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I. INTRCDUCTIZN

Fire resistant fuel <or ground vehicles would reduce the threas
of fire to vehicles and personnel. The fuel must achieve a
reduction in the fire ha:zard while presenting minimum adverse
effects upon vehicle performance. In addition, the fire resis-
tant fuel must not present impractical logistic constraints in
terms of blending and transportation requirements, and storage
stabilicty.

Six generations of fire res istant fuels have proved eI
for reducing fuel flammability hazards Zor either airc
ground equipmenz, or botn (reference (1)). These formu
investigated by the U.S. Army includad the follecwing:

1. Fuel gzellation;
2. Semisolid fuel-in-water =mulsions;

3. Viscous-liquid, fuel-in-water emulsions;

4. High-molecular-weight polvmer additives Zor suppres-
sion of mist formations;

5. Volatile halogenated fire suppression Zuel conszi-
tuent; and

6. Non-viscous, water-in-fuel, fire-resistant fuel
emulsions,

Although each of these six approaches presented disadvant
the non-viscous, water-in-fuel emulsion svstem has shown
desired fire-resistance while appearing to be most suitab
and practical. Use in the field, however, presents logis
oroplems centering on the need for an emulsx:ylng igent a;
the need for large quantities of relativelv pure water.

es,
e

AN (IS A Tie]

3
-
1
-
-
».lC
adé
L

In view of the logistic probiems with the water-in-tuel emul-
sion fuels, recent develompments in the state of the irt ia
blending (reference (I)) and the introduction of tuTrbine
powered battle tanks, the present project was initiated to
reappraise the fourtn approach, "High-molecular-weight polv-

meric additives for suppression of mist formation.” This
approach also may be promising for formulation of fire-resis-
tant Zuels for U.S. Army helicopters and fixed wing aircra:z:

A major problem associated with the high molecular weight zolv-
Mer approach in the past relatad to the difficulties in disscol-
ving cthese polvmers in tuel. Existing dissolving orocesses
were slow and attempts to speed the Jrocess Hv vijorous mixing
degrade the polvmers so that they are less effective in mist

suppression.




)

In 1373, Jenesral Tachncolsgy Aopilications, Inc., nad
covery that some nhigzh molacular welizht viscoelasti:
Zan e Zdissclved virtualliv instantaneously under or
Zonditions The process, Iovered bv oa U.S. naten:
(reference (3} involves grinding the poilvmer at 1i
g=2n Temperature, activating the polvmer particlas ¢
radical formation ‘references (4-6), followed bv qu
cold rowder in solvent at ambient temperature. Thi
mezhod offers virtuallyv instantaneous solvation wit
degradation of mist surpression effectiveness.
Under lontract No. DTFAQ03-82-C-00070 from the Fader
Administration, General Technology Applicaticns, In
fullv applied this crvagenic methed o blend polvis
tael solutions at the raze of approximataliv 4 zallo
at 3520 ppm. These solutions were teosted Zor mist
Denaviaor by the FAA and found to 2e superior at lik
Tions o the currentlv iavestigatad antinistiagz Zue
As nczed abeve, a major objection to the use of nig
welzht mist suppression additives has seen the diff
iissolution. As presently conceived the STA proces
to blend drv polymer with diesel <uel ferming antim
on demand and as required for vehicles at the pump.
process theres would Se no need to stors zolvmer sol
trate for blending with fuel nor would largs holdin
raguirsd while the antimisting additive is being di
the Zuel.

The capadilisy to diend antinmisting Zuel dirsctlv i
Tanks of military vehicles, could give militarv dec
the option <o use it onlv when necessary, with mini
cion to militarv operation. The fuel could be used
oattle and training conditions 1f so desired In a
f£ieid control of polvmer concentration couldi crovid
in tailoring fire onrotection to vehicle type and st
field conditions and reguir=ments.
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8.

S.

GTA, Inc., was %o arply its crvogenic solution
making process to a seriess of polvmer candidates obtained
Srem the project oificer [reference (7)) The polvymers supplied
to GTA included the fallowing: Natsvn ‘Gecdvear Fire and Rubber
Co.}, ZPCAR 307 and EPCAR 3483 (Goodrich Chemical Co.;, 1979353
Firesstone Tire and Rubner lo.,, L-137 EZxxcnd and 21°77-14 TULS
Army  JAMMRC) .
In additisn %5 <he teolivmers obtained Ireom the projec:
ofiizer, GTA also investizatad three Ziffarent melecular weizhet
samrpi2s o7 polwisshusviaena from 3A3F '3-1:2, 3-120, and 2-230%,
ané proprietary poivmers Srom Sull, Shell and ARCC
2 Jetermine =landing in two Jdiesel Zuels
1 t
' . GTA, Inc., was =c decermine if the solivaztion or blend-
ing process was influenced by the choice of referee or standard-
it DF TI25. k
3. Determine the effects of rpeclvmer molecular weight,
Snemical compesiticn and concentration ia fuel cn
the Slending orocess.

¥ oobiactives oI this investizaticn ar2 13 follows:

Detarnine if
blendea 13 ¢

Test sach sanple solution for antimisting and viscosity
is functions c:f time after blenaing and polvmer <oncen-
tration.

Assess the stabilitv of the resultant antimisting fuels.

h
3
ot
[

Determine the minimum concentration reguired
misting.

T &

-
e

Report the parameters Zor optimiziang the blending
process,

Prepare and deliver 5 gallon samples of each selected
polvmer/tuel candidate.

Determine the apopropriate, size, weight, power regquires-
ments, 2tc., or 3 field unit, and assess the apTlica-
b1litv of thilis process to the Armv's “ire-Resiszant

Fuel Program.
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ITI. APPRCACH

It 1as Seen shown that the c¢rvogenic grinding of »nolvmers with
melaculiar weighss in excess of 10% leads to the production of

4 powder that shows the presence of macroradicals (reference
deai ).

Juring crvorracture, a small number of main-chains are broken.
The evilence for this is obtained directly from the observation
32 the Zharacteristic elesctron spin resonance signatures of
several xinds oI radical species produced by mechanical frac-
ture :I polvmers it low temperature. These spectra have been
Teporced for polvethvlene, polypropyvlene, polvtetrafiuoroetihy-
L2ne, 2olvbutadiensg, peolvmethvlimethacrvlate, polviscbutviene,
zolvstvrene, polvvinvlacetate, polvcarbonate, and several pcelv-
amldas ratfarencs [3))

Primarv radicals are not as stable as secondarv and tertiarv
radicals. The primary radicals producad by the scission of
polvethvlene rearrange to secondary radicals at ~7°K. Some
colvmers like »olyisobutylene produce very stable, tertiary
radicals directly upon scission of the main-chain. The two
radicals formed by main-chain scission of polvisobutvlene are
shown below:

(1) R - CH~ - C + . CH~- - C - R (113
N | B :
CH- CH-
Stable at T°°K Unstahle at 77°C

The macroradical designated (II) is stabilized bv rearrvangement
to the following tertiary structure (III),

CH3 - CH, - C - R' (Irn
- l
CH.
b
The radicals, I, II and III are also capable of abstracting H.,

resulting in migration of radical activity to other locations
in neighboring macromolecular chains,

ESR investigations of ball-milled polyvmers reveal that the
radical activity of the resultant powder depends on the polvmer
tvpe, the molecular weight, and the particle size. A molecular
weight of at least 104 is required before main-chain scission,
rather than the simple intermolecular slippage, is observed.

ORI,




Polvmers with strong auto-adhesion, like nvion 66, tend to pro-
duce mecre radicals per gram under similar zrianding conditions

1

than polvmers with weaker intermolecular forces.

Unless crvofracture is pushed to very small particle sizes, the
number cof main-chains broxesn wiil be a small fraction of the
total number of molecules present. Apparently, the small amount
of degradation accompanving crvofracture to the range of parti-
cle sizes available using GTA's hammer mills does not unduely
afiect the antimisting performance of the polvmer candidates
tested during this project.

Although the production of macroradicals by mechanical ZIracture
nas been known since 13959 (reference (3)), the rapid soivation
5=

phenomenon was not reported prior to 1376 (reference (2i).

3asic researcn into the nature of the rapid solution process is
currently being investigatad, and the resul:zs will be presented
in 1332 {(reference (12)). Several mechanisms are plausibdle, but
the one with the best basis in past data revealed through inves-
tigations of radical-molecule interactions involves the reaction
of macroradicals with some solvent molecules to enhance sclvation.

It is also possible that the presence of macroradicals changes
the nature of the physical interaction between the high-energy
surface and neighboring solvent molecules. This could affect
the balance between molecule-molecule- and molecule-solvent
interactions with a concomitant increase in the rate of soluticn
5v a purelvy phvsical process. It is also possible, of course,
that both physical and chemical interactions work together to
increase the rate of polvmer solution.

The practical approach used in the present project was to
devalcp apparatus for crvogrinding polvmer samples and causing
the active particles to impinge directly cnto the surface o=X

flowing fuel. This approach was used to minimi:e decay time
after forming the macroradicals and to promote separation of
the polymer particles in nitrogen gas prior to meeting the
fuel surface. The apparatus and test methods are described in
detail in the next section.
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IV. EXPERIMENTAL

AL JESCRIPTION OF APPARATUS AND PROCEDURES

The following section is devoted to describing the apparatus
and test methods used to obtain the data reported in the next
i section.

: l. Spex Hammer-Cutter Mill and Fuel Blender.

The small apparatus shown in Figure 1 was designed for
use with small polymer samples. It was imperative that a small
grinder/blender be available for preparing small samples of anti-
j misting fuel from some experimental dropristarv polvmers available
i only in limited supplv.

UQ

The pasis of the small svstem i3 a Spex Model 32
Analveical Hammer-Cutter mill with a 0.5 mm screen. The s
wa> cacxed with a polyethyvlene adaptor to prevent large pa

rom bypassing the holes. This corvected a design de;1c1e1cy in
;He screen as supplied from the vendor.

The top of the mill was driiled, tapped and fitted
with a 1/8" NPT male tubing adaptor that was connected to an
insulated®liquid nitrogen reservoir via an insulated polvethv-
lene tube of 1/4" I.D. The reservoir was fitted wi<h a tapered,
solid polyethvlene rod for adjusting the flow of liquid nitrogen

. to the mill.

Pclvurethane was foamed in place to insulate the aill
and the liquid nitrcgen delivery line. The mill face plate was
separately insulated to permit readv access to the mill for
cleaning. The hopper lid on the top of the hinged Zace plate
was remov=d and a carefully carved and fitted s‘"rofoam block
containing the polymer reservoir was mounted on it. The stru

-

ture of the polvmer reservoir is shown in Figure .

The polvmer/solvent blending chamber is shown in
Figure 1. The unit was constructed bv welding a polvethvlene
funnel to the bottom of a polvethvlene bottle of the same dia-
meter (7). A solvent inlet and a solution outlet were located
187° apart near the bottom of the chamber so as to maintain a
liquid depth of approximately 3/3" under continuous solvent Zlow.
To relieve gas pressure a*t the output of the mill, a downward
\ angled nitrogen gas vent was welded on the cone as shown,

A 15 gallon polvethylene carbcy was modified to pro-
duce a constant-head Warlot e bottle %o supply solvent to the
blending chamber at a constant rate. The rate was adiustable

- SNIPTRNES
»- VE et A .+ S2x 3




FIGURE 1
SPEX HAMMER-CUTTER MILL AND FUEL BLENDER

Ziguid Nizroagen
Mariotce ] Tlow Control Rod
/ Bottle /
————— —_— Liquid
R N N . Nitrogen
N ) v
R o L~ ’//
NN N [ N £
AN Diesel Fuel . 2]
PN S Supply 4 - Liquid
‘ L-. X > // Nitrcger
| \ .. ~ - DEWAR
h "\\\\_ ;j‘ \) .,2
N N o . g
I~ S N \ J/
AN \ Ay T
77 7 o0 S
N
Polymer Reserveoir \ \
(See Figure 2) § § Insulated
\ \ Liquid
\ \ % Nitrogen Line
N A\ - 10
] N § § to Mill
Needle Valve \ N §
Flow Control f §
N
Foamed N N
Foame Spex N
il Mill \
Insulation \ §\
e \
%‘{ \ %
’ ’,
f't;( A i \ § %
“Teflon 1‘22‘4 S EIITERTITR RIS \§ Timer
Scopcock %47' \‘x\m\\\;\\.\\\\m\\ S
‘6 "P
% i ! Temperature -
Insulated R\’-‘_i,_ L) Probe @
Adaptor e = I ' — Temgeracure
Sleeve Readout
N, Vent Polyethvcene
N 3lending
Chamber
: Pol:mer
Solution

} =




FIGURE 12

POLYMER RESERVIIR- CRCSS SECTICN
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via an inline, stainless steel needle valve left open to a pre-
2stablished number of turns. Rapid starting and s<opping of
fuel Zlow was accomplished by opening or closiag an inline
teflon stopcock.

A 1/8" diamter hole was drilled into one side of the
end tubulation at the exhaust of the mill. The immersion probe
of a Caspar Model DPT-600 platinum resistance thermometer was
placed in this hole to monitor temperature during mill cooldown
and the grinding/blending operation.

A typical run involves the introduction of 2 grams of
polvmer chunks (1/8" to 3/18" cubes) over 30 seconds. The
solution is recovared in the collection flask. The solvent flow
rate is preset to one liter/minute, resulting in the collection
of approximately 300 ml of polymer-fuel solution.

Py

2. Bantam Hammer Mill and Fuel 3lender

The apparatus shown in Figure 3 was designed for the
preparation of 3 gallen samples of polvmer/fuel blends. The
mill was insulated in three separable sections using polyvurethane
foam. A conical adaptor was also insulated with polyurethane
foam and fitted on the inside with a 60 degree, welded polyethy-
lene sleeve to provide a smooth, relatively nonstick surface.
The mill screen contained angled slots approximately 1 cm long
with a width of 0.027" (0.686 mm). Unlike the screen used in
smaller Spex mill, the slotted screen offered verv little resis-
tance to the passage of ground polvmer powder therebvy minimizing
mill residence time and impact heating. The hammers in this
mill, compared to the hammers in the Spex mill, each carry a
single linear knife edge. Also, unlike the screen in the Spex
mill, the slotted screen is designed to fracture particles
rather than to merely functicn as a particle size selector.

The polymer chamber is adapted to f£it into the hole at
the top of the mill face plate. This container holds the poly-
mer sample at the temperature of liquid nitrogen at cne atmos-
phere pressure (70°K).

The blending chamber was fashioned from a rectangular
polyethvlene carboy fitted with 3/4" diameter tube fittings
(welded in place). A circulating pump is used to provide a
fresh solvent surface to the impinging powder stream during a
grinding and fuel blending run. Using the 3 gallon fuel sample,
the pump turns the fuel over only once during a one minute
grinding and blending run. This assures minimal degradation
during the solution process. The pump is of a wobble-plate
rather than gear or centrifugal design, further minimizing
possible degradation during blending.
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FIGURE 3

BANTAM HAMMER MILL AND FUEL BLENDER
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Prior to assembling the apparatus depicted in Figure
5, the pulley svstem was modified as suggested by the manufac-
turer to operate the hammer assambly at 7000 rather than 14,900
rpm. This minizes the tendency of the ground material to become
entrained in the mill.

3. Antimisting Fuel Effectiveness Tester

The purpose of an antimisting fuel effectiveness
tester is to provide quantitative data for determining the
effect of molecular weight on antimisting and to determine
how antimisting depends on polymer type and concentration.
Initial attempts to determine or estimate the effectiveness of
polvmer solutions by photographing and subsequentlyv analvzing
the photographs proved to be too subjective to be of any value
to the project. A simple quantitative antimisting effective-
ness taster (Figure 4) was devised to provide quantitative
gravimetric data related to mist generation.

A Burgess paint spraver serves as the mist generator
in the antimisting tester. The sprayer was mounted in a hols
in one side of a 5-sided test chamber made out of wood framing
and 1/4" particle board. A ringstand holding an inclined
funnel (3" diameter) was located on a line with the axis of
the spraver. The lower edge of the funnel opening was posi-
tioned 9" from the orifice. The location and orientaticn of
the inclined rfunnel were marked and retained throughout the
antimisting test program.

The principle of operation of the tester is based
on the observation that neat fuel leaves :the orifice of the
sprayver in a diverging, 3-dimensional fan pattern of very fine
mist particles that disperse rapidly with increasing distance
from the point of generation. In contrast to this, an anti-
misting solution leaves the orifice in a much narrower, more
acute cone of coarse particles or strands, and in the upper
limit of concentration exits as a coherent stream with little
divergence and no attendant mist. Intermediate cases are
observed as varying degrees of interception of ejected solution
by the receiving cone collector.

A weighed sample of the solution to be tested is
placed in a tared polyethylene beaker. A tared polyethvlene
beaker is alsc placed as shown in Figure 4 to capture the
solution impinging on the open surface of the funnel. The
spraver, after a rinse with neat fuel, is cperated for 60
seconds and the ejected material is collected in the receiving
beaker. The amount of mist that is not recovered in the re-
ceiving beaker is simply P minus R where P is the decrease in
mass of the solution at the spraver and R is the mass gzain of
the receiving beaker. To correct for variations in pumping

- 18 -
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rate with sclution viscosicty znd viscoelasticisy the tvatio 'P2-23P
i5 taken 3s 31 measure of the misting per gram 2f solution pumped.
when R is esqual o ?, (?-R}:? is zero, corresponding t¢ Iers gTams
£ mist per gram of solution pumped. When R is zero, one zram of
mist is produced by pumping and spraying of one gram o solution.
[t was found to be most convenient for extranolation to plot the
negative of the natural loaa*ngm of (?-R)/P vs concantration :in
determining the reslative antimisting erffectiveness of diffesrent
polymer/fuel blends prepared by crvogenic grinding/blending. The

test was found to be suitable for application to cold solutions
immediately after preparaticn. It was more useful for evaluating
cold solutions than viscometry which required heating to 107°F,.
[t was also found to be more sensitive to the presence of small
amounts of antimisting polymers than dilute soluticn viscometry
This is evident in the analvsis of the data presented in the next
section.

Polvmers selected on ths bdasis oI data devalczed using
;He 5TA antimiscting effectiveness tester {in consultation with
he project officer) were then used to prepare 5 zallon los of
SOLUC-Onb in referee grade DF 7225 for engine pertormance and
fire resistance testing bv Armv personnel.

This simple antimisting test concept does not supplant
fire resistance testing. It is, however, suitable for determining
the antimisting level of 3 solution immediataly after prenaration
by crvogenic grinding and fuel blending. It is alsc extremely
useful for determining the concentration devendence of the anti-
nisting behavicr of a polvmer/fuel svstem.

In the next section it is shown that mo
o

“

t

antimisting vs ccncentration are linear in -1n{==) vs Zoncen-
tration in weight percent. For the purpose of comnaring the
effectiveness 3f different polvmers, linear ragressicn 3nalvsis
was used to obtain the correlation coefficient, slope and inter-
cept oI the line for each polvmer-fuel svstem studied. The
effectiveness of sach polvmer can Se expressed as the <oncen-
tration required to Droduce an antimisting svstem corresponding
to the recoverv of 95% of the material ejected Irem the spraver.
This corresponds to -1n(00-35) = uC_~ . b where m is che

. 100 5% mist

slope, CS% is the concentration in weight percent corres-

mist

ponding to recovery of 35% of the spraved material in the
recovery beaker and t is the intercep: Rearranging this
expression and taking the natural logarithm of 0.05 leads to
C.. . = (12.996-b)/m. T! the antimisting effactiveness of
3% mist { 6-b)/ Thus th ntimisting e ct ness ¢
different polvmers in diesel fuel can be expressed on the same
basis as the concentration reguired to ac Hle»e 953 recoverv of
tne soraved material. The metiod is suitabls for determining
the effectiveness of antimisting svstems of both the cohesive,
viscoelastic, nonrebounding fibrous tvne, e.7., nolviszcbustviene




One other useful function can be constructed rfor =2ach
polvmer svstem. The percentage Orf spraved materials lost as
mist is given byv:
- (nC + b)
M = 100e
where M = 5 lost as mist in weight %, m is the slope and b is
the intercept of the plot of -11(3%3] 75 C, the concsntration
11 welght percent. This function could be used in a fusurs
fort to link this gravimetric antimisting test precedure o
req'ire fire resistance values Zor spscirfic degrees of nrotec-
tion required under combat conditions
1. Detarminaztion o7 Concentration of Antimisting Sclutiozns
Concentrations of polvmer solutions in diesel fuel
ware determined bv viscometrv. Stock solutions of each polvmer
were preparvred bv weighing both polvmer and solvent to achieve ‘
concentration in the range of 0.1 to 1.0 weight percen:t. The
proCess of sclution by conventional diffusian was nmoniteored
over a period surfficientlv long to assure complete solution
with minimal agitation. Agitation consistad o7 genzlv swirling
the content of the flask for appreximately 13 seconds a2 dav whila
inspecting using a high intensice deam orf lizht.
fach polymer s5tock sclutizn was 2lended with neat fuel
{0 prepare a serias oI solutions o7 diffsrsnt concenIritions.,
Kinematic viscosities of each solution were obtained in tripii-
cate at 100 + 0.2 °F using certified, calidrated viscomezars.
Concentrations in weight percent wer2 plotted against Xiremazic
viscosity in centipoise for each polvmer
Calibration curves providing concenszvation rom a
measured viscosity were obtained Zor all polvmers irvestigatad
with the excepntion of Epcar 307 and Epcar 5465, U.S. Army polv-
mer 2177-14 and a proprietary ARCO polvmer, ARCOFLY, 37 molacular
weight reported to be in the range of 15 to 203 million
Since ARCOFLO, in contrast to Army polvmer 2177-141,
was soluble in DF 7225 using the c¢rvogenic precedura, a orecini-
tation method was used to determine the concenzration. In this
case the polvmer was precipitated using acetone, wasnhed three
times with acetone, dried in vacuum at 40°C for two hours and
weizhed. The concantration of the stock solution was 2astimatal
from the polvmer weight and the mass oI sclutioen Concentrations
of solutions zreparad bv dilution of the s+tock sclution were




ootained v mulsciplyving the Concentratioan 37 the 3333x 3c.utisn
Ov the appropbriats gravinetric facstor, f.2., "mass o7 3T2cK ssliu-
tion’ Mass of stock solutian - mass o< soivent)! x concantration
SZ polvmer in stock soluticn
3. RESULTS OF CRYQCENIC GRINDING AND BLENDING OF DPOLYMER AND
Jlesel FUEL
1. Viscometric Calibration Curve

i Curves of weight percent colvmer in DF ~1235 s:taadard
fuel Lno1 referee grade was used to establish the practical
natur Jf the :r"ocenlg process after initial zests revaalad
that CT"DOEHL» >olva lon ;roceded with =2qual Zacilicy wish
2ither abandarc or referee grade fuel} iTe shcwn in Figures 3,
6, ~, 8, 3, 12, 11, and I, respectivaly, for sclusians 27 3-127
©3A37), 1-180 (Exxon), 3-200 (3ASF), and 3-23) {3AS7, Tirastone
13853, Natsvn, Culf AP-11; and Shell 3AP-267,

A compilation of available infermaszion on these and
other polvmers evaiuated in this project is oresented in Tabls
1. Calibration curve data are summarized in Table I using the
axperimentallyv Jetermined intrinsic kinematic viscosities and \
the corresponding concentrations in weizght percent. The intrin-
sic viscosity, [n] is (n - ne)/ne where n is the viscositv of
the solution and ne is the viscositv of the solvent Ixoressing
concentration as a Zunctian of [~] we 2bTain the general Iuaction

C=5[?

wher2 a and b are constants for 2ach tolvmer /2F "I23 svstism,
Linear regression data summavized in Table 2 include the nunmber
9 concentration and Lnt insic viscosity data pairs, 1, the
linear regression coefficient, v, the slope, a, and the inter-
cept, b from the equivalent llnear function.

In C = a 1laf{y]; = In 5.

These data can be used to 2stimate concentracti
falling outside of the range of the curves displaved in
3 through 12. It was not necessary =0 amplov <his tvpe
ex‘rapolation in this project, however, since gravime:ri

ion data were available feor all diluticons in the antin:
de;~rm1nahLons. Hence, if at least cone concentration ‘e
in the Zoncentration range of the calibration curve all
concentrations would be obtained from the gravimewric d:
factors.
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TABLE 2

LINZAR REGRESSION ANALYSIS OF CALTI3RATION CURVE

, wr a .
where C =5[n ] or InC=aln [~]+n>

" LINEAR , , 1
| NOMBER OF REGRESSION | |
! DATA SETS COEFFICIENT SLOPE | INTERCEPT
| POLYMER (n) ; () | (a) | (®)
! ‘ 2 ‘ |
| 3-100 L 5 . 0.9995 | 1093 | 0.3787
i i 1 ’
| | | | z
| L-%0 | 5 | 0.9996 . 1.038 i 0.17869
| !
1 ! :
f ; < .
3-200 ; 8 0.981% L 1.036 | 0.1865
) | |
. 3-230 N 5 0.9920 0.9917 1 0.09791
. 10955 5 0.9991 1.078 E 0.3136
- 1 ‘
' vatses | 5 0.9913 BNV S N E R
- | | a |
a?-11 ; 5 } 0.9994 . 1.036 | 0.1737
1 ? ? \
| 0.1219

SAP-260 ' 5 0.9999 ' 1.013




Immediate Antimisctin

?reparad sSoluticns

1 D

A summary of antimisting denavior of cold polvmer solu-

tions in DF 7225 is presented

th comments in Table 3. These
solutions were passad through the sprayer immediatelv after com-
leting the crvogenic cr11d11 /fuel tlending operation as descriped
prev10usly in the experimental section under the Spex Analvtical
Hammer-Cutter Mill. These initial qualitative cbservations were
then followed by measurement of the antimisting ratio as a func-

\r' -
j S RN RN

tion of polymer concentration as described in the previous section
on the antimisting fuel effectiveness tester. Gravimetric dilution
data and corresponding solution viscosities were cbtained during
antimisting effectiveness testing.

As mentioned previcusly, the sclution process was inde-
pendent of whether standard lect or referee grade DF T225 was used
Grinding r=quirements were sensitive to the nature of the polvmer,
and some o 1\ﬂeL_, for example he veryv tacky ARCOFLC, were 4iffi-
cult to keep cold enough for e*;ect*ve crvogrinding, especially i:
long runs with nigh likelihood of impact heating. This deficiency
in grinder design and heat transfer 2t crvogenic temperatures 1is

less severs in the Bantam Mill.

Antimisting behavior was seen, as shown in Table 3, vervy
soon after complation of the cryogenic grinding/fuel blending in
the case of all the polvmers which also formed solutions by the
lengthy conventional method. The single sxcepticn was ARCCFLD,
which was put into solution rapldly by the crvogenic process, dut
would not go into solution completelv by the conventional approach.
Although subsequent quantitative analvsis of antimisting behavior
revealed that tha Zpcar polvmers were placed in solution zhrough
tie Ccrvogenic process, the level of antimisting relative to other
rolvmers tested was verv slight. Further s:zudv of the Eocar 2ol
mers was not pursued.

Study of the time-course of antimisting behavior and of
the viscosity is cenfounded by the fact that freshly prepared
solutions are very cold, oiten in the range of -10° to 10°C in a
successful run. In an unsuccessful run where the Zuel rlow rate
is too low or the liguid nitrogen flow rate is tco high, the Zuel
can freeze. Short of free: ing, however, low temperature did not
destroy the antimisting effectiveness of the solutions in Table I.
Data were not developed to show antimisting effectiveness as 1
function or fuel temperaturs.

3. Comparative Analvsis of Antimisting Effectiveness
A fire resistanca test is the preferred method to us2
in testing polvmer additives for enhancing the fire resistance
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2f diesel rfuel The 7resent projact, howevar, servas as 3

oI Jdetarmining the suitadbilizy of using the crvegenic zrin
5ciution process by rapidly preraring dies2l Zuel slends : -
ing polvmeric addicivas,

Since a larz2 number oI polvmer candidates wers Inves-
tigated, it was necessary to develop a guantitative test Ior
characterizing the antimisting effectiveness of solutions in
diesal fuel. Although the test does not measurs Iire resistance,
it does provide data on the mist generation, uncer the same condi-
tions, associated with each Dolvmer >olub10n. Bv plotting anti-
misting efrectivenass against polvmer cencentrations, 2acugr <ata
is obtained to ccmpare ilf:erent polvmers and to then selsct the
most promising candidates for Zire resisctance and engine perfor-
mance testing

$S T2ST 2770aTatus
tnis excterimental

Antimisting vs concentraticn data are pressnted in three
formats in tnis secticn. Graghs of -ln‘iiii frelative antimisting
*1de<, V5 <oncentration are presented in Figures 13 through 1
The data points on these grachs are presentad in Table 1. The
linear regression Jdata Zor the lines In Figures 13 thrcuzh I are
displaved in Table 3. 3oth Table 5 and Tabtle 5 can be used 2
facilitate comparative analvsis of the antimisting effectiveness
0 the different polvmer candidates

After discussing zhe data in Tables § with the proiac:
offizer, the most promising zandidates Zor the producticn ¢ 3
gallon samples for fire resistance and engine periormance testing
wer2 Zatermnined <o be 3-230, ARCOFLC and Shell 3AP-960. Although
the Sull polimer showed an antimisting effectivensss 2qual 3 thas
of 3-209, it is our understanding that it is only the Zirst attempt
to deve' op a tailorsed Zire resistance polvmer additive for use in
JET A Zor aviation surbines The decisicn was made to await
further develcpmen:t =7 this polymer svstem in the developmen:
program <:f the Faederil Aviation Administration

The data presented in Tables 4, 5 and & will be discussed

under Disczussicn of Resul:s
4. The InZluence 2f Polvmer Molecular Weight on Antimisting
crtectiveness

In order to investigate the role of moiscular weight on
antimisting effectiveness it was necessary %o use a well charac-
terized polvmer available in a range of meolecular weights Jne
nalvmer tfrom Zxxon, L-130, and three from 3ASF, 2-190, 3-202 and
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EPCAR 54353
) CINCENTRATION T n CONCENTRATION w.. 5
: NUMBER TACTSR O * ANTTMISTING ((CENTIPOISEY ‘FROV A /GRAVIMETR.C
! ; - No
; | Calid,
: 1 1.0 1.3006 | 2.45 Curve \
2 2.3301 3.21431 2.33
3 1.0 2.4821% AN 81
4 0.4396 2.2197 2.51
| 3 j 0.1780 | 0.1333 : 2.25
M ! ! t
! | | :
.+ EPCAR 807 | f
1 1.0 } 0.1233 i 2.253
Il
2 J.6059 { 7.132¢9 ‘ 2.23
; | 1
GULF AP-11 !
! ! |
: 1 1.0 ; 1.879 2.4 0.955 0.033
i
! 2 0.4342 ; 0.8141 2.45 0.024 0.224
; i ! '
| i
l 3 ’ 0.2415 | 0.2344 ; 2.32 .0.01% 0.013
| | | r
E 3 ’ 0.1375 I 0.2191 ; 2.2 0.01L 7.0073
M } L
. FUEL 0.9 Not Measured 2.1 n,an ANBRE
*Ra+io of the mass of solution of concen:zration x o the mass ¢ sclution
of czncantratisn x pius added scolvent.
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NUMBER | FACTOR * | ANTIMISTING | (CENTIPOISE' ZR0'[ - GRAWIMETALC
1 1.0 |01 ! 3.41 £%0. 0407 -

i
|

3 0.6786 0.58553 2.98 0.027%5 -
i ; 0.0531°
3 0.3136 L0.1070 : ABER! 3.91273 -
| | 1.02332
1 0.20190 | 9.37 1 2453 , . 0.00817 -
; [ 5 ICAEICER
| t S r
SHELL 3AP-2360 } | :
? 1]
1 1.9 P | 2,438 £.016 0.016)
2 0.37053 Lo0.447 ! 2.50 0.2103 9.00913
3 3.3482 . 3.35538 : 2,35 0.208¢ 0.2053"
|
, 1 L 0.2179 ©D.2040 2.33 0.0063 0.2034"

e

* Ratio of the mass of
soluzian of lencantr




LINEAR RIZCRESSICON DATA FOR ANTIMISTING

Y, VS CONCENTRATION IN WEIGHT

o
PZRCENT. SCLVENT DF 7125,

| CORRELATION
i COEFFICIENT
POLYMER ' Oy

N

= U
3“0
— T3

!

B-109 : 9.9

s

39 1 9.074 ' 0.08232

L-1339 3.2975 13.03 0.1122 !
i

3-233 3.38738 ‘ 17.8% 0.17Z:2

3-230 0.9975 | 23.25 J3.1494

| RDP 10955 0.0901 5.334 5.1122
| | ;
NATSYN ; 2.9008 i 3.7545 t 0.09068
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0.2781

*See graph (Figure 21). This polvmer exhibits a dreak In the
linearity of -ln(Eéﬁ) vs C in the low concentraticn region, i.e.,
below ~53-137 ppm. -The data in the table pertain to the concen-
tration range of 753-130 to 400-800 ppm. The slope in the 0 to

s

: imated to be approximatelv a Zacter of
two greater than that shown in Table 5. There 13 zreat uncariainty
in the concentration. The polvmer, after precipitation and washing
was dried at low temperature for onlv I hours

Sinace the polymer was of unknown chemical nat
sed to prevent "unzipping.' Assuming 30% o

~

i
veiznht was fuel, m is 12.37.




8]
3

b4 Q)

[EE e IRV/INY]

3
W

) O

]

Nnen C3y mist previcusly defined as I1.336-50 o
2lotted against the molecular waizht of the solvmer, the 3n
tunction siown in Figure 22 is obtained. A gocd it v o= )
is obtained from the exponential func:tion

- (2.234 x 100 ) MW
C., = 4,290e
32

where MW is the viscosity average molecular weizh=< The <o
this esquation I1s consistants w::h the i1d=2a that the elonzati
or Trouton viscosity 15 involved in antinisting eZfectivens
In this concept the 2longational viscositv I3 »roportional

where © is the relaxation time and @ is zh2 raze 22 2longas
ner unit lanzth (time 1Y, Since - increases with increzst
molecular weight, the good it I the sguation to the Zata

unexpectad. This will be discussed zgain in the next secti
which 15 organized according <2 the obiectives of this »rof
c. DISCUSSION QOF RESULTS

1. Crvogenic 3lending of Polvmer Candidates in Fuel

Although the small mill and blending system was 1
in basic design to the larger mill used o prapara 3 zallon
ples, it was used successfully tc prepars small juantities
solvmer solutions for investigation.

Crvogenic blending using the small mili svscten wa
successfully aoc¢1°d to all of the nolvmers listed in Tzabdble
excent U.S. Armv polvmer 2.77-14. In the ather cases, anti
misting behavior was seen in the cold solutions immediately
after zrinding and blending. All of these soluticns warve
characterized for antimisting effectiveness

The 3Bantam mill design is cioser to the optimum ¢
preparing polvmer solutions than ths Spex desizn. The 3pex
size, however, facilitates the preparation of small samples
can be quickly cleaned and reused with 2 recvcle tine of a
hour. In its present form, it is not suizabls for continuc
operation and was used in 30 second grinding fuel blending

The Spex mill could probably de impravad by repla
the standard hammers with hammers similar tc those in the 3
mill. Replacement o0 the screen with 9.3 am heles with 3 3
containing long, angled 2.5 mm wida slots, similar T2 <he 4
in Bantam mill, would improve the performancs of the 3p2x =
and decrease the adverse effects of 1ony Aiil resilencsz zin
zonsequent impact n=2ating. The £it 27 the scra2en in the 22
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nill had enough free plav to permit some ztolwmer o hwoass The
anpmedifiad serzen. A polreshviene Hacking insert was usad o
minimize tvpassing
The crvogenic rinding/fuel plending swst2m inccrpor-
ating the 3antam n~1l 23 medified for this proiect, offered
5uterior performance This svszem, however, can onlv se used
wilth larger quantltles of polymer, fuel and ligquid nitrogen.
Conseguently, it was usad onlv after the antimisting data on
solvmer sclutions prepared using the small mill had been analv:ced.
Tn summation, the small mill functioned well within
severe <onstraints, i.e., very short runniag time and small zeolr-
mer and Zuz2l samples. This was sufficient Zor, and actuallw
expeditad, the productisn of small lots 27 antimisting Zuel.
The larze 2ill had fewer constraints, due to diffsrent Zesizn
2l2ments.  These =lements can be introduced into th2 small nill
o remcve the existing desizn dericisencies
N Sifect 0f Polvmer Mcleculiar Weiznht and Chemical
cemposition on tne 3lenaing Process
(a) Molecular Weizht .
Tests run with the four mclecular weight samplas
of nolvisobutvlene indicate tha:t there is ne¢ significant change
in Sl2ndinz veguirements with increase in molecu7ar weight
8lending of Oppanol 3-230 and 2ppanol 3-130 with molecular
weights of 5.6 x 109 and 1.28 x 100 resp ctively, with diesel
fuel required essentiallv the same ameounts of liguid nitrogsn
for cocling, used the same mill power and went into soluzion in
ipproximataly the same tinme.
On the other hand it is clear from the data @
Tadles 5 and 6 and the curve in Figure 22 that antimisting 22
tiveness increases with increasing molecular weight Tor exar
a csncentrasion of 1100 pom of 3.6 x 100 molecular weizht pol
butvlene (3-230) in DF 7225 DTO\lQe: bhe same an+imisting e:f:
as a 2200 opm concentration of 3 x 10° molecular weight polvi
butvlene (Vistanex L-180). Thus doubling the molecular weigh
this range reduces the required concentration by cne-hals
The rasult is that the operational utility oI the
GTA blending precess is significantly enhanced by increasing mele-
cular weight of the polvmer. Antimisting ¢”el> can se blended
with significantly reduced requirements for blending and nitrogen
production equipment, and, of course, for additive.
(b) Chemical Composition
Cenerallyv, the project work confirms eariier
results (reference (2)) indicating that the GTA process is effec-
tive in blending onlv those polvmers which are compatibls with

i i 4 At =
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the solvant., OCnlv to this extent dces chemical compositisn affecs
p 1 3 o~ o~ o~
the blanding proacess.

the current preiact the Epcar »nclvmers co- or
ter-polvmers orf ethvlene, propvlene ind a small amount orf unsasur-
ated material, and the phosphazine polvmer are nct compatisla with
OF 7225. GTA was not able to prepare stock solutions cf these

polymers in DF 7225 using conventional blending processes nor was
the GTA process effective. The other polvmers which are compati-
ble with DF 7225 were readily blended using the GT3a process.

The ARCOFLO polvmer a" be an exception tc the
apove rule. Conventional blending produced 2 solution with a
significant mass of undissolved material. The solutiosn sroduces
using the GTA »rocess, however, contained scme particulate ma:zter,
but produced significant antimisting results shortlv after prepara-
cion, More analvsis of the propristary ARCOFLO poivmer is reguired
in order tec explain these results., in addition shere is an indlica-
tion that the ARCO colvmer nhas a low glass transition tamperaturs
wiilh maxes erfZicient heat transfer durinz zriading a more impertanct
constraint on successful blending. This 15 an engineering and
design problem, however, and is not a constraint Intrinsiz tc
chemical structure or composition.
3. Antimisting and Viscositv as Func:ticns of Time After
3lending
Polvmer-diesel fuel soluticns were tested 1in the anti-
misting tuel effectiveness tester immediate lv after preczaration
These tests Jdemonstrated that the sclutions had antimisting sffec-
tiveness within five to ten minutes after the beginning oI the
crvogenic grinding/Zuel blending runs .Table 3). The five 2o <en
minutes is the time necessarv for crvegrinding collection of the
sample and set-up of the test. These sclutions were <cold, however,
and it was not practical to determine viscositwv using the present
experimental set-up Zonsisting of calibrated xinematic viscometers
in a 100°F water bhath., Viscosity determination involves bringing
the solution to thermal eoulllbrlum with bath water and time to
determine and replicate viscosities.
1. Antimisting and Viscositv as Fuactions of Concesntraticn
S . P-R - D -
Antimisting expressed as -ln(—ﬁ—), was shcwn in Table 35
to decrease linearly with increasing polvmer concentration. This
was shown for the four different molecular weight samples cf polv-
isobutvylene, RDP 10953, Natsyn AP-11, SAP-3860, and ARCCFLY.
Antimisting effactiveness, expressed as the sloges of
the relationships in Table 5, decreased in the following order:
B-230, SAP-360, AP-11, B-20 O, L-180, 3-129, RDP 19953, and Natsvna.
These are in the order of increasing concentration reguired :o

’
(1)
£~

+
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provide equal antimisting effectiveness. ARCCFLC zresents a
problam in Zitting in this seriss owing =2 the uncartainty ia
the concentration,.

At low test concantrations it was parcicularly diffi-
cult to measure the kinematic viscosity, altiough in some case
the antimisting effectiveness was well above that o0f neat fuel.
At these low concentrations the polvmer contributedé little to
the viscesity of the solution, and the solvent contributed
strongly. These data were presented in Table 4.

[¥])

These low concentration solutions exhibited viscosities

tco close to neat fuel to be appropriate for developing the
antimisting vs concentration plots in Figures 13 **rou,“ 2%,
Consequently, wvisccmetrv provided 2 concentration 2t the upper
end orf the concentraticn range and gravimetric dilution factors
weT2 2nploved to obtain the low concentration Zata. The extents

I agrsement Setween conceatrations oktained directlv from Xine-
matiz viscosities and those obtained from the Jdilution factors
s seen in Table 4. With the exceptions of Natsvn and AP-1l the
agreement is good despite the lack of viscometric sensitivity act
low concentrations.

3. Stability of Antimisting Fuels

The antimisting fuels that were prepared were intrinsi-
cally stable. No special sarfeguards were taken to remove or
axclude air or water vapor £rom coming into Iontact with the
solutions. B-230, SAP-360 and ARCOFLC were sta le in soluticn
Concentrated solutions were instantly miscible with either stz

B2 o Sl

dard or referse grade DF 7223,

it was observed that despite tihe instability of the
fuel, the solutions were stable. With regzard to the fuel, a
black substance precipitatad over time. Also present in both
fuels were light-scattering centers. Nevertheless, the anti-
misting >olutLons were stabie in the laboratory.

As expected the sevare stress associated with ejection
trom the antimisting spray tester severely degraded a soluticn
9T polyisobutylene in DF 722S. One pass through the sprayv tes<ar
reduced the molecular weight from 5 million to 1 million. In the
future, this test method could be used to assess the intrinsic
stabilities of candidate antimisting polvmer additives

5. Minimum Concentrations for Antimisting
During this investigation of antimisting ueﬂen 2 on

enc
polvmer concentration, there was no evidence of a minimum or
threshold concentration below which antlneztz‘g behav;or dis
appears. [t is probably more relevant to the vesoluticn ¢
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ARCOFLS exhinics a special tyvre of =hr
tration, that is the reverse of the concent of i
antimisting activitv., In the region helow 750-1
antimlatlng is a stronger function of concentrat
higher concentration regime. If antimisting as measured in
project, and drag reduction effectiveness are related, ARCOF
may have special suitability as a low-concentration drag red
tion additive. This may be of no relevance in determining =
concentration required to provide the desired degree of anti-
misting.
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. Parameters for Cptimiczing the 3lendinz Pro

a
wn
w

During this oreciect there was an opportunity
the impact of design f2atures con mill rerformance and
ing process. The blending process can be sotinized th
folliowing paramsters:

(2) ffective mill znsalat

transfer problems;

orn and attention to heat

$a.

(b) Knife edge cutters rather than blunt, Iluted
hammers;

(c) Slatted screens rather than perforated ones:

(d) Flowing fuel rather than spraved, s:tirrad or

static fuel; and

(e) Fine control of rate of addition of zolvmer o
the mill.

Parameters a, 0o, ¢, and e all decrease the impact heating Jurinag
the grinding process or facilitate the removal or heat tha+t is
mechanicallv generated. These parameters are especiallv ¢ritical

during continuous rather than pulaed operation.

The fourth parameter assures optimal contact of indivi-
dual polvmer particles with a domain of neat fuel. This minimizes
coincidental fusion of active particles prior to contacting neat
fuel.

3. Samples for Fire Resistance and Zngine PerZormance
Testing
Tive gallon samples of B3-230, SAP-347 and ARCTFLY nmcdi-
fied diesel fuels were submitted to the oroiect officer fou
t2s:inz. The pclyvmer concentrations in thess samples were agproxi-
mately 0.3%. High concentrations were suprlied because lower
ccncentrations can be prepared by dilution of these s:tocks
Referes grade DF 7225 was used because a pool of data is availabhle
on this fuel.
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Contractor is reguired under the current con:
tigate the 3TA blanding p ocess ""to determine the a
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An important parameter of any fire resistant fuel

operational usaze is the polvmeric qddi‘i“. Power
on-size using available Zuels; liguid and zaseous ni
produced on-site using the atmosphere as *~e sourze
raw material. Most equipments required
or are Zcommerciallv available o
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For the purposes of this investigation the field unit
be capahle of blending 50,000 gallons of antimisting diesel

per dav with an additive concentration of 2000 popm.
upwa ards can be done linearly unlz=ss otherwise no:ad.
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The field unit Slending svstem referred o here
the antimiscing fuel preparation plant (AFPP) Consis
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shown on ure 23 and tabulated in Table 6. The AFPP
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with neat diesel fuel in the H1x11g Chanmber. TFrom there it

transported by a non shear or low shear zump te holding
appropriates size. The resfueling of combat vehicles is
from that point.

Using the 50,000 gallens per day
ch AFPP must Aandle 730 pounds of
pacity is dictatad bHv the pulver:
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B N

a2 pulverizer which can handle 3000 1330 pound

s per dav at full
capaylt" in order to provide a safety margin zgainst any Iore-
seen contingencies. quula nitrogen *equxremerts are conserva-
tivaly estimated at 2 1/2 times the amount of dry additive
tre D

ated. A liquid nitrogen plant of 1.5 tons

Additive would be supplied in round form reels like cable.
Each 30" 0.D. reel would hold about 200 pounds of additive. The
additive reel station and feeder subsystem, item 8, Figure 23,
holds 2 reels which would be fed in automatic sequence so that

reels can be removed and replaced when emptied in order to main-
tain continuous operation. Two men can leoad a reel into the
feeder and 3 supply should last approximately 12 hours.
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AL “he OTA antinmisting test apparitus aad concept developel
uander the current project is cenvenient, vapid and reproduci: .
3. Certain mist suppression polvmers can be blended with

diesel fuel to form antimisting fuels in under ten minutes using
the cryogenic blending process.

c. Among the polvmers that were tested successiu
which indicate superior mist suppressicn behavior.
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Antimisting dissel Zuels shouid Se fullv evaluated as
resistant zuels fcr both conventional and turbine pows=red
combat vahicles.

Criteria for a "best" antimisting additive fer land

ombat vehicle application should be established.
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