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Summary

Antimist fuels , made with either the Dow (XD-8132.01) or ICI (PM-9)
additives , have been found to form a gel-like solid above a critical
shear stress. While it is difficult to interpret these measurements
directly in terms of a shear viscosity , it appears possible that the

~ritica1 shear stress can be used to distinguish between the relative
effectiveness or degree of degradation of shear thickening additives .

Antimist fuels made with the Conoco (AM-i) additive do not shear thicken
but have been found to exhibit a very high resistance to flow in porous
media that is a measure of their viscoselasticity. By working with very
dilute solutions , it has been shown that while the resistance can ini-
tially be predicted by the shear viscosity, it suddenly becomes very
large when the flow rate exceeds a critical value . Although these two
phenomena appear to be similar , they are actually quite different in
that the former can be induced by shear while the latter requires d on- 

-~ -

gation . These experimental results are again difficult to interpret
directly in terms of an elongational viscosity, however it has been
shown that the critical flow rate can readily discriminate between
antimist fuels made with additives from different batches and with
additives that have been partially degraded by flow or ultrasonic energy .

The intrinsic viscosity has also been found useful in characterizing S
antimist fuels and has the important advantage over the shear viscosity .
in that it is independent of the polymer concentration and is only
sl ightly dependent on the temperature and the shear rate. On the other
hand , if the intrinsic viscosity is known, it has been shown that the
dimensionless intrinsic viscosity can be used to estimate the polymer
concentration . The important point is that the dimensionless intrinsic
v iscosity can be measured in the field while the antimis t fuel is being
blended.

The theoretical significance of the critical flow rate in porous media
has been discussed in terms of a fluid relaxation time which in turn can
be related to the polymer molecular weight . Furthermore , a theoretical
basis for the correlation between the critical flow rate and intrinsic
viscosity of partially degraded viscoelastic add itives ha s been given
that explains why the critical flow - rate is more sensitive to degradation.

While preliminary results of fuel-spillage/air-shear tests indicate that
both the critical flow rate and intrinsic viscosity are important factors
in determining the relative effectiveness of viscoelastic additives ,
additional field and full-scale fire-safety tests are needed in order to •
determine the minimum values of these quantities that are needed for a
fire-safety fuel specification .

2
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Objec tives

The primary objectives of this program were to develop methods of
measuring the rheological properties of antimist fuels and to establish
the relationships between these properties and fuel fire safety that are
related to impact-survivable aircraft crashes.

Approach

Since dilatancy (shear thickening) and viscoelasticity (elongationai
viscosity) were thought to be important in preventing mist formation ,
these are the primary rheological properties that were studied ; however
other fac tors , such as intrinsic viscosity, that provide basic informa-
tion pertaining to the size of polymer molecules in solution , we re also
considered . While it was originally intended to thoroughly investigate
several candidate add itives,* the supply of XD-8l32.Ol (Dow) was cur-
tailed early in the program , and FM-9 (ICI) was not avai lable until late
in the program ; consequently, our primary effort has been with AM-i . - 

-

(Conoco). The shear viscosity of antimist fuels was measured with
capillary and rotational viscometers, and viscoelasticity was determined
from the onset of anomalous resistance to f l ow in porous med ia.

Resul ts

A. Shear Viscosity

While  a capillary viscometer is not ideally suited for charac-
terizing rheologically complex fluids, important information concerning
the shear viscosity can often be obtained if flow data are expressed in
terms of the wal l shear stress (T = R~P/2L, where R is the capillary
radius, ~P is the pressure drop , and L is the capillary length) and wall - 

- .

shear rate (D = 4Q/TrR3, where Q is the volumetric flow rate). This
latter quantity is the magnitude of the shear rate for a Newtonian
liquid , however it is often a good first approximation even for non-
New tonian fluids . In these exper iments flow data were obtained by
applying a positive pressure to a fluid reservoir and measuring the mass . 

-

flow rate by collecting and wei ghing a sample of f luid over a measured
time interval (usually one minute). For very low pressures , the gas!
liquid interface in the flu id reservo ir could be adjusted to prov ide a
flu id head relative to the centerl ine of the cap i l lary tube wh ich was
held in a horizontal position (see Figure 1). Other than the room
temperature being approximately constant (77-80 °F), no spec ial ba th was
provided to control the fuel temperature.

5 l . AM~~

The resu lts presented in Fi gure 2 are for an antimist fuel con-
sisting of 0.21% AM_l** in JP_8.*** Over the range of shear rates from
200 to 2000 sec~~, this antimist fuel exhibits a slightly non-linear
flow curve that is typical for most dilute polymer solutions , i.e., the

*These are proprietary polymers that generally have a molecular weight
in excess of one mil l ion .

was determined by steam-jet gum (ASTM D-381).
***Typical physical properties of JP-8, Jet-A and Avtur are summarized

in Table 1.
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shear resistance decreases with shear rate. At very high shear rates of
20,000 to 200,000 sec~~ (Figure 3) the flow curve appears to be that of
a Newtonian or shear independent fluid; however this is due in part to
the scale and the fact that we are approaching the limiting value of the
high shear rate viscosity. Because of the small degree of non-linearity,
the correction to I) to obtain the true shear rate at the tube wall can
be neglected , i.e.,

• ‘r dO 3D ‘C. d D % D
+ f— = D, when ~~~~~

- = (1)

so that the shear viscosity can be approximated by:

n = ~~ (2)

The shear viscosity data for AM-i (0.21 wt% in JP-8) are presented in
Figure 4 over four decades of shear rates. The use of the viscosity
ratio (

~r 
= n/no , where ri0 is the viscosity of the solvent) instead of

the absolute viscosity has the advantage that the former is relatively
insensitive to temperature . From the results in Figure 4 it is clear
that at this concentration , the shear viscosity of AM-i in JP-8 , decreases
with shear rate. Consequently, it would appear that the shear viscosity
of this antimist fuel is not a significant factor in preventing mist
formation; however , we will see later that the shear viscosity of the
solvent does influence the relaxation time of the solution which is of
primary importance to viscoelastic phenomena .

2. XD-8132.Ol

Radicall y different behavior was observed for antimist fuels
containing XD-8132.Ol. For example , the flow data in Figure 5 show that
a solution of O.7wt% XD-8132.01 in Jet-A is essentially Newtonian (rI =
9 cp, r~ = 1.4 cp) below a critical shear stress of 100 dyn/ cm2, actually
a very sli ght amount of shear th inning occurred but i t  is not evident on
this  scale. As the stress is increased , there is a sudden and dramat ic
increase in the shear resistance , indicated by the steepness of the
slope of the flow curve , that coincides with the fuel taking on the
appearance of a gel-like solid. This type of rheological phenomenon
(which is probably due to a f low induced structure r e s u l t i n g  from polymer
entanglement)  is re la t ively  rare , par t icular ly  in l ight  of the very
l arge increase in shear viscosi ty that is produced in a r e l a t ive ly
d i lu te  solut ion wi th  a low viscosi ty  solvent . Whi l e  data taken at
increasing and decreasing pressures did not d i f f e r  appreciably ,  it is
evident that the transition from the Newtonian or sli ghtly shear thin-

• n ing regime to the shear thickening regime is not smooth and that some
of the data near the critical stress are not equilibrium values . The
dotted curve in Fi gure 5 is an estimate of the expected e q u i l i b r i u m
curve and is based on a few preliminary measurements with a cone and
p l a t e  viscometer in which the cr i t ica l  shear stress was appreciably  less
than 100 dyn/ cm2.

The results presented in Figure 6 are for the same additive in
a different solvent (diesel f u e l ) .  Very s i m i l a r  f low behavior  was
observed with the exception that the critical stress required to m i -
t i at e  shear t h i c k e n i n g  was an order of magni tude  h ighe r  (1000 dyn/ cm 2

7
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compared to 100 dyn/cin2) .  Fur thermore , the transition from New tonian to
shear th icken ing was less abrupt . While the reasons for these differ-
ences hav e not been establi shed , it is suspected that they might be - -

related to differences in solvency that would be reflected by different
intrinsic viscosities for this additive in Jet-A and diesel fuel.
Unfortunately, further experimentation with XD-8132.Ol was not possible
due to discontinued production early in the program. Because of the
large deviation from linearity, the approximation of the shear rate by D
is not justified above the critical shear stress; however , further
reduction of the data would not be warranted without additional infor-
nation concerning the effects of L and L/R.

3. FM-9

Flow data for FM-9 (0.287wt% in Avtur) (Figure 7) were, in
many respects, at least qualitatively similar to XD-8l32.01. Below a
wall stress of 30 dyn/cm4 the flow is essential Newtonian (n = 1.7 cp,

= 1.0 cp). As the stress is increased , there is a gradual transition
to shear thickening behavior . While the transition is smoother than
with O.7wt% XD-8l32.0i in Jet-A , there is a definite time-dependence
that was not previously noted . The degree of time dependency becomes
more significant , as indicated by the increased spacing between two con-
secutive measurements , as the stress is incr eased above the critical
val ue . The data presented in F igure 8 are for the same radius tube but
with a smaller L/R ratio. in this case, wh i le the cri tical stress was
approx imately the same , a complex hys terisi s loop was formed by data
taken at increasing and then decreasing pressures. The time-dependent
nature , on ly at stresses above the cri tical stress , is even more evident
in the results presented in Figure 9.

Since capillary tube viscometers are poorly suited for charac-
terizing time-dependent rheological phenomena, some preliminary measure-
ments were made with a rotational viscometer using a cone and pla te
conf iguration. The results of a particular experiment are presen ted in
Figure 10. The lower curve is for Avtur and the slope of the line r
closely corresponds to the viscosity of Avtur measured with a Cannon-

~0 libbelohde viscometer. The shear relationship for Avtur containing
0.287wt% FM-9 was similar to the capillary tube measurements with the
exception tha t the cri tical shear stress was si gnificantly lower; how-
ever , thi s is to be expected , since the rotational data have a much
better chance of being equilibrium values. A summary of the estimated
cr itical shear stress at the onset of shear thickenin g is pres ented in
Table 2. While the critical shear stress for the flow experiments are
higher than the rotational v iscometer measuremen ts , there is also
definite evidence of a dependence of the critical shear stress on the
viscosity ratio which varied significantly. Since it has recently been
learned that FM-9 slowly degrades its antimisting properties when stored
in a steel container , it is suspected that some of the experimental
difficul ties experienced with this additive were a result of this
deterioration . In the future, measurements should be made over a short
time interval in order to avoid ag ing effects with the FM-9 additive .

12
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TABLE 2. CRITICAL SHEAR STRESS AT ONSET
OF SHEAR THICKENING (O.2 87wt% FM-9

in Avtur at 25-26 C)

Critical Shear Stress Viscosity Ratio
dyn/cm2 Dimensionless Apparatus

44-59 1.4 Capillary Tube : R = 0.039 cm
L/ R = 2341

44-58 1.4 Capillary Tube : R = 0.031 cm
L/R = 2026

26-34 1.6 Cap i l l a ry  Tube: R = 0.031 cm
- L/ R = 2026

31-36 1.7 Cap i l l a ry  Tube: R = 0.031 cm
L/R = 2026

26-37 1.6 Capi l lary Tube : R = 0.031 cm
L/R = 1017

13-18 1.5 Rotational Viscometer: l ° cone

7-14 1.6 Rotational Viscometer:  1°cone

~
- I U
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B. Intrinsic Viscosity

As was noted in the previous  sect ion , the shear  v i s c o s i t y  of a n t i -
mist fuels is generall y a complex f u n c t i o n  of the shear  rate (e.g., the
shear viscosit y decreased for AM-i and first decreased and t he n i n creased
for XD-8132.01 and FM-S)). Even more important , the shear viscosit y
de pends s t r o n g l y  on the  p o l y m e r  C o n c e n t r a t i o n ;  however , t he i n t r i n s i c
v i s c o s i t y  is a b a s i c  pol ym er  1)roPe)ty that is independent of concen-
t r a t i o n  and is less s e n s i t i v e  to the shear  ra te  and the tempera ture  than
the absolute viscosity. One does not measure the intrinsic viscosit y
dir - ctlv . Instead two q u a n t i t i e s  de f i ned  as the reduced v i s c o s i t y  and
inherent vi scos It y :

~red r
/C (3)

E (in nr)/C (4) ij
are plotted as a function of the pol ymer concentration C. Under certain
conditions these graphs will be essentiall y linear and extrapolate to a
common intercept. The value of this intercept is taken as the intrinsic
viscosit y :

En ] u r n  
~rcd (5)

1 .

or

m l  u r n  n . 1  (~~)
1. ~O

~incc the viscosit y ratio is dimensionless , the intrinsic viscosity has
the dimensions of reciprocal concentration and has traditionally been
given in units of dl/gm . Ideally, these measurement s should he made
w ith extremely dilute solutions corresponding to 1.1 < n~. < 1.5 and at
v e ry  low shear rates .(~~ However for AM-I we have found less scatter in
the da ta if concentrations were chosen so that 1.4 < n r < 2 . 5 .  Further-
more , because of the low viscosity of antimist fuels it is difficult to
measure the shear viscosity at the very low shear rates that are r eq u i r e d
to accurately determine the zero shear rate viscosity of AM-i solutions.
Wh ile future work should consider the development of a low shear rate
techni que that is suitable to low viscosit y liquids , for the present we
have attempted to estimate the zero shear rate viscosit y by extrapo-
lat ing the shear viscosity measured with a four-bulb viscometer to zero
shear ra te .  The reason for the choice of this instrumen t over the
c a p i l l a r y  v i s c o m et e r  descr ibed ea r l i e r  is that  i t  is much e a s i e r  to
p r o v i d e  for p r e c i s e  temperature  contro l w i t h  the 4-bu lb  dev i ce .  I n t r i n -
s i c  v i s c o s i t i e s  we re a lso  measured w i t h  a standard Cannon -Uhb e lohd e
\ i s c o r n e t er and a comparison of these two methods for AM - I in JP-8  at
37 .8 °C ÷ 0 . 0 1 °C (1 00 ° F )  is made in F igure  I i .  W h i l e  i t  i s  e v i d e n t  that
the intrinsic v i scosities differ by about -I0~ ( i . e . ,  14 .0 a nd 10.0
dl/gm) , because of the relat ive simp i icitv of the standard vi scometcr .

18 
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it still may be useful in situations where relative changes in the
intrinsic viscosity are important . It should be noted that int rin ’-~ic
viscosities measured with two different size tubes (#75 and R lOO) did
not differ appreciably. This is probably due to the fact that the hi gh
shear rate viscosity does not change very much if the shear rate is
greater than 200-300 sec~~ . Another point of interest is that intrinsic
viscosity of AM-l in JP-8 was essentially the same at 37.8°C (100°F) and
at room temperature .

Even though the intrinsic viscosity is independent of the polymer
concentration , a knowled ge of the exact value of the polymer concentra-
tion is required in its determination . In the future, it may be possi-
ble to develop a technique in which alcoho l or acetone can be used to
precip itate the polymer , however steam jet gum measurements , which are
slow and tedious , are currently used to determine the active concen-
tration of AM- i and FM-9 in the fuel. Since this is not suitable for
on-site testing of the fuel as it is being blended , we suggest that a
quantity that we refer to as the dimensionless intrinsic viscosity nay
he used to estimate the polymer concentration. We do this by defining
the dimensionless reduced and inherent viscosity:

~red 
(1 + 6) r~~ 

(7~

and 
, 

-

~inh 
(1 + 6) (in 

~~ 
(8)

where 6 is the dilution ratio or the volume ratio of solvent to the
volume of original solution at initial concentration C0. As with the
previous definition , we take the dimensionless intrinsic viscosity to be
the common intercept of:

[~ *} lim 0red 
(9)

and

[n*} u r n  
~ • h  (10)

I t  should be noted that  the dimensionless  concentration rat io (C/C 0) is
given by

C/C = (1 + 6) ( 11)

The r a t i o  between the d imensionles  and convent ional  i n t r ins i c  v i s c o s i t y
i s  the po ly m er  concentrat i on in gm/ d l :

C0 = [n *J /En ] (12~

Thus , i f  we lleasure the d imens ion less  i n t r i n s i c  v i s c o s i t y  and know the
v ; i l ue of t i ] ,  we can ca lcu la te  the polym er concent ra t ion  from e q u a t i o n
12 .  The data in 1- i gure 12 wec~ obtained w i t h  a s tandard  v i scom ete r  over

20
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a very wide range of d i lu t ions  that  corresponded to 1.09 < < 2 .5 .
The common intercept of 1. 7 is equivalent  to a polymer concentration of
0.165 < C0 < 0.170 gm/ dl which was calculated from the fact that the
intrinsic viscosity of AM- I in JP-8 is generally between 10.0 and 10.3
d l/ gm . The est imated polymer concentra t ion is in good agreement w i t h
the measured gum content of 0.161 gm/di (0 .202 wt Oo )* . Severa l other
experiment s have ve r i f i ed  that  the polymer concentrat ion of A M-i  can be
est imated by ch i s  method wi th  a maximum error of +3% .

Because of the ease of work ing  wi th  the d i lu t ion  ratio we have a lso
used dimensionless quantities for FM-9 in Avtur that are presented in
Fi gure 13. Again we have made 4-bulb and standard tube measurements.
It is evident that the differences between the two methods are much less
important with FM-9 than AM- i in that the two methods differed by approxi-
matel y 10%. From the intercepts and the measured gum content (of 0.287
wt% (0.221 gm/dl), the intrinsic viscosity is calculated from equation
12 to be 2.2 dl/gm and 2.0 dl/gm for the 4-bulb and standard tube visco-
meters respectively. While these values are much lower than for AM-I ,
they do not necessarily mean that the molecular weight is significantly
l ower.

Additiona l comments regarding intrinsic viscosity measurements will
he made in the next section in which we will discuss the onset of anoma-
b u s  resistance to flow in porous media.

C. Viscoelasticity

One of the most unusual properties of certain polymer solutions is
their ability to have a relatively low shear viscosity that decreases
with the rate of shear and yet , above some critical elongation rate ,
have a very hi gh elongational viscosity that increases with the rate of
elongation . This behavior has been exp lained qualitatively in terms of
uncoiling of giant macromolecules which occurs more readily in elonga-
tion than in simple shearing flow . (2) While some success has been
achieved in measuring the elongational viscosity of relatively concen-
trated polymer solutions , there is yet no satisfactory method of measuring
the elongational viscosity of dilute polymer solutions. However , earl ier
work has shown that antimist fuels containing AM-i have very poor fi l-
tration characteristics in that they offer unusually high (50 to 100

P 
times higher than their apparent viscosity) resistance to flow in porous
medja.(3~ It was established that this was not due to mechanical
blockage of the filter pores by the polymer but was rather an inherent
viscoelastic property that is believed to he directly related to the
elongational resistance of solutions of flexible macromolecules. More
recently preliminary findings of an ILIR** program deal ing w ith the f low
of dilute polymer solutions in porous media indicate that the onset of
this anomalous resistance is in fact a viscoelastic phenomenon in that

*(~0 (grn/dl) = p (gm/dl) • wt°o , p ip 8 
= 0.795 gm/mi at 37.8°C , 

~AVTUR =

O.~ Tl gm/ml at 37.8°C. -

**ArI In-House Laboratory Ind ependen t Rese arch program , sponsored by
U. S . Army Mobility Equipment Research and Development Command ,
April 24 , 1976.
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it occurs at a cri tical Deborah number* tha t is essentially a constant
for a par ticular ~o1ymer in various solvents and over a wide range ofconcentrations. (4 -’ These results suggest that we may ultimately be able
to obtain bas ic rheological information about polymer effectiveness ,
particularly regarding relaxation time and molecular weight, from these
measurements. Furthermore , the experiment is such a simple one that it
could be readily adopted as an on-site field test to determine the
effect iveness of ant imist  fuels just  prior to their use.

The experimental arrangement was the same as the one used for
measur ing the shear viscos ity (F igure 1) except tha t a glass tube f i l l e d
with uniform glass spheres was substituted for the capillary tube.
Aga in , flow measurements were made by apply ing a slight pressure or
fluid head to the reservoir and collecting and weighing a sample over a
timed interval. For field tests the head could be measured with a ruler
and the volume flow rate could be obtained wi th a graduated cyl inder and
stopwatch . Data were first obtained with the base fuel to insure that
the flow was normal (i.e., that the data plo t as a straigh t l ine wi th
zero intercept) over the range of conditions that are to be investigated
(lower curve in Figure ii).

In all of these experiments the AM-i fuel blends were diluted to a
concentration of 0.025wt%. This has the advantage of essentially eli-
minating the shear dependency of the solution ; consequently, the flow
curve of the AM-i solution was initially linear and the ratio of the
slopes of the solution and solvent (see Figure 14) was in good agreement
with the shear v i scos i ty  ratio determined wi th  capi l lary viscometers .
As the pressure was increased , a point was reached where the flow
resistance increased similarly to that of a shear thickening material.
Since f low measurement s in cap il lary tubes (F igure 4) have establ ished
that AM- i solutions do not shear thicken , this effect is attributed to
the elongational resistance of the polymer mo1ecu~~q which is predicted
to  become large above a critical elongation rate .’-~~ While the exact
po int of departure from the li near flow curve is diff icu l t to determine ,
the critical flow rate could generally be bracketed to within +0.05
gms/ mi n. For the par ti cular resul ts shown in Figure 14 , the critical
flow rate was estimated to he between 0.20 and 0.25 gms/mim.

1. Different AM-l Samples --
One of the first applications of this measurement technique

was comparing AM -l concentrates obtained from different sources: Dynamic
Sciences , Na t ion al Av iation Fac i li ties Experimen tal Center (NAFEC) , U.S .
Army Fuels and Lubr ican ts Research Labora tory (AFLRL ) , Naval A ir Propul-
sion Test Center (NAPTC), and Jet Propulsion Labora tory (JPL) . The gum
content of each solution was measured to insure that it contained the
same amount of AM-i. The results presented in Figure 15 show that there
are major d i fferences in sol utions made from these samp les as reflec ted

*The Deborah number is a dimensionless parameter that indicates the
rela tive importance of elas t ic to purely viscous force s .
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by the different flow rates at the onset of anomalous resistance in
porous media. These data were obtained from flow curves similar to
Figure l4~ howevt~= , the results are expressed in terms of a dimension-
less pressure rat io (

~~ 7~~ N ) that is uni ty  for a l l  flow rates below
critical. The intrinsic viscosities of these samples also varied
s i g n i f i c a n t l y ,  however these differences were not near ly  as large as
the d i f f e rences  in the cr i t ical  flow rate , i . e . ,

~~
1max 14.2  “ -‘ 

( W )  
‘
~-~ 1 .0

[n] - 
= —

~~

-—
~~

- = 2, (W ) . 
= 0.1 = 10

nun c nun

Thus the cr i t ica l  f low rate appears to be much more sensitive to differ-
ences in v iscoelas t ic i ty  and is ac tua l ly  easier to measure than intr in-
sic viscosity. Later we will show the theoretical basis for the apparent
correlat ion between the in t r ins ic  viscosi ty and the crit ical flow rate
and why the former should generally be expected to be less sensitive
than the l a t t e r .  It is presently fe l t  that these observed differences
can be at t r ibuted to the AM-i samples being from different  batches .
While it is not known how important these differences are to mist flamma-
b ility, recent fuel spillage/air shear tests conducted at the NWC m di-
cate that  the AM-i from AFLRL , which had a hi gher intr insic  viscosi ty
and a lower c r i t i ca l  flow rate , also appears to be safer than the newer
AM- l from NAPTC .

2. Ef fec t  of Blending

The second applicat ion of determining the onset of anomalous
resistance to flow in porous media was in showing the importance of
us ing a proper blending techn ique in order to prevent mechanical degrada-
tion of the AM-i additive . The results shown in Figure 16 are for AM-i
(NAFEC ) blended in Jet-A wi th  a lab s t irrer  (magnetic)  for approximately
30 minutes at room temperature and a sample that was blended at Naval
Weapons Center (NWC) by recirculat ing through a pump (centrifuga l pump ,
I hp, 3450 RPM, 10 gal/mm ) for 14 to 16 hours at a temperature of
approximatel y 100 °F . In t r ins ic  viscosity measurements indicated that
the polymer had been pa r t i a l l y  degraded ; however , much larger differences
were evident in the porous media experimen t :

En] stirred 11.0 “.‘ ~~~ 
pumped 

~ThT pumped = 7.6 = 1 .4 whereas 
~W~T stirred ~~~ 

= 20

Attempts to characterize the molecular weight distribution of these two
• samples produced rather unusua l resu l t s  in that  the high molecular

wei ght f rac t ions  of the pumped sample were larger than the st irred
- J sample:  

~~~~~~~~~~~~
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GPC Molecular Wei ght 1)istrihution *

>Sm Sm 2m lnl 500K 200K
to to to to to

NAFEC (AM-I) 2m In 500K 200K lOOK <lOOK

stirred 2-1 24 18 16 ‘ 4
pumped 22 34 17 11 11 3 -

pumped 24 40 19 10 — —

Althoug h mechanical degradation normall y results in a lower
molecular wei ght , particularl y in the hi gh molecular weight fractions ,
it is possible that chain-branching or a sli ght degree of cross -linking
ma’.- have followed chain-breaking. This is more likel y to occur at ele-
vated temperatures (the pumped samples were heated to 100°F and may have
risen above this value ) and could account for the increased molecular
wei ght . Furthermore , since branched or slight ly crosslinked polymers
generally result in a much lower intrinsic viscosity and reduced flexi-
bility, this could readil y explain the apparent anomaly of increased
molecular wei ght hut reduced intrinsic viscosity and viscoe lastic itv.

Mist flash-hack~
6
~ measurement s of the pumped and stirred

a l it im i s t  f u e l s  showed no measurable  d i f f e r e n c e s , except  that burning
downstream of the  p i lot f la me was observed on l y for the pumped sample .
IThile t h i s  is not a part of the current  test procedure , i t  is f e l t  that
i t  i s  i n di ca t i v e  o f poorer a n t i m i s t  protect ion . Furthermore , s ince t he
m i s t  f l a s h - b a c k  tes t  was a lso unable  to discriminate between antimist
fuels made with AM -I from AFLRL and NAPTC , i t app ears tha t  the t e s t  in
its current confi guration is not severe enough to simulate the mist
forming conditions in a fixed-wing aircrash. Because of flame blow-off ,
it does not appear possible to increase the intensity of the air-shear
in the mist flash-hack test , however it was suspected that flash-hack
differences would he observed if measurements were made at series of
dilut i ons. Unfortunately there wasn ’t enough of the pumped antimist
fuel left for these experiments. However , significant differences had 

• 
-

been observed for the intrinsic viscosities and critical flow rates of

~oIuti ons made with samples of AM -i from AFLRL and NAPTC ; consequently,
these solut ions were used .

ihe results in Figure 17 sh ow t h a t at the higher concentration
of 0 . 2 0  and 0.10 wt °0 AM- I , the f l a s h — b a c k  was i d e n t i c a l  for  both  ~;amp 1es
however at i n t e r m e d i a t e  concen t ra t ions  of 0.05 and 0.025 wt~ t he f lash-
hack for the NAPTC AM- 1 was higher. The fact t h a t  a m a x i m u m  d i f f e rence
was noted at the i n t e r m e d i a t e  concentrat i on of 0.05 w t %  i s  reasonable  in
l i g h t  of t he  fac t  t ha t  t h e t wo solutions must alsa have the same flash-
back at zero concent rat ion . ‘Ih e hi gher f l a s h - h a c k  for the d i l u t e  NAI ~lC
sol u t i o n  i s  in agreement with the i n t r i n s i c  v i s c o s i t Y  and c r i t i c a l  f l o w
ra t e  measurements and indicates that the  ant  i m i s t  fuel  made w i t h  the
AFLRL AM- i should  o f f e r  be t t e r  f i r e  p ro tec t  ion . Fur the rmore . t hes e

~~~ I Permeat ion  Chromatograp hy data was obtained with a Wa t  ers — 1 (11) (AIA~
I i i  gh P e r f o r m a n c e  Li quid Chromatograp h , usLniz p o ly s ty r e n e  (Max MW =

3 .5 x lO t’ ) as the standard and ~IHF as the solvent.
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r e s u l t s  suggest  t ha t  the  f l a s h - h a c k  of the pumped fue l  would  h a v e  been
g r e a t e r  t h a n  the  one made w i t h  the NAI’i C AM-i if measurement s w o u l d  have
Ft -e n made at sev e r a l  conven t  ra t  ions lowe r t h a n  0 .20  ~

..-t

3. F l o ~ and U l t r a s o n i c  f legradat ion

•\ t h i r d  area of app lication for  the porous media exper imen t s
has been in m e a s u r i n g  the  relative e f f i c i e n c y  of methods of d e g r a d i n g
the AM- I polymer so t h a t  i t  w i l l  f u n c t i o n  prop erl y i n en gi n e s t a r t i n g  

- 
-

a nd in t I l e !  cent  rol sys tems .  Fi gu re 18 shows a sketch of an u l t r a s o n i  vs
device t h a t  ha s been des i gned by AF LRL s t a f f  members for deg rad ing
a n t  j ou st  f u e l s  on a cont inuous f low b a s i s .  W i t h t h i s  con fi  gura t ion , the
fue l  i s  fo rced to f low r a d i a l l y  b e t w e e n  a gap formed by t he  top of the
ultrasonic horn and an adjustable base. For these  expe r imen t s  the gap
I % a s  f i x e d  at 0.03 ))  inches  ( ) . 0Th2 c m ) .  Since  the maximum ra te  of u l t r a -
so n i c  energy that can be t r a n s m i t t e d  to the  fuel  is l imi t ed  by the onset
of c a v i t a t i o n , it was f e l t  that  i nc reas ing  the to ta l  f l u i d  pressure

• would increase t he  e f f i c i e n cy  of the u l t r a s o n i c  degrada t ion . In order
to p r o v i d e  a p re s su r i zed  sys tem , an 0 - r ing  seal was located at the n u l l -
p o i n t  of the  u l t rasonic  horn , and the  back pressure was c o n t r o l l e d  b y
p a r t i a l l y  c l o s i ng a va lve  at the fue l ex i t  por t .  The r e su l t s  of the
e x p e r i m e n t s  i nve lying flow and u l t r a s o n i c  degradat  ion on the  rheo log i c a l
p r o p er t i e s  of AM— I i n  J P — 8  are summarized in Fi gu re 19 and Tab le  3 .

l h e da t a  des i  gua ted  (0 m l / m i n )  are d u p l i c a t e  runs that dem on—
st ra te  the  r e p e a t a b i l i t y  of these measurements  and r epresent  the  v i  sco-
e l a s t i c  c har a c t e r  of AM- 1 before an~- si g n i f i  cant  degradat  ion has  occurred .
Aga in c ri t i c a l  f l o w  measurem ents  in  porous m e d i a  were made w i t h  d i  lu t e d
sample s  ( 13.025  wt~ ) so t h a t  the behavior below the  c r i t i c a l  was  es—t -n -

t i a l i v  t h a t  of a N e w t o n  ian  l i q u i d .  P r i o r  to the n i t  r ason i c  exp cri mon t s
t h e  an t  i in i st fuel  was  forced by  i i i  t rogen pressure throug h t h e  0. 0 3 ’
( 0 .  07~ 2 cm) ga p between the u l t r a s o n i c  horn and the base and a Iso
t h r o ugh the p ar t  i a l l v  closed v a l v e .  These measurements  were made in

• order to d i s t i n g u i s h  between f low and u l t r a s o n i c  deg rada t i on . The
se n s i t i v i t y  of t h i s  a n t i m i s t  fuel  to f low d e g r a d a t i o n  r e s u l t i n g  from the
0.03” gap i s  c l e a r ly  ev iden t  b the  lower vi scos i ts -  r a t i o  and m t  r i n s i c
v i s c o s i t  and hi gher c r i t i c a l  f low rate. The f l ow  energy to  produce
t h i s  degr ;id a t  io n was ca lcula ted  from the pro duct  of the pressure drop
and f l o w  rate and was surpr i  s ing lv low (5 watts) . F u r t h e r  degr ada t  ion
was produced F ’.- a co m b i n a t i o n  of f low throug h the gap and through a
p a r t i a l l y  closed v a l v e  t ha t  produced a back pressure of 1 . -I at m (2 0  p s i )
and which increased  the  f low energy to 8 w a t t s .  I t  is i n t e r e s t i n g  to
note t h a t  t h e  deg rada t ion  resu l t  ing from both  the gap and t he  v a l v e  (S
watts) had ont ’ a very 511I~I1 1 ( roughl y 2 - )  :iddi t iona 1 r e d u c t i o n  on t h e
vi scos i t~~ i -a t  i o and i n t r i n s i c  v i  scos itv  over t h a t  produced by the gap
a lone  but  essent al lv doubled the c r i t i c a l  f low r a t e . The f l o w  c h ar a c —
t en - - t i cs  o f t h e  samp les from the u l t r a s o n i c s  exper iment s are a lso  ii~
F i gore 19 . These v o n f i  ed t h a t  more ene rgy  can be abso rbed by t h e f ue l
r e s u l t  imig in increased  pol y mm e r d e g r a d a t i o n , if t h e  t o t a l  p r e s s u r e  of t h e
fue l i s  i nc reased ;  1~~wever , t he da t a  present ed  in  Tab le  3 a l s o  suggest

he t i  oi~ degradation ma x- a l s o  be j u s t  as e f f e c t i v e  i t ~ the flow energy is

31
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FI GU RE 15. ULTRA SON I C DE V ICE FOR
D E GRA UI N G A~ T I?1I S T FUELS .
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increased to the same level as the ultrasonic energy . These conclusions
are on ly  tentative in that  other factors such as flow rate , gap size and
back pressure need to be studied in more depth . Furthermore , a more
precise  measurement is needed for the actual power consumption of the
u l t r a s o n i c  device than is provided by the system in its present form .

4. Iheoretica l Significance of the Critical Flow Rate

Up to this point we have said very little concerning the
theoretical si gnificance of the critical flow rate; however , as was
mentioned earlier , the results of an ongoing ILIR program indicate that
the onset of anomalous resistance in porous media occurs at a critical
Deborah number

N 1, = ® “e ( 13)

where N~~1 is the value of the Deborah number at onset ,
0 ~i T-~ the  r e laxa t ion  t ime of the pol ymer solution , and

is the elongation rate.

Although polymer solutions exhibit a distribution of relaxation times ,
the maximum Rouse (7) relaxation time , which is a measure of the time
for a Pol ymer molecule to return to an unstressed configuration after
it has been deformed , can be calculated from :

6 
~ 

-1) Mr 
(14)

~T C R T

where is the relative viscosity or viscosity ratio of solution to
solvent ,

no is the viscosity of the solvent ,
M i s the molecular we ight of the poly mer ,
C is the concentration of the polymer ,
R is the gas constant , and
T is the absolute temperature .

Als o , while the elongation rate in a porous bed cannot be
measured directly, for a bed cor)sisting of uniform spheres , it can he
estimated from the flow rate by~

8)

• ‘\~ 150W
I =—  (15)e ADp p

where W is the average mass flow rate , -

A is the cross-sectional area ,
I) is the diameter of the spherL . m d

• p~
’is the density of the solution .

For dilute solutions of poly isohutylene (Vistanex L-200) in
several pure solvents and over a wide range of concentrations , it was
found that the critical Deborah number was approximately a constant , 
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i.e., 1.0 < N~ ~ < 2.0. Similar measurements for AM-i in JP-8 and
diesel fuel in~icate that the critical Deborah number is also a constant
at onset or equivalently, at a fixed concentration , that the product of
the viscosity ratio , the solvent viscosity and the critical flow rate is
a constant :

[ r o W
c]Jp~8 ~ 

[(flr~
l)flo

W
c l DF~~ (16)

However the exact value of the critical [)eborah number is not known due
to the lack of information concerning the molecular weight of AM-i .
Future p lans of the basic research program are aimed at determining if
LU C Nñeb < 2.0 for a relatively large class of structurally similar
polymers , which would allow us to calculate the effective relaxation
time and molecular weight from a measurement of the critical flow rate.
For exampl e, if the critical Deborah number is approximatel y 1.0 for
dilute AM- i solutions , then , from equations 13 , 14 and 15 , the relaxa-
tion times and molecular weights for the samples of AM-i from different
sources are:

Largest Relaxation Time* Average Molecular
Source of AM- i (sec) Weight**

E)ynamic Sciences 0.029 43 x l0~
NAFEC 0.019 33 x 10
AFLRL 0.015 28 x 10~
NAPTC 0.0034 9 x 10

While lO ose values of the molecular weights seem to he higher than we
might have expected , it must he remembered that the relaxation time ,
from which the molecular weight was calculated , is very strongly in-
fluenced by the high molecular fraction of AM-l. These estimates must
be considered hi ghly tentative until further research has established
the general applicability of this approach ; however it is hoped that
this may he accomplished in the near future .

Finally, we wish to show the theoretical basis for the general
observation that if the critical flow rate of a solution containing AM- I
increases there will be a much smaller hut measurable decrease in the
intrinsic viscosity. In order to establish this relation , it should be
ri-called that the term (flr_l)/C in equation 14 is the reduced viscosit
and that at very low concentrations this quantity has approximatel y the
same value as the intrinsic viscosity; consequently, equation 1-) can be
written as

~ m l  r~ M
“.5- 00 = - — - ,-

- - - - - --— -—- ‘ C = 0 ( 1 7 )
R I

~Cil cu1a ted from e q u a t i o n s  13 and 15 , a s s u m i n g  N~~ 1, = 1.0.

~ :a Icu l a t e d  from equa t i on  I-I .
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For l inear  polymers the in t r ins ic  viscosi ty  is related to the molecular
weight by the following semi-empirical equation :

[ n ]  = K Ma (18)

where K and a are constants for a particular polymer that must be deter-
m ined exper imenta l ly  fo r each solvent . Furthermore , if it is assumed
that at the onset of anomalous resistance the critical Deborah number is
a constant , which we denote as N

~ eb) then from equa t ions 13, 15 , 17 and
18 , we have:

6 n [}
1+1/a 

150 W0 c 
- NA (19)2 R T K h/a A p D 
- Deb

p

For a fixed bed geometry , polymer species and solvent , most of these
terms are constants that  can be collected together so that equation 19
can be written simply as

[ ] l + 1/a 
= ( 1/ W ) (20)

where a contains a l l  of the constant terms . This can be solved for the
in t r ins ic  viscosi ty  to y i e l d

[ n ]  = [a ( 1/W )] ah l+a (21)

Equation 21 predicts that  in t r ins ic  viscosities and cr i t ical  flow rate
data should plot as a straight line with slope equal to a/l+a if we plot
log [~~ ] Vs log [1/W e ] . Figure 20 includes data that we have obtained on
AN -i samples from different sources and on samples of AM-i that have
been pa r t i a l l y  degraded wi th  flow and/or ultrasonic energy . The best
straight  l ine  through a l l  the data has a slope of 1/3 which is equiva-
lent to a 0 1/2. It should be noted that for the majority of linear
polymers 0.5 < a < 0.8. Since the lower number is the theoretical theta
value, these results indicate that JP-8 is a relatively poor solvent
for AM-i . Furthermore , the exponent of the cr i t ical  f low rate (a/ l i - a 0

1/3) explains why the intrinsic viscosity will generally be a less
sensitive measure of degradation than the critical flow rate.

0. Ph y s i c a l  Properties of Antimist Fuels (0.30% AM- i in Jet-A ) Used
in  Fuel Sp i l l a g e/A i r  Shear Tests*

1. Comparison of AFLRL and NAPTC AM-l Samples Blended at NWC

A n t i m i s t  fuels  containing AM-l were blended at the test site
in a 55 ga l l on  drum by sti r r ing for a period of one to two hours a t a
speed of 100 RPM with the fuel temperature at approximately 22 to 25°C .
The des ign and s i z e  of the s t i r r i ng  blades were e s s e n t i a l l y  the same as

*These t e s t s  were conducted at NWC , China  Lake , Ca l i fo rn i a  on October
13- 20 , 1976 . 
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previously used by NAFEC and AFLRL in blending large volumes of ant imis t
fuel. Intrinsic viscosity and critical flow rate measurements were
determined for two antimist fuels made with the AFLRL AM-i and one that
was made with the NAPTC AM-i. All three fuels were blended to a con-
centration of 0.30 ~~t

’
~ AN- i which was later verified by gum content.

All of the viscosity data was obtained with a standard Cannon-Ubbelohde
viscometer. The fuel temperature for the viscosity measurements was
normal 37 .8 °C (100 °F ) ;  however , some data were obtained at NWC by
measuring the viscosity of the solution and the solvent simultaneously
without any specific control over the temperature . Critical flow rates
were made at room temperature with samples diluted to 0.025 wt% . The
results of the experiments presented in Fi gures 21 and 22 show that the
intrinsic viscosities and critical flow rates of the antimist fuels
blended at NWC with AFLRL AM-i and NAPTC AM-i are in good agreement with
values reported ear l ie r  (Figure  15) for samples blended at AFLRL wi th  a
small  laboratory (magnet ic)  s t irrer . These results also show that the
intr insic  viscosity of AM-l is essent ia l ly  independent of the tempera-
ture for these conditions and that it can be measured without precise
temperature control.  Furthermore , it is evident that  the i n t r i n s i c
viscosity of the AFLRL AM-l is higher than the NAPTC AM-i and conversely,
the critical flow rate of the fo rmer is lower than the l a t t e r .  In l igh t
of this fact , it is important to again comment that fuel-spillage/air-
shear tests results with these antimist fuels indicate that the AFLRL
AM-I provides significantly better fire protection ; however it must be
remembered that these conclusions are based on the results of only one
test.

Conclusions and Recommenda tions

1. Below a critical shear stress, the viscosity of antimist fuels con-
tam ing either XD-8l32.0l or FM-9 was almost Newtonian , howev er
above a critical shear stress these same fuels exhibited large
magn itude shear thickening effects. Unfo rtunately , the flow ra te
of FM-9 was also time dependent . While it is not prac tical to
obtain  the value of the shear viscosi ty wi th cap i l lary  v iscometers
in this antithixotropic regime , it is felt that this simple pro-
cedure may be able to est imate the critical stress requ ired to
initiate the shear thickening phenomenon. Th is in itself may prove
to be an important rheological parameter that can be used to deter-
mine the relative effectiveness of this additive , however addi-
tional work will be required for its development before it could be
used as part of an antimisting fuel specification.

2. The shear viscosity of antimist fuels made with AM-i decreases
with the shear rate and does not appear to be directly responsible
for the antimnisting action ; however these fuels do exhibit a very
high res i stanc e to f l ow in porous med ia. Th is phenomenon is not
due to physical blockage of the pores but is a characteristic
behav ior of viscoelastic liquids. By working w ith very dilut e
solutions , i t has been shown that the h igh re si stance to flow in
poro us med i a occ urs at a cr iti cal f l ow ra te tha t appears to he
related to the relaxation t ime of the solution .
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3. Both the intr insic  viscosi ty  and the cr i t ical  flow rate in porous
media have been shown to be able to dis t inguish between ant imist
fuels made with samples of AM—i obtained from d i f ferent  sources ,
antimist fuels made by different blending techniques and antimist
fuels that have been subjected to different types and degrees of
degrada tion. Whi le , the critical flow rate has been found to be - -

simpler to measure and actually more sensitive than the intrinsic
viscosity, both of these properties should be considered to be
important factors . In particular , it has been demonstrated that
the dimensionless intrinsic viscosity can be used to measure the
concentration of AM-i in antimist fuels.

4. Preliminary results show that the effectiveness of ultrasonic
degradation can be increased if the total pressure of the fluid is
increased above atmospheric. Further work is needed to determine
if hi gher fluid pressure would be even more effective. Also it was
noted that an appreciable amount of flow degradation was produced
at a very low level of flow energy . These results suggest that
future studies should compare flow and ultrasonic degradation at
equivalent energy levels.
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