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INTRODUCTION

Fhs toport on the theological properties of dilate poly mer solutions constitutes osnall part ot
a Lerecr progrant correnthe ander snvestipation by the US Army Faoels and Lubncants Fowearch
Paboratony o AT LRIy o deternmne the fire satety and physical propertios of taels contamme
polvienc anbioost addiives An overview of the results obtamed by s Tsboratorny and vanouos
U'S orpenizations has been prosented of the 35th mecting of the AGARD NATO Propalsion and

Focrgetios Panelon Aircratt Prie Satety in Rome, Tadv, 7-11 April 197300

One ot the most important properties of o liquad that determmmes s rebatnee pesistinee 1o
Atomuzation o the viscosity Fven with most pon-Newtontan hgurds thore s oaally agood correlas
tron between the stababity of o lepuad et and the apparent viscosity, prosiaed that it s measured o
the appropnate rate of shear and provided that the Duid is essentiadly miclste ' On the othe
Band, viscochastic hguids such as difute polvmer solutions may bave very low viscosthies and sl e
heptily resntant 1o atomization! This phenomenon s even more perploxing i hight ot stabibin
analyvses that prodict that gets of viscoelastie hiquids will be less stable than purely viscous Tiguids!
Some recent studies of et breakup hine veritied that, with dilute polvimer sohitions, the mital
mstabihiy of the et occurred sooner than would be expected Tor o pusely viscous hagud s s
predicted by theorvis however, the ensuing breakup proceeds by oan altogether ditterent
mechanian Y Specttically. the breakup of g viscous jetis characterntzed by the exponential grow th
of surbace waves and, consequentlv, is rather abrupt. On the other hand, the broakup of o viscos
clastee bgqud s much more gradual and is characterized by the tormation of asernes of droplets held
together by thin threads much ke a string of beads. The important pomt s that the tormation ol 4
thin thread trom a Larger jet s assoctated with an elongational or stretching ow rather than the
more tanvbar shear flow, Furthiermore, it has been predicted that viscoclisize thurds should extnbi o
much higher resistance when stretchied than when sheared, For example, m the model ot o rubher-

it would appear to be Newtonan from
14

Bhe haued, the viscoaty s mdependent of the shear rate, de.,
shear experiments, but is an increasing function of the rate of clongation

Some physical insight as o the mechanism for this behavior ca be provided by the imcro-
rheology of G ditute polymer solution, Ts generally accepted that o by pical hinear polymer exists in
a dilute solution in the torm of g Inghly flexable coll™Y (Figure Tar 1a oid element of this
solution s subjected to a simple shearing low, as s produced ina Gy pical viscometer, the priman
response of the polymer to the mpressed velocity gradient is a clockwise rotation. At low rates of
shear and with o ow viscosity liquid such as JP-8. the solvent will offer very Litthe resistanee to this
rotational motion: consequently . the polvmer molecute will remam i aorelatinely undetormed state
and the viscosity of the solution will be low and essentially independent of the shear tate. An
altogether ditterent situation arises if o Gilament of fluid is subjected toa simple clongation (Figure
Iby In this case, the bydrodyvnamic torees are much more efficient in being able to oneat and
Y Thuos, the elongitional low is resisted primari's by the mechani-
cal properties of the polvmer, while the shear flow s resisted primuarily by the mechanical properties
of the solvent. '

detform the polvmer molecule!

While several rheological models predict that a viscoclastic hiquid can exhibit & much highes
resistance (o clongation than to shear, experimental verification ot these predictions has been
conspicuously absent due to the difficulty of producing a rapid clongational flow; however, recently
it his been shown that an elongation low ficld can be produced by atilicing a pm-uu:\ bed 7 While
this peometry s too complex lor precise analysis, an approximate analysis has shown that the

*Supersonpt numbers in parentheses refer o references at the end of the report
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FIGURL 1 MICRORHTEOT OGY OF FLEXIBLE POLYMER MOLTCULE
IN DILUTE SOLUTION

primary mode of deformation will be elongation when the lengih-to-width ratio ot the pore is close
to unity. This would be the case for a porous bed made of unitorm spheres. On the other hand. the
primary mode of deformation will be shear when the length-to-width ratio of the pore approaches
infinity. e.g.. a porous bed formed by a bundic of capillary tubes. Experimental flow measurements
through porous media have confirmed that viscoelastic liquids require much higher pressure drops
(sometime two orders of magnitude higher) than a purely viscous liquid of equivalent viscosity 7!

OBJECTIVES
The prinmary objectives of this investigation are s follows:
(1)} Establish that dilute solutions of polymer antimist agents in JP-8 exhibit an abnormally
high resistance to steady flow through porous media that is in no way due to adsorption

or filtration of the additive,

(2) Determine the effects of physical propertics of the porous media such as particle size and
permeability on the relative resistance of these solutions,

(3) Determine if the resistance 1o flow in porous media can be reluted to antmmist eftec-
tiveness.
APPROACH
It has been shown that the anomalous behavior of viscoelastic liquids in porous media can be

. 3 £ . . . . . . .
predicted by the Deborzh Number'$? (defined as the ratio of the charactenstic fluid relaxation time
to the characteristic time scale of the deformation process). Unfortunately, the normal stress

(2%
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ditterences that are required to caleulate the had retavation time are ditficalt toomreasure for Jow

viscostty solutions, consequenthy s we will take o fess baac approach.

At fow Revnolds” numbers®, the flow ol Newtonan quids through a porous bed s povered
by the Darcy equation
KAAP
E — (1
ul
where ¢ the volumetre low rate, A s the crossssectional area o the bed fom the fength o the
bed. A s the penmeabiity . AP s the pressure dropand goas the viscosity Sinee dilute solutions (02
percenty of AM-1F in JP-RE appedars 1o be Newtonman m o steady low through capillary tubes,
deviations from Fquation 1 ocan be used to detect viscoelastic beluvior, provided it can be estab-
Lished that adsorbtion or Altration effects are not signibicant This can be accomplhished by mea-
suring the permcabiity of the poross media with Newtonian Onelistiohquids of known viscosihy
(e mneral ot and JP-8) betore and atter the use ot the polvmer solitions and also by show iy
that the flow of these solutions does not exhibat any tine dependency or Tivsteresis eftects

In order to mvestigate the effect of pore size and permeability on the relative resistance of
viscoclstic Trquids, we will assume that the porous bed can be approximated by o bundle of
capillary tubes ™M While a1t s realized that this oversimphificd model neglects the pore entrance
eftects that are prebably the pnmary reason tor the anomalous behmvior of viscoelastic hguds. it
might a1 least be able to senve as i basis tor comparing porous beds consisting of similarly shaped
particles. Using thas approach, we can deline consistency svariables

:I)Fu{'AP
To = i e ()
251 el
_ RTH IS Y7 B - T
Hry=-————F"=— Tifirvr 3

.'If)p(2 T

Where 7, i~ an average shear stress scaled to the porous media and 45070 i~ an average shear rate,

Accordingly.a U Darcy Viscosity ™ can be detined as:
=t 4

When i, 18 Newtonian, Equation 4 reduces to the Darey Fquation in which

np?f_] (%
L L <)
150(1  ¢)?

in the predicted permeability. In the follewing experiments we will measure the permeability and
particle size and then use Equation 5 to caleulate the porosity. It the analog to capillary tube

’_’\’R o flj_.()p

L NTUVLN B 2
1 Rheaologaead studies have mmatially been confined 1o an antinnt geent designated by AFTRD 5« AMAE This s o propoetan prodint
of Contmental Uil Co henee, bintle can be said about iy chemical constitution except that it g bongchaim hvdrocarbon polviner
with a rrolecular werght inexcess ol one nathion,
1 Tentatve Military Specification fequivalent to Jet A1)

<08, o s the density, e s the poroaty | and .‘JJ, b the partiche diamieter,




expertments is correct, flow data of viscoclastic solutions in different porous media should resutt in
the same Darey Viscosities when expressed in terms of 7,and Fir ),

A second and equinadent approach is to assume a theological model tor the fluid and then to
caleulate the Mow cune Since the behavior of viscoelastic solutions i porous medn is similar to
that of a shear thickening uid GUis important to note that this is just an apparent ettect) one could
expross such bebavior in terms of o power law modelore.,

T =mflr)’ (6)

Where 7 is the shear stress. fir) is the shear rate, and mand noare rheological parameters. Using

al

Fauation 6 with Equations 2 and 3, the predicted pressure drop for the flow ol a power Liw fluid

becomes' ®

‘1 "
AP |50m(‘l + ”) (1 et Q.

= R e e (7)

L Iw;;*'c?”‘u"

The theological parameters m and n will be obtained by curve fitting the experimental data with
F-quation 7.

The equivalence of the two approaches is readily apparent by the fact that we can abvo define
Darcy Viscosity from the Power Law Parameten:
n, =m'/"gl (1M (%)
Both methods have their advantages and disadvaniages. For example. analysis of flow data by
consistency variables is simple and direct, and the resulting Darcy Viscosity s measured in familiar
units of poise: however, it is generally a complex function of the shear stress or shear rate. On the
other band, while the Power Law Parameters are slightly more difficult to obtain and have less
physical meaning to us, they are able to correlate the How over a wide range ol conditions, thereby
making it easicr o quantitatively compare two experiments. Since the rheological behavior in
capillary tubes indicate that the dilute AM-1 solutions are Newtonian. Fquation 7 wiil not be able
to predict viscoeiustic behavior; however. it may be possible to determine mrand nin a particular
porous bed and then predict the flow in a bed of similar pore geometry bul c¢ifferent pore size and
permeability.

In order to determine whether the resistance of AM-1 solutions is related to fire safety, we will
compare the effect of AM-1 on the mist flammability and the Darcy Viscosity. The mist tlam-
mability will be determined by the Mist Flashback Test! ) which has been used to simulate the air
shear encountered in a full-scale helicopter crish,

EXPERIMENTAL

Description of Apparatus and Procaedure

Flow data were obtained with the simple apparatus illustrated in Figure 2o This 'device s
essentially a scaled-down version of the capillary tube viscometer used in the rheological studies of

4




Pressare
Craune
An
Supply
437
o 2"
A7
Floerd H__/ e
Reservonr Mutal Falier
Graituated
/ oy hinedes
fa) Diaggram of Apparatus
— 3 g
. 17/64 ol =18 Dl
4 Holos on
i PT
5 V827N 11atBe
112 D T e Parker 22 116
O-rang doetal
i s 00
' BO5™ Dua. ¢ 0D 943 _‘HBO%
i B, Width (x1- 136 "
i 48" 0, 0 00
i . , g b OO
t 1000 D2 Sintered Matal Filter Depttivl 0/ = pog
i riieg — - 112"D
| VB Deep o 27 Hore tor
. o + 002 Q06" Tnterferance -
i 750" Daa. e oo lilter
! 38" Derp frant tace
i 1" Dia vy
! DMl Paint ——
1, Angle 1,27 Dis I
: 432000 #29 Dl B Tap
; 832
! 4 Holeson 1 1747 BC
' Side
r
i
i Tep
3
| " th) Detail Drawing of Filte: Holder
FIGURL 2. DIAGRAM OF APPARATUS AND FILTER HOLDER
emulsified fucls'?™ in which the capillary tube has been replaced by a metal filter tdetails of the
filter holder assembly are shown in Figure 2b). In a typical experiment. one would set the pressure
and then measure the mass or volumetric flow rate by collecting a sample over a particular time
interval. It was found that determining the weight of mineral oil was more accurate than deter-
mining its volume; however, with low viscosity liguids, both methods worked equally well.
5
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Measurements were muade at both increasing and decreasing pressures and over different tiame mter-
vils so s to detect changes in penmeability due to adsorption or filtration effects.

Physical Properties of Porous Media

The porous media used in this investigation were in the form of «intered bronze filters. ™ Two
different grades (360 and 230) comesponding to two different particle sizes. and two ditterent Hilter
sizes (/8 X §/8 in.and 7716 X 7/16 i) were used in the investigation, Fight of the 1/R-in. filters
were pressed into g single holder to form a composite filter having a thickness of approxinmutely |
nch, With the 7/Te-n. filters, only a single element was used. :

The dimensions of the metal particles in the 460- and 230-grade filters were determined with o
microscope and calibrated evepiece. Each particle was characterized by two length dimensions v,
and x;. The mean and standard deviation of these measurements are presented in Table 1. The
ratios of these average dimensions were 0.78 and 081 Tor the 460 and 230 grades. respectively.
These ratios show that the particles are not truly spherical. but that both grades have essentially the
same characteristic shape. An average particle diam ter was calculated by taking the arithmetic
averape of the two length dimensions, and was found to be 0.038 con and 0.076 ¢ Tor the 460 and
230 grades, respectively.

S TABLE 1 PHYSICAL PROPERTHS OF SINTERED GRONZL FILTE RS

Particle Dimensons

“Mean  Sud Dev. T Mean Sid Dew Erlter Dinwnsaons
X, 0, X, o, D;, Length Arca Permeabihn
Grade {emy tomy o) tum) R (win) temi tem?) (harcies) Porosin e
400 (IR TR (IR g2 NI R 078 [IXVRY] 1.11 10 Tib 1o KY (324 o6 342
2 0670 (TR [AN{EE ] s Kl nnle 113 10 TG0 322 W23 w0 332
460 — - - - — - 251t 1.92 L 0.330
11 _— — - - - - 257t 192 0 nili

*Calculated trom Fquation 8
{1 Light 1/8 0. elements

Permeabiiities were determuned from the slope of the tlow curves for both nunerat oil (133 op
at 78°F) und a JP-B:mineral oil blend (8.0 ¢p at 78°F). Five different single-filter clements
exhibited ¢ range in permeabilities of 72 to 89 Darcies for the 460 grade and 310 to 322 Darcies for
the 230 grade. The two composite Dlters were very close te these values.

Preparation and Properties of Blends of Antimist Agent in JP-8 Fue!

The antimist agero. AM-100s normally received as a S-percent concentrate (approximatelyy in
low=volatility kerosene. Laberatory batches (less than § pallons) of dilute solutions of this additive
are routinely prepared by adding a predetermined volume ot the concentrate to a measured volume
of base fuel with continuous stirring, using a small propeller-type blade. The solution is stirred at 2
slow rate until it becomes clear and free of undissolved aggregates of concentrate. Stirring is
continued for about one hour after dissolution appears to be complete.

*Perth Metal Industries, Lid ., P.O. Box §72, Monteith Avenue, Stratford, Ontario.

[



Following prenaration of a new batch of AM-1 anti- TARIE 2 VISCOSHY TORNEAT ANDANTI
ioprel

mist fuel, the concentriation of palvmeric antimist agent is MIST SP R FUTE BETNDS

routinely chiecked by measunng the existent gum contenl AM 1 Content Viscomaty
(ASTM D-381) of the blend and of its base fuel. In addi- D [ ASTM DA = 28
tion, the Nash point (Penske-Martens, D-93) is determined -_e-m_#m I .'.'_I -
to confirm that the blending procedure has not caused 0.05 AM-1 10
significant evimoration lesses. Since capillary tube data of (.07 AM-| 33

AM-1 solutions produced hinear graphs up to wali shear ::L:::i ::

rates of 1300 see bV oand concentrations up to 0.2 percent. 03 AMI 90

the simpler ASTM D-445 viscosity method was used

routinely to check the viscosity of each newly prepared blend. The data presented in Table 2
ilMustrate the influence of additive content on viscosity (ASTM D-345) tor several ditferent concen-
trations of AM-1in JP-8R.

Discussion of Results

Flow data for triplicate experiments with a 0.2-percent AM-1 solution through two dilterent
grade (400 and 230} filters are presented in Figure 3. Since the dashed lines are the expected results

16
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observed 1o the expected pressure to produce a specified flow demonstrates the abnormally high
resistance that these solutions exhibit in porous media. The curves drawn through these data were
calculated by Equation 7 wiing the measured physical properties of the filters and assuming values
for the Power Law Parameters. The best fit was obtuined with m=0.15and n = 1.46 and 1 .44 for
the 460 and 230 grades, respectively. The higher oo value indicates a slightly higher specific resis-
tance in the smaller pores. Flow data were also obtained with filters having essentially the same
permeabilities but different dimensions from those used in the first series of experiments. The
results shown in Figure 4 vield very close 1o the same Power Law Parameters (= 0.15 and n =
1.46 and n = 1.41). Thus, the anomsjous resistance appears to be essentiaby independent of end

for a Newtonian hquid having the same shear viscosity as the polymer solution. the ratio ol the

effects.

In Figure $ we have expressed the data in terms of the consistency variables defined by
Equations 2 and 3. This approach shows that the Darcy Viscosity (Equation 4) or the resistance to
flow is higher in the (iner (460} grade filter but is essentially independent of the filter dimensions.
While this is in sgreement with our interpretation of the Power Law Model approach, we can muake a
quantitative comparison by choosing u particular shear stress or shear rate and calculating the Darey
Viscosity from Equations 4 and 8. Thus, from Figure 5 at a stress of 1000 dynes/cm?, the Darcy
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Viscosity is 1.7 und 1.4 poise for the 460- and 230-grade filters, respectively, whereas the Power Law
Model caleulates 1.8 and 1.5 poise. This small difterence is very close to the experimental repeatability

and can be attnibuted to the accuracy to which the Power Law Parameters were fit to the data.

In order to gain more confidence as to the repeatability of these results, additional data were ob-
tained with several different filters, In the analysis of these results it has been assumed that filters
within a given grade have the same average particle size, The results of these experiments, which are
summarized in Table 3, confirm that the average Darcy Viscosity (at 1000 dynes/em? ) is 1.7 and
1.4 poise with a standard deviztion of 0.05 and 0.07 poise for a 0.2-percent AM-1 solution in the
460- and 220-grade filters. When one considers that the shear viscosity of this solution is only 0.050
poise, it is evident that the elastic resistance of this solution in these porous media is from 25 to 30

times the viscous resistance.



TARIT 3 TLOW PROPYRTIES OF A0 2PERCTNT AMAL SOTUTHON
IN D LERENT RIDIERE

Plarey
Falter Propertics - Power Law Viscouty
-_f. o ] e DI, A __I:._u_.nm't_v_r_\__ N oo dynes/om?
femp tem™y {em harcies) m " fpoise)

Grgde 4000

25 192 063K B AT I T
111 1 [TNIRE 70 1 R U O L 1]
111 1.0 (INTRY ] 12} 01 | 4% 174
111 10 [IXIRE K2 N1 140 166
111 10 003K KK 0o 146 15K
1.1l 1o (LO3K K9 0 46 16y

(1Nt 1 46 16K Sud. Dev = 008

Grade 230 S
257 192 0076 o ol 144 1as
113 10 0076 0 010 1400 132
113 1o 0.076 R 010 141 1.3
[ K] 1o 0076 n7 o ln 141 134
113 1o 0076 318 [ LI I B R Y
113 Lo 0076 n [ T T L .1

I

010 142 13RS Dev. =007

TABLL 4 POWTR LAW PARAMETERS 1OR TWO (0.2.PFRCENT AM-§
SOLUTIONS HAVING THE SAME SHEAR VISCOSTTY
AND GUM CONTIENT

Power Law

Filter Properties 027 AM | Paramwtens

I A Dy K Vicowy  Gum m n
(cm)  {em') {emi (Darces) fep) (mgl [IN L] _'_-li
1.11 10 (.038 K9 5413 1700 00 145
111 10 [IRIRY K9 544 16492 .15 | 4%
113 140 0076 i 543 1700 0o 141
1.13 10 076 322 544 1692 018 141

It is important to point out that while excellent repeatability (5 percent of the mean) was
obtained when flow measurements were made in different filters with a given solution of AM-1, in
some instances solutions made {rom different batches of AM-1 but having the same amount of
AM-1 (as indicated by the gum content and shear viscosity ) exhibited significantly  different
rheological behavior with the same filter (see Table 450 While the exact causes of these differences
have not been established, it is known that this additive has a rather wide molecular weight
distribution. Consequently. trace amounts of a very high molecular weight species could have little
or no effect on gum content or shear viscosity and vet have a significant cffect on elasticity. In any
event, it is irteresting to note that this simple expenment is able to detect differences in rheological
behavior that would not have been cxpected from any other measurements. Whether or not these
differences are importunt to fuel safety is not presently known.

The effect of additive content was studicd by dituting a 0.2-percent AM-1 colution with JP-8

to make 0.1-percent, 0.05-percent and 0.025-percent solutions. As expected, the Darcy Viscosity

10



dectedased with cach dilution and in cach mstance the resistance was still shehtty hipher i the tier Bk
ter. By expressmg these results m terms of o relative fludiny e, the sesistanee ol IP-saclatne tothe
resistance of the polymer solution ), we can conpare the eftects of additive contenton Darcy Viscosity
and mist tlanunability. by means of the Mist Flashback Test. ™Y In Figure 6 the relative Daray

[

04 j-

03 =

Retative Flashback

F -
0.7 |~ Helative Bpg-60m

Fruidity at 1000
dynes/cm?

Relative Fludity (ugp g/'n ) and Pelative Flashback IFB-’FB_pa}

pipg = 0.015 pose

o Grade 460

O\ - Grade 230

n
L
—
- é
. 1 1 1
005 01 0.15 02
% AM. 1

FIGURL 6. EPFLCT OF AM CONTENT ON RELATIVE FLUIMTY
AND RELATIVE FUASHBACK

It
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fluidity Cat a shear stress of 1000 dynes/em? ) and the relative flashback Glew the tlashback ot the
wolution relative to JP-8) data are compared as a4 function of AM-T content. These results show that
there s a close correspondence between the relative lashback and relative Muidity particularly
the range ot .07 o0 02 percent. Below 0.07 percent the relative flashback moreases rapdly o while
this critical concentration appears to be shghtly lower (0.05 pereent) for the retative Theidity, Tins
difference could possibly be explained by the fact that the mt flishback test has been optimized
to produce masimunm sensitivity. Since the relative resistance is a functicn of the shear stress. it is
quite possible it would be more sensitive to this critical concentration il measurements were com:
pared at ditferent stress levels, Neverthelesso i the region of interest (0,07 10 0.2 percent AN
the two measurenients appear to be related.

SUMMARY AND CONCLUS!ONS

It has been found that the addition of 0.2-percent AM-1 to JP-8 produces a solution that
exhibits a relatively low and essentially shear independent viscosity s however, this sanie solution
offers an unusually high resistance (25 1o 30 times higher than we would expect trom the viscosity)
to flow through metal filters consisting of nealy sphenical particles. These resulis are in agreement
with rheolpgical theories that predict that a viscoelastic hquid may appear to have 4 low Newtonnn
viscosity in steady shear experiments and to have a high clongational viscosity that increases with
the rate of clongation. With particle shape held approximately constant. the specitic resistance tor
Darcy Viscosity) appears to be slightiy higher in the finer pores: however, the high degree of
repeatability and the absence of hysteresis or time effects in the flow data essentially rule out filter
plugging as the reason for the anomalous resistance. Furthermore, viscosity measurements in
different capillary tubes, intermediate in size between the fine and coarse pore size filters ased in
these experiments. gave no indication that adsorption oi the polymer could be a significant fuctor in
changing the pore size. The use of cither Power Law Parameters or consistency variables produces
cquivalent results, and while they are not capable of predicting the high resistance. a priori, theydo
serve as a means for comparing data from diftferent filters,

The effect of additive content on the relative Nuidity of AM-1 solutions is very similur to the
effect on mist Mammability. The primary difference appears o be in the exact location of the
cntical concentration, 1.e.. the concentration below which these measurements show a dispropor-
tionately large increase. For mist Mammability. this occurs at 2.07-percent AM-1 while for relative
fluidity. the critical concentration is about Q.05 percent. Tt is possible that closer agreement could
be obtained it the relative dity were compared over a wide range 7 tresses rather than at the
value of 1000 dynes/cm? that was used here.

The results of this study suggest that it may be feasible to develop a nondestructive fie.,
nonbuming) fluid flammability evaluation technigue. In other words, antimist effectiveness of
dilute solutions of high molecular weight polymers may be evaluated by simple measurements of
the solution's resistance to tlow through a porous medium,
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