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Atomization experiments, motiuated by the need to suppress misting of machining 
oils, were conducted on dilute solutions of polyisobutylene (PIB) in mineral oil using a 
coaxial air blast atomizer and an optical (Fraunhofer difsraction) particle sizer. Polymer 
concentrations (0.1 to 1.0 kg/m3) and molecular weight (1.0 to 2.2 milr'ion) were varied 
to determine their effects on aerosol drop-size distributions. The pure oil and PIB -oil 
solutions were atomized at air/liquid mass ratios near 10 and atomizing air velocities of 
150 - 270 m/s, producing droplet-size distributions with mass mean diameters (MMD) 
in the range of 7- 15 p m  for the pure oil. Under identical atomization conditions, the 
MMDs of PIB solutions were 20 - 200 % higher than pure oil. These observed increases 
in MMD correspond to significant reductions in the fiaction of droplets falling below 5 
p m  in diameter that constitute the misting problem in industrial machining applica- 
tions. Observed efsects of PIB on atomization are ascribed to the viscoelastic properties 
of PIB - oil solutions as characterized by the elongational viscosity vE. This relationship 
is examined by correlating the change in MMD caused by PIB addition with the stress- 
dependent elongational viscosity of PIB - oil solutions as predicted by the FENE-P 
dumbbell kinetic theoy The increase in MMD due to PIB varies linearly with the 
predicted qE at constant atomization tensile stress. 

Introduction 
Our work is motivated by the need to suppress misting of 

machining fluids that are used in a variety of common indus- 
trial metalworking operations to lubricate and cool both ma- 
chining tools and working surfaces. Most metalworking oper- 
ations are performed on open floors in component plants, 
and the formation of machining fluid mist, that is,'fine liquid 
droplets, due to breakup of liquid films and jets under impact 
or shear conditions has become an increased concern. A ma- 
jor health hazard is presented by mist drops under 5 p m  in 
diameter, which are easily suspended in air and migrate 
throughout the plant. Substantial worker exposure to machin- 
ing fluids may occur via inhalation of aerosol-laden air. The 
usual approach for minimizing exposure to aerosols from ma- 
chining fluids is to provide enclosures and exhaust systems 
equipped with filters. These installations are in place in most 
modern plants, but they are not fully effective. Small drops in 
the micron-size range may also present a serious fire hazard. 
In the presence of a spark from a broken tool or simple fric- 
tional heating fine mist is easily ignited and the resulting flame 
travels throughout the venting ducts, causing substantial 

damage and expensive operational downtime. Approximately 
20% of all machining fluids are straight mineral oils, with the 
remaining fraction being water-soluble oils or emulsions. 
Straight oils produce especially serious misting problems be- 
cause they atomize very easily and produce aerosols that do 
not dissipate by evaporation. Unfortunately, high- 
quality surface finishes can often be achieved only with 
straight oil machining fluids, and at present they cannot be 
eliminated from many industrial operations. We examine a 
rheological mechanism for mist control by adding high 
molecular weight polyisobutylene (PIB) to straight mineral 
oils. 

The ability of small amounts of dissolved polymer to sup- 
press misting of liquids has been known for some time. In 
recent years, attempts have been made to reduce aerosol for- 
mation in a variety of operations by this means, particularly 
in the case of polymer antimisting additives for jet fuels (Chao 
et al., 1984; Peng and Landel, 1983; Hoyt et al., 1980). In the 
atomization experiments of Chao et  al., dilute solutions of 
high molecular weight PIBs in jet fuel produced coarser spray 
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textures than pure jet fuel, and corresponding increases in 
the required ignition energies of the jet fuel sprays were ob- 
served when PIB was present. Antimisting action of the 
PIB-jet fuel solutions correlated with the elongational viscos- 
ity of the solutions, as characterized by ductless siphon mea- 
surements (Chao and Williams, 1983). This study echoed the 
findings of earlier work by Hoyt et al., in which several drag- 
reducing polymers, including PIB, reduced mist formation 
with kerosene. The success of these studies, as well as the 
chemical similarity of jet fuel (kerosene) and mineral oil, sug- 
gest that high molecular weight PIB may be an excellent 
polymeric antimisting additive for mineral-oil machining flu- 
ids. 

In what follows, we report the results of a series of atom- 
ization experiments conducted to determine the effectiveness 
of PIB as an antimisting additive for mineral oils, and to eval- 
uate the effects of PIB concentration and molecular weight 
on antimisting activity. Earlier antimisting studies with jet fu- 
els (Chao et al., 1984; Chao and Williams, 1983; Peng and 
Landel, 1983; Hoyt et al., 1980) and a more recent study by 
Ferguson et al. (1992) on the atomization of aqueous polymer 
solutions all suggest that the atomization behavior of dilute 
polymer solutions is related to the elasticity of these liquids 
under the stress of atomization. Here, as in the study by Chao 
et al., we investigate the link between antimisting effective- 
ness and the elongational viscosity contributed by the poly- 
mer solutes. Since direct measurements of the elongational 
viscosity of polymer solutions are difficult, with different ex- 
perimental techniques yielding widely varying results 
(Walters, 1992; Sridhar, 19901, our approach employs a sim- 
ple molecular theory, the FENE-P dumbbell model (finitely 
extensible nonlinear elastic), to estimate elongational viscos- 
ity using measured values for the main relaxation time and 
contour length of the polymer molecules. 

Experimental Studies 
Materials 

Four commercially available molecular weight grades of 
PIB, Vistanex L-80, L-100, L-120 and G140 were obtained 
from Exxon. Molecular weight evaluations of each grade were 
performed by gel permeation chromatography (GPC) in 
toluene at 40°C and referenced to polystyrene standards in 
toluene. The weight-average molecular weights, used in all 
calculations here ranged from 1 to 2.2 million (Table 1). 

Two viscosity grades of mineral oil were tested, and their 
properties are listed in Table 1. Both grades are used exten- 
sively in metal machining operations. Oil A was used for the 
majority of the testing, and oil B was used to examine the 

Table 1. Material Properties 
Polyisobutylenes 

Grade MW MN MW/M, 
L-80 1,020,000 430,000 2.37 

L-120 1,700,000 830,000 2.05 
L-140 2,200,000 1,070,000 2.06 

Grade 7 (Pa-s) u ( N / d  P (kg/m3) 
Oil A 0.020 0.028 820 
Oil B 0.0058 0.028 820 

L-100 1,350,000 640,000 2.11 

Mineral Oils (measured at 23°C) 

effects of varying solvent viscosity and intrinsic viscosity for a 
particular PIB solute. 

The preparation of PIB-mineral-oil solution was begun by 
dissolving solid PIB in toluene at a concentration of 200 
kg/m3. Toluene was used in this step to facilitate the initial 
dissolution of PIB; subsequent dilutions, described below, 
yield solutions in which toluene is a minor component ( < 1.5 
wt. %) that does not affect the physical properties. The con- 
centrated toluene-PIB solutions were then diluted with min- 
eral oil to produce stock oil-PIB solutions of 20 kg/m3. These 
stock solutions were allowed to rest for several weeks to en- 
sure the complete dissolution of the polymer. To avoid any 
possible mechanical degradation of polymer molecular weight, 
mechanical agitation was not used in these steps. These 
oil-PIB stock solutions were further diluted with oil to yield 
the required PIB concentrations for atomization and rheolog- 
ical testing. 

Solutions with PIB concentrations up to 1.0 kg/rn3 were 
examined in the atomization tests. At these concentrations, 
the surface tension and density of the mineral oils are not 
affected significantly by the addition of PIB. The viscosity in- 
creases moderately with the addition of PIB over the same 
concentration range (approximately a 16% increase in viscos- 
ity for 1.0 kg/m3 L-80 in oil A). From intrinsic viscosity [ r ] ]  

measurements, see Appendix B, we find that the largest c[q] 
value of the atomized solutions is c [ q ]  = 0.16 for L-80 at 1 
kg/m3, indicating that the solutions are in the dilute regime 
far below the value c[r]] = 1 that corresponds to coil overlap 
and the onset of entanglements. Within this concentration 
range, the shear viscosity and other concentration-dependent 
rheological properties such as the complex viscosity compo- 
nents 7’ and q“, exhibit a linear dependence on concentra- 
tion (Smolinski, 1994). 

Atomization apparatus 
Aerosol formation experiments used an “air blast” atom- 

izer of coaxial design (Figure 1). Liquid is supplied to the 
atomizer tip through the center tube (ID 0.0011 m) by a sy- 
ringe pump at constant flow rates up to 0.0084 L/min. Com- 
pressed air is supplied through the annulus between the OD 
(0.0013 m> of the inner tube and the ID (0.0021 m) of the 

Figure 1. Atomizer and particle sizer. 

1202 May 1996 Vol. 42, No. 5 AIChE Journal 



Table 2. Parametric Range of Atomization Experiments 

Air Flow Rates 
Volumetric-flow rate 1.7-5.8 X m3/s 
Mass-flow rate 2.2-7.5 X kg/s 
Average nozzle velocity 80-270 m/s 0000 

3000 

Oil Flow Rates 
Volumetric-flow rate 
Mass-flow rate 4.51 X kg/s 
Average nozzle velocity 0.06 m/s 

5.5 X lo-' m3/s 

: / 
0 

/ 

4 '. 
0 

/ 
I - ' ' 

outer tube. Atomization parameters are given in Table 2. Un- 
der these conditions, low Reynolds numbers (NRe < 10) pre- 
vail for liquid flow in the supply tube, and the air flow is 
highly turbulent with 70 X lo3 < NRe < 250 X lo3. The liquid 
flow rate was varied only in preliminary experiments to estab- 
lish the dependence of mass mean diameter (MMD) on the 
air-liquid mass ratio. All subsequent atomization experi- 
ments were performed at a fixed liquid flow rate of 0.0033 
L/min, which corresponds to a shear rate of 420 s- '  in the 
supply tube. Direct measurements of the kinematic condi- 
tions for liquid atomization at the nozzle tip were not possi- 
ble, and the best characterization comes from the elonga- 
tional stress measurements described below. However, in uti- 
lizing the FENE-P model, strain rates are calculated as an 
intermediate step in predicting the stress-dependent elonga- 
tional viscosity. For the range of conditions encountered here, 
the corresponding range of nozzle-tip strain rates inferred 
through the model was 300 to 3,000 s-' for the PIB-oil solu- 
tions tested. 

The coaxial atomizer design was selected for its simple, 
symmetric geometry, which facilitates evaluation of the aver- 
age extensional stresses encountered at the nozzle tip during 
atomization. The measurement of extensional stress in the 
liquid is accomplished by the use of a pressure gauge placed 
in the liquid supply line upstream of the atomizer tip. For 
steady-state flow of liquid, a force balance gives the total ten- 
sile stress ( r I z Z ) ~  at the position of the pressure gauge as 

3000 

where ( I I Z Z ) ~  is the average ZZ component of the total 
stress tensor at the atomizer tip, with Z denoting the axial 
direction, and q,, is the wall shear stress produced by the 
flow in the liquid tube. The ID of the liquid tube is do,  and 
L is the distance between the pressure gauge and'the tip. 
Although viscoelastic fluids can develop first and second nor- 
mal stress differences under shear flow (Bird et al., 1987a), 
we demonstrate in Appendix A that such normal stress dif- 
ferences are negligible for the low polymer concentrations and 
low Weissenberg numbers that pertain to liquid flow in the 
supply tube for our experiments. Neglecting both first and 
second normal stress differences during flow in the liquid 
tube, we obtain ( r I Z Z ) ~  = PG and ( nZZ)Foff = Pa,, for the 
liquid exiting at the nozzle tip in the absence of atomizer air 
flow. In the presence of an atomizer air flow, ( I I I Z Z ) ~  < Pa,,, 
due to the presence of a tensile stress within the liquid. For 
the same liquid flowing at the same flow rate, the difference 
in the pressure gauge reading, measured with and without air 
flow, gives 

0 .' 
0 

0 
/ 
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0 

/ 
I ' 
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Figure 2. Variation of extensional stress, +$Iron - 
P$iro'f), with atomization air velocity. 

(2) 

This stress measurement characterizes the magnitude of the 
extensional stress encountered by the liquid during atomiza- 
tion. For our atomizer, this was found to vary with air veloc- 
ity as shown in Figure 2. The measured extensional stress did 
not vary with liquid flow rate, and at identical air velocity it 
was found to be the same for all liquids tested, including the 
viscoelastic oil-PIB solutions. 

The aerosol generated by the atomizer is directed into a 
long, 0.127-m-wide plexiglass duct of square cross section. The 
aerosol is carried through the duct by a secondary air stream 
introduced behind the atomizer. Two small openings placed 
on either side of the duct, at a distance of 0.038 m from the 
tip of the atomizer, provide a clear optical path for particle 
sizing. Containment of the aerosols is accomplished by hold- 
ing the duct pressure slightly below ambient, with suction 
provided by a small blower at the exhaust end of the duct. 

Aerosol sizing is performed with a Malvern 2600 Particle 
Sizer, which analyzes the Fraunhofer diffraction pattern 
formed when a laser beam traverses the aerosol field 
(Swithenbank et al., 1977). A 2-mm-diameter collimated 
He-Ne laser beam passes through the openings in the duct 
and intercepts the center line of the spray cone at a distance 
of 0.038 m from the atomizer tip. The forward scattered light 
is collected by a focusing lens and directed onto an optical 
detector consisting of 32 light-sensitive diodes. The diodes 
are semicircular in shape and logarithmically spaced in the 
detection plane. The light-energy distribution incident on 
each diode element originates primarily from the forward 
scattering of a characteristic drop size. The unobstructed 
fraction of the light passing through the aerosol field is fo- 
cused onto the central diode element. Scattered light from 
larger aerosol particles is focused onto the inner diodes, while 
the scattered light from smaller aerosols is focused on the 
outer diodes. Thus, the scattered light energy distribution de- 
tected by the geometrically defined diode array detector con- 
tains the aerosol size information. Particles as small as 2 pm 
can be accurately sized by this means. The aerosol size distri- 
bution is computed from the light-energy distribution by as- 
suming a Rosin-Rammler distribution and minimizing the de- 
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viation between the computed and measured light intensities 
in order to obtain optimum values of the Rosin-Rammler dis- 
tribution parameters X and N ,  such that 

R = 1 - exp[ - ( $) "1, (3) 

where R is the mass fraction of particles below diameter x. 
The weight distribution function is W( x) = dR/dx. The 

MMD, which is used later to characterize aerosols, can be 
expressed in terms of the Rosin-Rammler parameters X and 
N by the following equation: 

The Sauter mean diameter (SMD), used in Eq. 6, can also be 
expressed in terms of these parameters as 

Rheological instrumentation 
Rheological characterizations of the oil-PIB solutions were 

conducted on a Weissenberg Rheogoniometer (model R21) 
fitted with 0.075-m parallel platens at a gap setting of 250 
pm. Steady shear measurements were conducted at shear 
rates ranging from 1 to 20 s-', while oscillatory shear flow 
testing was performed over a frequency range of 1 to 45 Hz. 
Shear viscosity measurements were performed on oil-PIB so- 
lutions with concentrations in the dilute regime up to 1.0 
kg/m3 to determine the intrinsic viscosities of the PIB so- 
lutes in the mineral oils. 

Oscillatory shear flow measurements were performed to 
evaluate the storage modulus G as a function of frequency 
for each oil-PIB system. Oscillatory measurements at fre- 
quencies between 20 and 30 Hz were subject to vibrational 
interference, leaving a gap in the storage modulus data in 
this region. The dominant relaxation time for each oil-PIB 
system was evaluated from the storage modulus measure- 
ments (Appendix B). These were measured at somewhat 
higher PIB concentrations, up to 8 kg/m3, to provide stronger 
torsion signals. Even at these higher concentrations, however, 
G' was found to vary linearly with concentration. 

Results and Discussion 
Atomization results 

The atomization behavior of the two pure mineral oils was 
first examined to establish baseline particle size distributions 
without additives, and to evaluate the effects of atomization 
air velocity and the air-to-liquid mass ratio (ALR) on the re- 
sulting particle size distribution. As expected, atomization air 
velocity and ALR had significant effects on the particle size 
distribution. The average drop size (MMD) decreases with 
increasing air velocity and ALR, as shown in Figure 3 for oil 
A at various air velocities. In addition to decreasing the 
MMD, increases in atomization air velocity also produce nar- 
rowing of the drop-size distributions (Figure 4). Increases in 
the ALR cause slight decreases in the MMD, but have little 
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Air Liquid Ratio (ALR) 

Figure 3. Effects of air velocity and air-liquid ratio on 
the atomization behavior of oil A. 

effect on the widths of the drop-size distributions. These ob- 
served effects of air velocity and ALR are consistent with 
previous studies on the atomization of Newtonian fluids 
(Nukiyama and Tanasawa, 1939; Lefebvre, 1980). 

For high ALR (ALR > 5) ,  the effect of ALR on the drop- 
size distribution is minor compared to the effect of air veloc- 
ity, thus the effects of ALR on atomization behavior were not 
investigated further in this work. All subsequent atomization 
experiments were conducted at a fixed liquid flow rate of 3.3 
ml/min. Holding the liquid flow rate constant caused the 
ALR to vary with the atomization air velocity, but the effect 
of this variation on the average drop size is minor in the re- 
gion tested, as shown in Figure 3, where the dashed line indi- 
cates constant liquid flow conditions. 

The particle size distributions produced by our atomizer 
did not vary noticeably with liquid viscosity in tests per- 
formed on the pure oils. Oil A and oil B, which differ in 
viscosity by more than a factor of 3, behaved identically dur- 
ing atomization over the entire range of conditions examined 
(for example, compare the oil A and oil B curves in Figure 

0.10 
270 m/s 

0.08 

- 0.06 

0.04 

0.02 

0.00 
0 5 10 15 20 

Droplet Diameter (microns) 
Figure 4. Effects of air velocity on drop size distribution 

atomization produced by oil A. 
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10, which is discussed below). For these low-viscosity Newto- 
nian liquids, the effects of viscosity were apparently over- 
whelmed by the relatively large capillary and inertial forces 
produced by the small nozzle size and the high air velocities 
characteristic of our atomizer. However, further atomization 
tests conducted with Newtonian liquids of viscosities two or- 
ders of magnitude greater than the mineral oils did begin to 
show an increase of MMD with viscosity. 

The addition of PIB to the mineral oils produced viscoeias- 
tic solutions, as indicated by the G measurements discussed 
in Appendix B. These viscoelastic solutions exhibited sub- 
stantially larger MMDs under atomization than the Newto- 
nian mineral oils. The amount of increase in the average drop 
size is influenced by the PIB concentration, PIB molecular 
weight, and solvent viscosity of the atomized solution. As ex- 
pected, the solutions of highest concentrations, highest 
molecular weights, and highest oil viscosity exhibit the great- 
est increases in aerosol drop size relative to pure oil atom- 
ized at the same conditions. In addition to increasing the 
MMD, PIB additions also broaden the drop-size distribution. 

The effect of PIB concentration on aerosol drop size is 
shown in Figures 5 and 6, where the Rosin-Rammler distri- 
butions are shown for solutions of various concentrations of 
L-80 atomized at air velocities of 150 and 230 m/s. PIB con- 
centrations as low as 0.10 kg/m3 produce a substantial in- 
crease in the average drop size. Higher concentrations of PIB 
(0.5 and 1.0 kg/m3) further increase average drop size and 
produce very broad drop-size distributions, similar to those 
displayed by pure oil at lower air velocities, as in Figure 4. 

PIB is most effective at increasing the average drop size, 
relative to pure oil, at the lower atomization air velocities 
(Figure 51, where the addition of PIB typically produces ex- 
tremely large increases in drop size. In several cases, the 
MMD increased 200 to 300% relative to pure oil. At higher 
air velocities (Figure 6) the effects of PIB additions on drop 
size are less pronounced, though still significant. 

The increases in overall drop size of the aerosols due to 
PIB additions are accompanied by a significant decrease in 
the fraction of small drops ( =  8 p m  or less) within the 
aerosols. This can be seen in Figure 7, where a comparison of 

0.06 I 1 

n 

0.03 
0.10 kg/m3 :::&p+J 

0 10 20 30 40 
0.00 

Droplet Diameter (microns) 
Figure 5. Effects of PIB concentration on the atomiza- 

tion behavior of oil A: atomization velocity, 150 
m/s; PIB grade, L-80. 
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Figure 6. Effects of PIB concentration on the atomiza- 
tion behavior af oil A: atomization velocity, 230 
m/s; PIB grade, L-80. 

the cumulative weight fraction, as a function of particle size, 
is shown for oil A and two typical oil-PIB solutions. This 
figure illustrates the practical benefits of PIB as an antimist- 
ing additive, because drops in this sue range remain airborne 
for extended periods of time and create most of the oil mist 
problems encountered in metalworking facilities. 

Like the effect of increasing polymer concentration, in- 
creasing the molecular weight of the PIB solute, through use 
of higher grades of the Vistanex "L" series (see Table 11, 
produces increasingly larger drop sizes in the atomized liq- 
uid. Figure 8 shows that this trend is clearly prevalent at rela- 
tively low atomizer air velocities (150 m/s). The increase of 
MMD with PIB molecular weight is sharply diminished at 
high air velocities, however. Figure 9, displaying data taken 
at 230 m/s atomizer air velocity, shows very little difference 
between the drop-size distributions for L-80 and L-140, 
though the drop sizes for all the polymer solutions are dis- 
tinctly larger than those for pure oil. 

5 0.8 
cd 

Oil A A 
$$ 0.4 

u 

0.5 
1 .o 

0 2 4 6 8  0.0 

kg/m3 L-80 
kg/m3 L-80 

Droplet Diameter (microns) 
Figure 7. Cumulative weight fraction as a function of 

particle size between oil A and OWL-80 solu- 
tions: atomization velocity, 230 m/s. 
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Figure 8. Effects of PI6 molecular weight on the atom- 

ization behavior of oil A. atomization velocity, 
150 m/s; PIB concentration, 0.10 kg/m3. 

Although oil viscosity has no effect on the atomization be- 
havior of pure oil A and oil B in our atomizer, solvent viscos- 
ity does exert a significant influence on the behavior of min- 
eral-oil-PIB solutions. This can be seen in Figure 10, where 
the Rosin-Rammler distributions are shown for 0.25 kg/m3 
of L-80 in each of the oils at an air velocity of 150 m/s. The 
same concentration of L-80 produces larger drop-size distri- 
butions when used with the more viscous of the two oils ex- 
amined. In comparing the rheological properties of L-80 in 
oil A and oil B, we note that both oils are good solvents for 
PIB, and that oil B is a better solvent for L-80 than oil A. 
This is evident from the mechanical relaxation time measure- 
ments and the intrinsic viscosities presented in Appendix B, 
where [ q ] B  > [77IA, and hBqs(A)/AAqs(B) > 1, which both indi- 
cate a larger coil size for L-80 in oil B. Nevertheless, we be- 
lieve that the difference in the L-80 atomization curves shown 
in Figure 10 are due almost entirely to the effect of solvent 

0.08 1 /Ioi1 A 

Droplet Diameter (microns) 
Figure 9. Effects of PI6 molecular weight on the atom- 

ization behavior of oil A atomization velocity, 
230 m/s; PIB concentration, 0.10 kg/m3. 
The L-120 and L-40 curves appear to be identical. 

0.04 1 I \  

1 / \ \ 0.25 kg/m'- Oil P 

0 5 10 15 20 25 
0.00 

Droplet Diameter (microns) 
30 

Figure 10. Oil viscosity effects on atomization of oil/PIB 
solutions: atomization velocity, 150 m/s; PIB 
grade, L-80; PIE concentration, 0.25 kg/m3. 

viscosity, and that solvent power has very little influence. The 
reason for this interpretation is that the high-strain-rate qE 
varies with parameters that depend on solvent viscosity but 
not solvent power. We give a more complete discussion of 
this point in a later section, and also show that rl, is the 
dominant rheological parameter controlling the droplet-size 
distribution in our experiments. 

Our atomization results are in general agreement with the 
previous studies of Chao et al. (1984) and Hoyt et al. (1980), 
in which higher concentrations and molecular weights of PIB 
were found to be more effective at mist suppression. Both of 
these studies showed L-140 to be markedly superior to L-80 
at mist suppression. Chao et al. found L-140 at low concen- 
trations to be as effective at mist suppression (measured in 
their study by ignition energies) as L-80 at concentrations an 
order of magnitude higher, even though the two polymers 
differ in molecular weight by only a factor of 2. Since the 
work of Chao et al. was conducted at air atomization veloci- 
ties lower than those used in our study, this result is con- 
sistent with our finding that increasing PIB molecular weight 
is a highly effective means of enhancing mist suppression at 
low atomization air velocities. 

Figures 5-9 show that the antimisting effectiveness of PIB 
depends on kinematic conditions (atomizer air velocity), as 
well as polymer concentration, polymer molecular weight, and 
solvent viscosity, and that dependence of the drop-size distri- 
bution on these variables is not simple. For example, Figures 
5 and 8 show that increasing either polymer concentration or 
molecular weight improves the ability of the solution to resist 
mist formation at low atomization air velocities. At higher 
atomization air velocities, Figures 6 and 9, antimisting effec- 
tiveness increases with PIB concentration, but drop sizes are 
relatively insensitive to PIB molecular weight. These com- 
plexities are to be expected because the high deformation 
rates that attend atomization can easily drive viscoelastic liq- 
uids such as our PIB solutions into regimes of nonlinear rhe- 
ological behavior. In the following sections, we link the ob- 
served atomization behavior to the nonlinear rheological 
properties of the PIB solutions by employing a molecular 
rheological theory for dilute polymer solutions. 
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Rheological correlation of atomization results 
Atomization of viscoelastic liquids is not well understood, 

and there are no fluid mechanical models available to de- 
scribe the breakup of these liquids under atomization. There- 
fore our efforts are directed toward the development of cor- 
relations of the drop sizes produced by atomization of the 
PIB-oil solutions with the rheological properties of those so- 
lutions. However, some features of the breakup mechanism 
may be similar to capillary breakup of viscoelastic liquid jets, 
where extensive modeling has been done (Goren and Gott- 
lieb, 1982; Bechtel et al., 1987; Bousfield et al., 1986). These 
models predict that an initial axial tension within a viscoelas- 
tic liquid jet will stabilize the jet against capillary breakup, 
producing larger drops upon breakup than an equivalent 
Newtonian liquid jet. A reduction in the number of satellite 
droplets formed, due to an initial elastic stress, is also pre- 
dicted. While these jet breakup predictions qualitatively de- 
scribe the observed antimisting behavior of viscoelastic fluids, 
the models apply only to primary capillary breakup of a liq- 
uid jet, and cannot describe the random tertiary liquid 
breakup that is characteristic of fluid atomization. 

Research on the atomization of Newtonian fluids has been 
directed primarily toward development of empirical equa- 
tions that predict the average drop size of an aerosol under 
given conditions. These empirical equations vary widely in 
their representation of the effects of atomization parameters 
on drop-size distributions, depending on the particular atom- 
izer design and fluid tested. However, most of these equa- 
tions express the average drop size as the sum of a term rep- 
resenting inertial forces and a term representing viscous 
forces, as illustrated by the following empirical equation de- 
veloped by Rizk and Lefebvre (1984): 

SMD o.48( u )0.4( -= 1+- 
1 )0.4 

do PAVRd0 ALR 
inertial term 

+0.15 ( - c:do)o.s(l+&). (6) 

viscous term 

The general form of empirical equations such as Eq. 6, and 
not the specific mathematical structure of the individual 
terms, is of interest here. In interpreting our atomization data 
for PIB-oil solutions, we assume that the mean drop size for 
an atomized viscoelastic liquid can also be expressed as the 
sum of separable inertial and viscous terms. Under this as- 
sumption, the inertial-force terms, which are strong functions 
of the air velocity and atomizer geometry, are the same for 
both the pure mineral oil and the oil-PIB solutions under 
identical air and liquid flow rates, and any observed differ- 
ence in the average drop size can be attributed entirely to a 
difference in the viscous terms. The recent work on the atom- 
ization of elastic fluids by Ferguson (Ferguson et al., ,1992), 
and the findings of the earlier antimisting studies (Chao et 
al., 1984; Hoyt et al., 1980) all suggest that the elongational 
viscosity of viscoelastic solutions characterizes the viscous 
forces that develop during atomization. While the viscous 
force term for the pure mineral oils was found to be negligi- 
ble for our atomizer design and conditions, the high elonga- 

tional viscosities of the oil-PIB solutions produce significant 
viscous forces during the atomization of these solutions. Thus 
the observed increase in average drop size for the oil-PIB 
solutions is expected to depend directly on the elongational 
viscosities of the solutions. The relationship between aerosol 
drop size and elongation<al viscosity is examined below by cor- 
relating the change in average drop size produced at various 
stress levels, and for various PIB concentrations and molecu- 
lar weights, to the elonlgational viscosity predicted by the 
FENE-P model, a simple molecular rheological theory. 

Prediction of elongational viscosities 
The elongational viscosities of the oil-PIB solutions are 

estimated by employing the FENE-P dumbbell model with a 
preaveraged closure approximation (see Bird et al., 198%) 
for dilute polymer solutions. This simple model represents a 
polymer molecule in solution as an assembly of two frictional 
beads, which experience hydrodynamic drag forces from the 
surrounding solvent, connected by a nonlinear spring that 
represents entropic forces along the polymer chain backbone. 
The FENE-P spring connector force FC is 

(7) 

where H is the spring constant, Q is the vector connecting 
the beads of the dumbbell, and Q, is the maximum spring 
extension. As I Q l  approaches Q,, under flow at high defor- 
mation rates, the contractile spring force FC becomes infi- 
nite, thereby constraining the dumbbell to a finite maximum 
extensibility. Clearly, Q, is proportional to the contour length, 
and hence the molecular weight, of the polymer solute. These 
properties of the FENE-I’ model are incorporated in the 
model parameters 

and 

5 A =  - 
4 H  

(9) 

where 5 is the bead friction factor. 
The connection between molecular properties and macro- 

scopic stresses for this type of model is described in detail by 
Bird et al. (1987b). Briefly, the dumbbell connector force law, 
Eq. 7, appears in force balance equations for the beads, which 
are combined with a conservation equation to form a “diffu- 
sion” equation governing the configurational properties of the 
model polymer molecules. Configurational moments of the 
diffusion equation are combined with an appropriate expres- 
sion for the fluid stress, that is, the Kramers or Giesekus 
equations, to obtain the predicted elongational viscosity qE 
of the polymer solution. Using Eq. 7 for the dumbbell con- 
nector force, Eq. 13.2-16 of 13ird et al. (1987b) can be special- 
ized for the case of steadystate uniaxial elongational flow 
and applied directly to obtain the configurational quantities 
needed for stress predictions: 
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and 

The mean square length of the dumbbell ((2') is given by 

which yields the strain-rate dependent ( Q2> as the positive, 
real root of a cubic equation when Eqs. 10 and 11 are substi- 
tuted into Eq. 12. Equations 10 and 11 are also used in the 
Krammers equation for stress (Table 13.3-1 of Bird et al., 
198%) to obtain the extensional stress for steady-state elon- 
gational flow 

rIzz - IIxx = - 3qsk - 3nkTAC 

1- 1-(Q2)H/(bkT) [ (1 - 2 A i [ 1 - ( Q2 ) H/( bkT 11 1 +hi [ 1 - ( Q2 ) H/( bkT)11 

(13) 

Equations 10-13 are employed in our analysis to estimate the 
strain rates i that would be prevalent in steady-state elonga- 
tional flow at the values of extensional stress measured in our 
atomization experiments. These strain-rate values are then 
used to estimate the steady-state elongational viscosities that 
would correspond to the measured extensional stresses: 

(14) 

To model our oil-PIB solutions as solutions of FENE-P 
dumbbells, it was necessary to evaluate A and b from mea- 
surements of solution rheological properties. The relaxation 
time A for each solution was obtained from storage modulus 
measurements (Appendix B). The contour length Q, for each 
of the polymers was evaluated from the weight average 
molecular weight of the polymers as determined by gel per- 
meation chromatography (GPC) and from the knowledge of 
the polymer structure; this calculation is also described in 
Appendix B. Two additional parameters, solvent viscosity qs 
(measured) and the number concentration of polymer 
molecules in solution n (calculated from the mass concentra- 
tion using M ,  values obtained by GPC), are required to 
specify the stress-strain rate relationship, Eq. 13. 
Table 3 shows the values of the parameters used to describe 
each system. The parameter n (number of polymer molecules 
per unit volume), was the only value that changed with con- 
centration. For the range of polymer concentrations and ex- 
tensional stresses examined here, the polymer contribution to 
qE was lo2 to lo3 times greater than the solvent contribution 

With these parameters, the FENE-P model was used to 
predict the elongational viscosity as a function of elonga- 
tional stress for each oil-PIB solution of interest. High ex- 
tensions of the PIB molecules (often in excess of 50% of con- 
tour length) were frequently predicted, particularly at low PIB 
concentrations or at high fluid stresses. These large molecu- 
lar deformations illustrate the need for a nonlinear spring 

3%. 

Table 3. Model Parameters Required to Define Oil/PIB 
Solutions 

System A (s) b qs (Pa * s) 
L-80 in oil A 0.00145 11,000 0.020 
L-80 in oil B 0.0007.5 11,000 0.00.58 
L-100 in oil A 0.00168 14,700 0.020 
L-120 in oil A 0.00215 18,600 0.020 
L-140 in oil A 0.00265 23,700 0.020 

such as the FENE-P force law, which ensures that chains 
cannot extend beyond a finite contour length. Under these 
conditions, the linear Hookean force law would predict unre- 
alistically high elongational viscosities, as shown in Figure 11. 
At infinite strain rate, the limiting elongational viscosity pre- 
dicted by the FENE-P model is 

Although the FENE-P model does not explicitly model sol- 
vent power effects, our earlier remarks concerning the rela- 
tive importance of solvent viscosity and solvent power in gov- 
erning atomization of polymer solutions can now be exam- 
ined in light of the limiting high-strain-rate behavior of qE. 
The chain contour length Q, and polymer number concen- 
tration n are independent of both viscosity and solvent power, 
whereas f is expected to depend directly on vS. To at least a 
first approximation, Eq. 15 does not contain any terms that 
would change with solvent power. Thus we conclude that sol- 
vent viscosity plays the dominant role in differentiating the 
droplet size distributions for a given polymer dissolved in dif- 
ferent solvents, such as the data shown in Figure 10. 

Variation of atomized drop size with elongational uiscosity 
When elongational viscosities predicted by Eqs. 10-14 for 

the oil-PIB solutions at a given stress are correlated with 

15 I / 

FENE Dumbbell 
b = 11,000 

Hookian 
Dumbbell 

FENE Dumbbell 
b = 11,000 

I I I 

3,000 6,000 9,000 
Stress (Pa) 

Figure 11. Elongational viscosities predicted by FENE-P 
and Hookean dumbbell models as a function 
of stress. 
The parameters used for the case shown are A = 0.00145 s, 

molecules/cm3, which 
correspond to L-80 dissolved in oil A at 0.1 kg/m3. 

= 0.020 Pa-s, and n = 5 . 9 X  
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Figure 12. Correlation of predicted elongational vis- 
cosities with corresponding shifts in aver- 
age drop size at a fluid stress of 3,100 Pa 
(150 m/s air velocity). 
See Table 4 for definition of symbols. 

AMMD, the increase in MMD relative to pure oil 
(MMD,,- PIB -MMD,,), one finds a strong linear relationship 
between the observed increase in average drop size and the 
elongational viscosity. Examples of this correlation are given 
in Figures 12-14 at various fluid stresses, with the legend for 
these figures given in Table 4. These results support the ear- 
lier supposition that elongational viscosity characterizes the 
viscous forces for viscoelastic fluids such as our oil-PIB solu- 
tions. The data presented in Figures 12-14 have been taken 
at various PIB concentrations, PIB molecular weights, and at 
different solvent viscosities (oil A and oil B). The excellent 
correlation of change in MMD with the predicted elonga- 
tional viscosity indicates that the influences of these experi- 
mental variables are correctly represented in the qE -stress 
relationship given by the FENE-P theory. Thus the seemingly 

6 ‘1 

I 1 I I I I 
5 10 15 20 25 30 

Predicted qE(Pa-s) 

Figure 13. Correlation of predicted elongational vis- 
cosities with corresponding shifts in aver- 
age drop size at a fluid stress of 12,400 Pa 
(230 mls air velocity). 
See Table 4 for definition of symbols. 

4 -  
n 

W 3 3  - 4 2 -  

1 -  -- 
‘0 5 10 1.5 20 25 30 35 40 

Predicted qE(Pa-s) 

Figure 14. Correlation of predicted elongational vis- 
cosities with corresponding shifts in aver- 
age drop size at a fluid stress of 20,800 Pa 
(270 m/s air velocity). 
See Table 4 for d,efinition of symbols. 

complex dependence of atomization behavior on PIB concen- 
tration, PIB molecular weight, solvent viscosity, and atomiza- 
tion stress in our experiments is satisfactorily explained by a 
relatively simple rheological model. 

The linear variation of AMMD with qE shown in Figures 
12-14 appears to confirm the linear variation of mean drop 
diameter with viscous force commonly given by empirical ex- 
pressions such as Eq. 6. (Elecause Eq. 6 was developed for 
Newtonian fluids, for which qE = 3q, it can be recast as a 
correlation of drop size with the magnitude of tensile stresses, 
consistent with the non-Newtonian results shown here.) How- 
ever, examination of the slopes of the correlation lines in Fig- 
ures 12-14 reveals that the slope dAMMD/dqE decreases 
with extensional stress, as shown in Figure 15, rather than 
remaining nearly constant a:$ Eq. 6 would suggest. (The varia- 
tions of ALR in our experiments would produce a 20% change 
at most in the coefficient 1+1/ALR used in Eq. 6, which is 
much smaller than the decrease of dAMMD/dqs with stress 
shown in Figure 15.) The reduction of the qE-dependent an- 
timisting effect with increasing extensional stress (increasing 
air velocity) explains why PIB additions are more effective at 
increasing aerosol drop size at low air velocities than at high 
air velocities, as observed earlier in our discussion of Figures 

Table 4. Legend for Figures 12 through 14 

Polymer 
Grade 
L-80 
L-80 
L-80 
L-80 
L-80 
L-80 
L-100 
L-100 
L-120 
L- 120 
L140 
L-140 

Conc. 
kg/m3 
0.10 
0.25 
0.50 
1.00 
0.25 
1.00 
0.25 
0.50 
0.10 
0.25 
0.10 
0.25 

___- 

Oil 
Grade 

A 
A 
A 
A 
B 
B 
A 
A 
A 
A 
A 
A 

Symbol 

a 
a 
a 

0 
0 
a 
A 
V 
v 
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Figure 15. Dependence of aAMMDIag, on extensional 
stress. 

5-9. Physically, this behavior can be explained by observing 
that the inertial forces associated with the atomizing air 
stream increase with V i .  At strain rates in the vicinity of 6 = 
1/2 A, molecular theories such as the FENE-P model predict 
a regime of strain-rate thickening vE that would allow vis- 
coelastic (tensile) forces to increase more than linearly with 
V,. At high strain rates, however, finite polymer chain con- 
tour lengths impose an upper limiting value for vE, and ulti- 
mately the viscous resistance can increase only linearly with 
V,. Therefore at sufficiently high V,, the inertial forces must 
eventually prevail, regardless of the magnitude of qE, by 
overwhelming the viscous resistance to produce fine droplets. 

These results complement and expand upon previous work 
relating the atomization of polymer solutions to elongational 
viscosity. Fergusson et al. (1992) examined the atomization of 
aqueous polymer solutions of higher concentration and lower 
molecular weight, using much lower atomization velocities 
than those examined here; however, they found similar rela- 
tionships between atomization behavior and polymer concen- 
tration and molecular weight. Fergusson et al. also suggest a 
relationship between atomization behavior and elongational 
viscosity, but no direct correlations of the atomization behav- 
ior of their solutions with elongational viscosities were made 
in their study. The study of Chao et al. (1984) does establish 
a relationship between the antimisting effectiveness of PIB in 
kerosene solutions and the elongational properties of those 
solutions, as estimated by a ductless siphon technique (Chao 
and Williams, 1983). However, that study emphasized mea- 
surements of mist ignition energy rather than drop size, and 
aerosol drop sizes were only evaluated semiquantiatively, by 
characterizing photographed spray textures according to a 
numerical scale of 1-5 devised by the authors. Drop size dis- 
tributions such as those shown in Figures 4-10 were not mea- 
sured, and consequently quantitative correlations of drop size 
with rheological parameters were not produced. Also, the 
ductless siphon method employed by Chao et al. for charac- 
terization of elongational viscosity does not permit direct 
control of the strain rate. Thus elongational flow properties 
could not be evaluated at the strain rates (or equivalently, 
the extensional stress values) pertaining to the atomization 
kinematics, whereas employment of the FENE-P model in 

this work allows us to characterize the dependence of elonga- 
tional viscosity on the measured atomization stresses. 

The correlation of drop size with qE shown here offers 
strong evidence that the atomization behavior of elastic solu- 
tions is directly dependent upon the stress-dependent elonga- 
tional viscosities of these solutions, and that modification of a 
liquid’s elongational viscosity is an effective means for con- 
trolling atomization behavior. Like most other investigations 
of liquid breakup in the atomization regime, the results shown 
here constitute an empirical correlation, rather than a fluid 
mechanical model of atomization behavior. However, the 
strong stabilizing influence of the elastic extensional stresses 
associated with the high-qE PIB solutions is apparent, sug- 
gesting that these elastic stresses are a very important feature 
of the breakup mechanism during atomization of viscoelastic 
liquids. Not withstanding the experimental difficulties of 
elongational viscosity measurements discussed earlier, the 
important role of vE shown here through the predictions of 
the FENE-P model underscores the need for direct measure- 
ments of vE at strain rates pertaining to atomization. 

Conclusions 
Atomization studies were conducted on mineral-oil-PIB 

solutions over a wide range of atomization conditions using a 
small-scale coaxial flow atomizer. Test solutions covered a 
range of PIB concentrations and molecular weights, as well 
as two different oil viscosities. These solutions showed a 
marked increase in the average aerosol drop size (up to 
ZOO%), relative to pure mineral oil, under all atomization 
conditions, thereby confirming the effectiveness of high 
molecular weight (MW > lo6) PIB as an antimisting additive 
for machining oils. The increase in the average drop size of 
the aerosols, as a result of the PIB additions, varied linearly 
with the stress-dependent elongational viscosities of these so- 
lutions, as predicted by a FENE-P dumbbell model. This cor- 
relation shows that the average drop size resulting from the 
atomization of viscoelastic solutions depends on the elonga- 
tional viscosity of the solutions, much as the atomization be- 
havior of a Newtonian fluid depends on shear viscosity. 
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Notation 
b = dimensionless FENE parameter 
k = Boltzmann constant 

MN = number average molecular weight 
M,= weight average molecular weight 
NA = Avogadro’s number 

Qx, Q,= component of Q in directions x and y transverse to flow 
direction 

T= temperature 
I.‘= velocity 
p = density 
u= surface tension 
w = frequency 

Q, = component of Q in direction of flow, z 
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Subscripts 
R = air relative to liquid 
L = liquid 

atm = atmospheric pressure 
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Appendix A: Evaluation of Normal 
Differences Due to Shear Flow 

Stress 

Assuming Poiseuille flow, the liquid flow rate used for test- 
ing all oil-PIB solutions, 3.3 mL/min (0.55 x lo-’ mys), cor- 
responds to a shear rate of 420 s-’ in the liquid supply tube. 

The largest possible normal stress difference due to poly- 
mer viscoelasticity will occur with the L-80 solution with c = 
1.0 g/L (L-140 has a larger relaxation time than L-80, but it 
is used at much lower concentrations, yielding a smaller nor- 
mal stress difference). Using the measured relaxation time 

from Table B1, A = 0.00145 s for L-80 in oil A, we obtain the 
Weissenberg number (dimensionless shear rate) A j  = 0.61. 

For A j  < 1, we do not expect large normal stress effects. 
This conclusion is easily confirmed by calculating the first 
normal stress difference N ,  predicted by the Hookean dumb- 
bell kinetic theory for th.e case of L-80 at 1.0 g/L. The 
Hookean dumbbell model (Bird et al., 198%) predicts: 

Using c[q]rlS = nkTA, as discussed in Appendix B, we obtain: 

This value for Nl is small compared to the prevailing shear 
stress T~ = (0.02 Pa-sX420 s-l)  = 8.4 Pa, and it is three or- 
ders of magnitude smaller than the lowest extensional stress 
reported in Figure 3. For these reasons, we conclude that 
normal stress effects due to shear flow in the supply tube are 
negligible for the purpose of evaluating the extensional stress 
in Eq. 2. 

The Hookean dumbbell model was used in this analysis 
because of its simplicity. Thle FENE-P dumbbell model, which 
accounts for finite extensibility of the chain, would give a 
somewhat lower value for Ni than the Hookean dumbbell. 
Both the Hookean and FEIVE-P dumbbell models predict N2 
= 0 for the second normal stress difference. Experimentally, 
the second normal stress difference is often found to be 
nonzero, equal in magnitude to about N,/lO. Thus second 
normal stress effects are also negligible in our development 
of Eq. 2. 

Appendix 6: Relaxation Times 
The intrinsic viscosity and relaxation time for each of the 

oil-PIB systems were evaluated, respectively, by measure- 
ments of shear viscosity as a function of PIB concentration 
and of the storage modulus, as a function of frequency. Since 
shear viscosity was found to vary linearly with concentration, 
intrinsic viscosities could be determined from measurements 
of steady shear viscosity, at various concentrations for each 
oil-PIB system, using the following equation: 

The calculated PIB intrinsic viscosities in oil A (Table Bl) 
appear to depend on molecular weight raised to a power near 
0.8, indicating that oil A is a good solvent for PIB. However, 
the variation of M ,  in these experiments encompasses a 
range much too narrow (1.0-2.2X lo6) to evaluate this scal- 
ing exponent with precision. Comparison of measured intrin- 
sic viscosities with corresponding intrinsic viscosities for theta 
solutions provides additional evidence that oil A is a good 
solvent; the measured values are consistently greater than the 
theta-solution values, indicating that the polymer coils are ex- 
panded by the solvent. 
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Figure B1. Fit of relaxation time to storage modulus data 
for L-120 in oil A. 

Relaxation times, A, were evaluated from the storage mod- 
ulus data by employing the Hookean dumbbell molecular 
theory (Bird et al., 1987b), which gives 

A2W2 
G = nkT- 

1 + A2w2 . 
(B2) 

Using q - qs = cqs[v] = nkTA (B3) 

also predicted by the Hookean dumbbell model, we obtain 

giving relaxation time as a function of measured parameters. 
Equation B4 was selected primarily because of its simplicity. 
The Hookean dumbbell model oversimplifies several impor- 
tant characteristics of the PIB solutions: the PIB grades are 
highly polydisperse (M,/M, = 2), whereas the Hookean 
dumbbells are presumed to be monodisperse; high molecular 
weight PIB molecules exhibit a spectrum of relaxation times, 
whereas the model has only a single relaxation time; and the 
oil is a good solvent for PIB, whereas the Hookean connector 
force corresponds to Gaussian polymer chain statistics, which 
prevail only in theta solvents. Nevertheless, the fit of this sin- 
gle relaxation time to the experimental data was rather good 

Table B1. Rheological Properties of OiI/PIB Systems 

Oil/PIB Relaxation Time (s) [TI [TI? 
System *Oscillatory Testing *Light Scattering m3/kg mykg 

L-80 in oil A 0.00145 0.00119 0.164 0.116 
0.235 0.116 L-80 in oil B 0.00075 

L-100 in oil A 0.00168 0.00147 0.199 0.123 
L-120 in oil A 0.00215 0.00166 0.247 0.138 
L-140 in oil A 0.00265 0.00194 0.305 0.157 

*Calculated for PIB in a theta solvent from M ,  values (Table 1) and 

- 

parameters given in Rodriguez (1989). 

Table B2. Value Used in the Estimation of the FENE 
Parameter b 

PIB <Qi> <r,”h <Q&> 
Grade m m2 b 
L-80 2.1x10-’1 5.7 X lo-”  11,000 
L- 100 3.7 X lo-’’ 7.6 X 10- l 5  14,700 
L-120 5.9 X lo-’’ 9.5 x 10- l5 18,600 
L-140 9.8 X 10- ’ 12.3 X 10- l5 23,700 

(Figure Bl). Relaxation times could also have been evaluated 
by fitting Eq. B2 to the data directly or from measured intrin- 
sic viscosities using Eq. B3. However, these methods would 
require evaluation of the number concentration of polymer 
molecules, n. Direct evaluation of n is complicated by the 
fact that the PIB grades used here are highly polydisperse, 
while the Hookean dumbbell model assumes a monodisperse 
polymer. Also, the GPC molecular weight characterization 
was interpreted relative to polystyrene standards, and is 
therefore not absolute. Hence, Eq. B4, which combines Eqs. 
B2 and B3 to eliminate n, is preferred because this method 
avoids propagation of the uncertainty in n into the evalua- 
tion of A. 

The uncertainties in n do enter into our rheological calcu- 
lations later in the evaluation of qE using the FENE-P model, 
where the use of n is unavoidable. There we employ n =  
cN,/M,, where M ,  is selected to represent molecular weight 
because it is more closely associated with the viscosity of 
polydisperse polymer solutions than MN.  Another related is- 
sue that may need clarification is the reconciliation of the use 
of the Hookean dumbbell model to predict G’(o) in Eq. B4 
with the use of the FENE-P model for predicting qE in Eqs. 
8-11. These two model predictions are mutually consistent 
because the FENE-P model reduces to the Hookean dumb- 
bell model in the linear viscoelastic limit, where G’ is evalu- 
ated, when the parameter b is large, as in the cases evaluated 
here. 

The relaxation times determined for each of the oil/PIB 
systems are given in Table B1. To confirm the mechanical 
measurements, the relaxation times for these solutions were 
also evaluated from the coil diffusion coefficients measured 
by dynamic light scattering. These two methods yielded relax- 
ation times in good agreement with one another. 

Contour Lengths 
The FENE parameter 6 ,  defined by Eq. 7, requires the 

estimation of molecular contour length and the equilibrium 
configuration of an equivalent Hookean polymer chain. 
Molecular contour lengths were calculated from the weight 
average molecular weight, as determined by GPC measure- 
ments, from which the average number of monomer units per 
polymerochain was obtained. The length of the monomer unit, 
= 2.52 A, was calculated from bond lengths and angles, al- 
lowing for the estimation of contour lengths. The equilibrium 
Hookean chain configurations were approximated by the 
end-to-end distance of PIB molecules in a theta solvent 
(Rodriguez, 1989), as given in Table B2. 
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