esso's method consists of measuring current with a known applied
voltage and using Ohn's Law to obtain the resistance. Current is plotted as
a8 function of time and the equilitrium value of current is used to compute
the resistance. The equilibrium value of tne current can be estimated by
extrapolating the curve after a few measurements or current can be read to the
bitter end which may take 30 minutes.

With Shell's method, the conductivity is calculated from the time
required to reduce a potential difference across a capacitor to a certain
fraction of its origiral value., The petroleun product under test is used as
the lielectric in the capacitor,

Botb methods require skill and carefully calibrated equipment,

Conductivity is affected by filtering equipment of all types, by
the contanmination in a fuel transfer system, and by electric fields. 1In
adcition the conductivity of Ri-l will vary with the supplier and even with
different batches of the same refinery. The variation with field strength
gives rise to "effective® conductivity. This is the conductlvity which
actually exists in the charged fuel and which deternines the rate of charge
dissipation to ground or "relaxation", It can be seversl times higher or
lower than conductivity measured at "rest" although it is usually lower (6).

It can be seen, then, that conductivity measurements are by mo
means simple, To bave any value, measurements must be made with RPR-l from
each supplier and before and after filtering equipment,

C._FLOM BAIX '
In general, the faster a fuel travels over a surface the more

charge is separated and the hazard is increased. The exact relationship is

not known but charge generation seems to vary with slightly less than the

sscond power of flow velocity. No range, outside of which electrostatic

hagards do not exist, can be established here as 1s the case with conductivity,

Flou rates in the F Series Atlas fuel tranafer system vary from 5 to 27 ft. per

second ip stainless steel pipes and rubber flex hoses. Sparking was observed

in two studies at lower flow rates. (6, 14). T U

- - . e

D.__GEQETRX

The geometry of a particular fuel transfer system greatly effects
charge generation and sparking:. The surface area, for example, encountered
by the fuél is important since electrostatic charging is a surface phencmsnon,
Filters and filtsr-separator type devices present a large surfaoces area to the
fuel and so the charge generated in them is much higher than the charging in
pipes. In fact, piping after the final filter usually serves to relax the
cbarge in the fuel as it travels to the tank,
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A particularil: troublesome situation exists when a filter is placed
Just upstrean of a tank. Almost all of the charge generated in the filter
will then be carried to the tank esince no relaxation is possible.

As the charged fuel rises in a tank an electrostatic fisld is
established between the fuel surface and the tank ceiling, walls, and other
surfaces, such as instrumentation devices. It is well known that ldeal fisld
strengths vecome relatively high when irregular and pointed surfaces exist
although they would be low in a "smooth" tank.

Thus, when the electric field is distorted by irregular geometry,
sparking is more likely to occur. In air, for exanmple, 1000 kv/ft. is quoted
as the breakdown potential of air between parallel plates, If pointed electrodes
are used, the breaxdoun potential is ruch less, It is estimated that, under
ideal conditions, incendiary sparks could be produced by a liquid surface
potential of the order of one kilovolt (2).
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IV, ATLAS SYSTR CONSIDERATIONS

A _THE FUEL TRARSFER SISTEM

The Atlas fuel system consists of the missile tank, the catchment
tank, the fuel purification unit, the fuel loading prefab,and the inter- °
conrecting piping. ‘he =rsten will handle fuel much of which is expected to
have an ideal conductiviiy for electrostatic charging. The flow rates in-
volved are higher than the C..C study flow rates where sparking occured, The
geometry, too, seemc conducive to charpe generation due to several filtering
devices. A astainless steel nmesh filter is located in the fuel loading prefad
and a filter separator may be mounted on the Air Force tark trucks, Ths fuel
purification unit is one huge filter consisting of a filter-separator, three
desiccant beds, and a backup filter. When the previously mentioned experts
were acguainted with the rvstenm, their strongly expresséd opinion was that
a hazard exists in sonc pnases of fuel transfer,

The fuel system can be divided into four operational procedures
for elsctrostatic studies:

ipsile

Puel flous from the catchment tank or tank trucks to the missile,
(It is the intent to flow through the Fusl Purification Unit whemever fusl
isdlivered into the missile tank).

Cat T
Fuel flous fronm the miesile or tank trucks to the catchment tank,

3. Tapk Truck loading, Fuel Furification Unit Validstion

Fuel flows from the nissile or catchment tank to the tank trucks.
(The Fuel Pirification Unit will be used to pump fuel from the catchment to
the trucks during FPU validation).

s Y

Puel flows from the tank trucks thru the Fuel Purification Unit,
thru the silo fuel plumbing, thru the Fuel loading Frefab,back to the tank
trucks.

The experts agreed that the worst case, as far as charge generation
is corcerned, is tank truck loading ( using the fuel purification unit)
followed by catchment tank loading from tank trucks. In each ease. fuel is
pumped through a filter shortly before it enters a tank with a flamzable
atnosphcre. The other operations were judged fairly safe since either no
filter is in the circuit or tank ullage atmosphere is inerted,
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B, MISSILE FUEL TAX

The misslile fuel tanx, it was fult, is proLably safe dus to nitrogen
pressurization and similarity to earlier Atlas arrangements where no problen
has been identified. The nissile tank ullage atmosphere, pressurised to
approximately 14 psig with nitrogen, will probably not support combustion under
any conditions. It was pointed out, however, that it is just possible that
the evolution of dissolved oxygen in the fuel plus the injection of air, trapped
in the fuel £ill and drain line, during a leveling operation, mey create a
flaxiable uliage atuosphere. It was felt, therefore, that an ullage gas analysis,
uncer the worst possidble expected conditions, should be made,

C, CATCH-ENT TANK

Catchnent tank loading from tank trucks through the truck mounted
filter-separator will result in charged fuel entering the atmosphere-vented tank.
Whether or not the charpe is high enough to cause sparking is impossible to
determine without tests. The experts opinion was that a hazard proiabdbly exists.

It should be noted that, in spite of GD/A objections, the ailo
facility fuel catchment tank was deaigned vwithout an ipsrt stmosphere. JNo
other Atlas tank is vented directly to the atmosphere,

B, TANK TJRUCKS

The ullage atmosphere in the truck tanks will certainly be flammable
and explosions could result., Unloading the catchment tank thru the Fuel
Furification Unit into tan. trucks, as previously noted, was considered the most
dangerous operation. This is btased on the assumption that the Fuel Purification
Unit is an efficient electrostatic generator. Highly charged fuel, it was felt,
will enter the tank trucks since not cuch relaxation can occur in the 12 %,
section of hose provided at the outlet of the FFU,
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V. ELECTROSTATIC MEASUREMENTS

Ae__GENERAL

Testing in connection with electrostatic charging studies is difficult.
Equipment not usually available is required for field strength and charge density
peasurements. Experience with measurenment techniques is bhighly desireabls both for
the actual testing and for the analysis of the test data.

R.__DATA REQUIFED

Five types of measurements are used to evaluate the extent of an electro-
static problem. Although all five may not be necessary hsre, they are given
belows

1. Fusl Conductivity
2. PField Strength
3. Charging Current

4. Charge Density
5. Charging Tendency

Conductivity measurements were described in Section III A, This
measurement is required. .

Pield strength measurements are moat difficult. Instrumentation is mot
cocmercially available although approximately six field meters exist in the United
States. These meters were built by Esso and Shell and their loan is possible.

The instrument picks up and amplifies a small alternating voltage which is induced
in a rotor alternately exposed to and shiélded from the electrostatic fisld. 7The

device must be carefully calibrated and properly installed in a region where high

field strengths are expected. This usually presents difficulties due to inaccessi-
bility,.

Charging current is measured by allowing the charge induced by the fuel in
an electrically insulated portion of the systen ( usually a filter) to flow to
ground through a micro=nicro arreter. The insulation tsed is Teflon. An entire
tank truck, for exacple, can be isolated by driving it onto cleaned Teflon plates
and by installing Teflon gaskete in inlet and cutlet piping. The truck is then
connected to ground thru the current meter and the current measured is a good
indication of the fuel's charge density., Mr. A.L. ludvig of Shell felt that
conductivity and charging current measurements may suffice to define the Atlas
electrostatic problem,
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Charge density oeasurepenis employ instru-entation similar to tbe
field meter ciscussed above (5). ke device is usually instelled in an elbow
with the proce cenirally located in the fuel rlow path, The charge density, in
nicrocoulombs per cuble meter of the fuel car then be deduced {rom the amplitude
cf the induced alternating veoltage.,

Charging tencency of a fuel is measured by conparing the musber of
sparks producec by different fuels under tne same laboratory ecels trensfer
coréition (7). This measurerent is not recomtended since too many veriables

affect the data. Temperature &ancd storage tine, for exaczple, effect the sparking
rate in & seeningly ungredictable mannes.

In order for sparking to present a hazard, a flammable atmosphers mmst
exiet near the spark, -he ratios of h: drocarbon vepor anc air, as a fumction aof
tenperature, which suppo.t combustion are well known., where doubt exists as to
the {laz.atility of an ullage atmosphere, it is desireabls to perform a gas
analysis sirce electrostatic neasurements are expensive and ueeless if s gas
analysis incdicatcs corbustion is impossible.
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Yi, DISCUSSION

A, GEIERAL

1f the extent of electrostatic charging in thLe fuel system is to be
evaluated, some sort of test prograr must be conducted.

The testing can be performed by Astronautics alone, by Astronautics
with help from Ess0, Shell and Atlantic .esearch on & consultant basis, cor
the test program may be subcontractec to an experienced firm in part or emtirely.

The Atlantic lesearch Corporation, which toock part in the CHC studies
and presunably has good testing experience, is seeking contracts of this nature,
it should be noted that the firm does not have field meters but they are appar-
ently capable of building them to Shell drawinzs. The cam;lete testing progrem
was estinmated to cost ¢65,000, It is also possible to obtain consultants from
the firm if this should be desired.

Essc and Shell normally are not contracted for this kind of amall
task, but consultation is available, An attempt to subcontract to Essc or Shell
is, of course, possibla.

Any test program should involve the actual equipment presumably at
OSTF«2 where schedule problems will arise., Testing of this type is sxpensive
and it is recomsended that whichever way it is carried out, it pe complete the
Lirst tims.

The experts eonsulted disagreed sonewhat with what an adequate test
setup night be, Obviocusly it would be desireable to run all tests under many
different conditions and to draw conclusions from & vealth of data, Economica
and time, however, dictate a different approash,

Shell indicated that conductivity and cherging current meesurements
may be snough to evaluate the problem., This would mean measuring tank truck
and FPU charging current and fucl conductivity before and after fiitration.
Investigationr of the missile tank ullage atmosphere wvas also recommended.

Esso felt that, in addition to conductivity aod charging current,
field strengths in the catchment tank and the tank trucks should also t» measured.

Atlantic Research recorrended that conductivity, fielc strength ( 1n
catchment tenk and tank trucks) and charge density measurerent.s be made., It
vas also recammended to instell a photoelsctric cell in the vicinity of expscted

sparking.

S0 &)

Seweral solutions to electrostatic charging problems ere xnown, They
are listed below., 1t should be noted that applying a solution may be lecs
evneraive than conducting & exhaustive test progra:. This is eszpocially true
vhen the existance of a problam is strongly suspected. 4 program verifylng a
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hazard still leaves the task of eliminating this hasard.

1, feduction of flow r3es3

A lower fuel velocity reduces chiarge separation but does not give
absolute protection since this is a matter of degree. Testing must accampany
such a fix.

2. femoval of final filter

Filters are potent charpe generators. The final filter ( the firet
filter upstrear of the tark veing filled) is especially dangerous since the
charge generated in il doee not usually heve rmich relaxation time, i.e, the
firal filter is usually close to the tank, iecoval of this filter again is not
a positive fi1x and testing is necossary., In addition, the removal of a filter
nay be undesireable in a given systesm,

3, _Irovision for relexation volumg '

‘ Charge accurmilated in fuel dissipates (relaxes) with time., Thus, if
additional piring or a tarr is introduced vetween the final filter amd tank to
provide sufficient relaxation tire, much of the charge will have disappsared,
However, the relaxation volune neceasary can become unacceptablsy large if eon=
structed to provide positive protection for low concuctivity fuels.

The relaxaticn volume necessary to achieve the desired degree of charge
diasipation can be calculated., Charge dissipates or relaxes in accordance with
the equation tk

QT = Qe €t
where Qp & charge density after time ¢
G¢ ® initial ckarge density
t = elapéed tine in seconds
k = fuel concuctivity in mho/cm
€ = fuel dislectric constant
€o= 8.85 x 10 "4 fared/ea
Ixample: Assume k = 1 x 107 mho/em = 1 x 10732 mho/m
and € =2.3 (approximately)

If iy 18 desired to reduce the initial charge density by 60% (S'L =0,4) @ relaxytion
Qo

tine of approximately 20 seconis is ncaded. At & flow rate of 300 gallons per

nirute, a 20 second rele tion volume equals 100 ;allong. It follows then that

a 100 gallon tank is neeced tu raduce the iritie) charge by 60. of its value under

the above assumed conditions,
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4o _Iperting of ullage atmosphere

If the ullage atwmosphere is inerted, no combustion can take plaoce.
Discharges are not eliminated but spark energies are not nigh enough to cause
structural damage when such sparking cccurs from the fuel to a conductor.

us t t

Here the fuel's properties are controlled so that flarmable atmospherss
are not created under expected conditions. For exarple, if the vapor pressurs were
increased so that a non flam.able, over-rich nixture exists in the ullage, no
fire or explosion couid te causec by sparks. It is difficult, however, to alter
one physical property of & fuel withcut affecting others and therefore a “"new®
fuel would have to be eveiuzted,

Radioactive so

A radioactive scurce ionizss the ullage atuosphere so that it can act
as a concuctor, Charges in t.e fuel can then flow through the ullage to the
tan< and ground. Further study is necessary if this solution is to be considered.

Z1._Grounded, floating corducting grid op fuel surface

Aere again a conductive path is provided for the charge disirituted in
the fuel, Difficulties include construction and ineccessibility,

8, Antistatic sdditivep

These additives increaese fuel conductivity to the poimt where charge
accumulation is not possible, Side effects of the additives bhave not beea
evaluated for rocket engine systezs.
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