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Long-chain polymers have long been 
known to be useful in a variety of 
applications1

Ø Drag Reduction
•  Flow through a pipe experiences reduced 

friction (i.e. in Trans Alaska Pipeline)2

Ø Mist Control
•  Droplets formed are larger and fall faster, 

leading to less explosive mist
Ø Increased Elongational Viscosity

•  Desired feature in hydraulic fluids

Taming Turbulence

Chain Scission: Long-Chain polymers 
break in flow3

Ø Long-chain polymers under stress degrade 
due to chain scission (covalent bonds break)

Ø Pumping through pipelines, in fuel systems, 
etc. breaks chains, which decreases their 
effectiveness

Background

Megasupramolecules: Benefits of 
long-chain polymers without 
permanent degradation1

Ø End-associative long telechelic polymers act 
like long-chain polymers in flow, but 
reversibly break apart

Ø Adjust length of backbone and strength of 
associative groups to tune behavior

Using Megasupramolecules as 
molecularly designed probes of 
turbulence

Ø Stable, reproducible
Ø Tunable association strength
Ø Tunable backbone length

Controlling Droplets
In an impact event, droplets of fuel 

or other flammable liquids can be 
sprayed in a mist

Ø Fine mists are highly flammable compared 
to larger droplet mists1

•  Small droplets evaporate quickly and 
feed fires

•  Larger drops fall and can even 
extinguish other fires

Modifying Extensional 
Viscosity

Extensional Viscosity controls Drag 
Reduction and Mist Control

Ø Polymers stretching is tied into how 
droplets form and how polymers interact 
with turbulence
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Particle Image Velocimetry
Ø Collaboration with McKeon group (GALCIT)
Ø Observe the impact of megasupramolecules 

on turbulent flow

Snapshot of particle image velocimetry data for water

Active turbulence (Wang, et al. 2014)6

Measuring Extensional Viscosity of 
low concentration solutions is 
challenging

Ø Requires very fast measurements at very 
small length scales

Ø Building a dripping-on-substrate rheometer 
based on work of Sharma, et al. using a 
high-speed camera to measure the width 
of thinning liquid bridges

Drag Reduction has been known 
since the 1940s, but mechanism is 
not well understood4

Ø Empirically, reach 50%+ drag reduction

In fuel, megasupramolecules work 
as robust mist control agents, but 
still allow engine combustion

Ø Drop break-up is changed by long-chains
Ø Quantifying drop sizes and break-up 

behavior allow for design of better mist 
control agents

Unsheared vs. sheared mist control results for a long-chain 
polymer (polyisobutylene) compared to megasupramolecules 

(Wei, et al. 2015)1

(fig. S21A) show that, unlike ultralong PIB, LTPs
retain their efficacy inmist control after repeated
passage through a fuel pump. For untreated Jet-
A fuel, the impact conditions generate a finemist
through which flames rapidly propagate into a
hot fireball within 60 ms (movie S1). Polymer-
treated fuel samples are tested in two forms: as
prepared (“unsheared”) and after approximately
60 passes through a fuel pump (“sheared”) (fig.
S18). Ultralong PIB (4200 kg/mol, 0.35 wt %) is
known to confermist control that prevents flame
propagation (Fig. 4A, top left, and movie S2) (2);
however, “sheared” PIB loses efficacy (Fig. 4A,
top right, and movie S3). LTPs (TA, properties
shown in fig. S22) provide mist control both
before and after severe shearing (Fig. 4A, bot-
tom, and movies S4 and S5), confirming their
resistance to shear degradation (figs. S18C and
S22B). The qualitative effects seen in still images
at 60ms (Fig. 4) are quantified by computing the
average brightness of each frame (3000 images
in 300 ms), which shows that both “unsheared”
and “sheared” TA-treated fuels control misting

(fig. S21C). Moreover, the test also proves that the
chain length of the telechelics plays a crucial role
in mist control (Fig. 4B), consistent with the hy-
pothesis that megasupramolecules are the active
species conferring the observed effect.
In the absence of theory, it was not known

whether individual chains with lengths below
the threshold for shear degradation (1200 kg/mol
for PCOD; fig. S18) and end-association strengths
much weaker than a covalent bond (150 kT)
could form megasupramolecules. Theory inspired
us to test telechelics with the predicted end-
association strength (16 to 18 kT) and chain
lengths, which do form megasupramolecules even
at low concentration. They cohere well enough to
confer benefits typically associated with ultralong
polymers, including mist control and drag reduc-
tion. These megasupramolecules reversibly disso-
ciate under flow conditions that would break
covalent bonds, allowing the individual LTPs to
survive pumping and filtering, and allowing treated
fuel to burn cleanly and efficiently in unmodified
diesel engines.
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Fig. 4. Impact test in the presence of ignition sources (60 ms after impact, maximal flame propa-
gation) for Jet-A solutions treated with 4.2M PIB or a,w-di(di-isophthalic acid) polycyclooctadienes
(TA). (A) Jet-A with 4.2M PIB (0.35 wt %) and Jet-A with 430k TA (0.3 wt %), “unsheared” and “sheared”
as in Fig. 3. (B) Effect of TA molecular weight (76 to 430 kg/mol) in Jet-A at 0.5 wt % (unsheared).
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Designing megasupramolecules to 
target mist control at low 
concentration

Ø “Goldilocks” problem:
•  Too little polymer—not enough mist 

control
•  Too much polymer—inhibits end-use in 

real-world applications

Extensional Relaxation Times of Dilute, Aqueous Polymer Solutions
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ABSTRACT: We show that visualization and analysis of
capillary-driven thinning and pinch-off dynamics of the
columnar neck in an asymmetric liquid bridge created by
dripping-onto-substrate can be used for characterizing the
extensional rheology of complex fluids. Using a particular
example of dilute, aqueous PEO solutions, we show the
measurement of both the extensional relaxation time and
extensional viscosity of weakly elastic, polymeric complex
fluids with low shear viscosity η < 20 mPa·s and relatively short
relaxation time, λ < 1 ms. Characterization of elastic effects and
extensional relaxation times in these dilute solutions is beyond
the range measurable in the standard geometries used in
commercially available shear and extensional rheometers (including CaBER, capillary breakup extensional rheometer). As the
radius of the neck that connects a sessile drop to a nozzle is detected optically, and the extensional response for viscoelastic fluids
is characterized by analyzing their elastocapillary self-thinning, we refer to this technique as optically-detected elastocapillary self-
thinning dripping-onto-substrate (ODES-DOS) extensional rheometry.

Addition of a dilute amount, even 1−400 ppm (parts per
million), of a high molecular weight polymer like

poly(ethylene oxide) (PEO, Mw > 106 g/mol) to a solvent
like water is observed to significantly change the fluid response
to extensional or stretching flows.1 Examples include enhanced
pressure drop in porous media flows,1a suppression of rebound
in drop impact studies,2 a discernible birefringence around a
stagnation point in cross-slot flows,3 delayed breakup in
dripping, spraying or jetting,1b,4 and possibly turbulent drag
reduction.5 The influence of polymers is even more remarkable
for dilute, aqueous solutions as the measured shear viscosity
η(γ)̇ appears to be Newtonian, and elastic modulus, relaxation
time, and the first normal stress difference are not measured, or
manifested, in steady shear or oscillatory shear tests carried out
on the state-of-the-art torsional rheometers.6

Macromolecular solutions typically exhibit a large and
measurable resistance called extensional viscosity, ηE, to
streamwise velocity gradients characteristic of extensional
flows1b,7 and undergo stress relaxation with a characteristic
extensional relaxation time λE. However, for dilute, aqueous
solutions, quantitative measurements of both ηE and λE remain
beyond the capability of commercially available devices like
CaBER (capillary breakup extensional rheometer). A countable
few measurements of extensional relaxation time in dilute
aqueous solutions presented in the recent literature6,7d require
bespoke instrumentation not available or easily replicable in
most laboratories. The aim of the present study is 3-fold: to
describe an extensional rheometry protocol that can be
recreated virtually in any laboratory (quite inexpensively for
high viscosity fluids), to characterize the extensional viscosity
and extensional relaxation time for dilute, aqueous polymer

solutions, and to provide a scaling argument that captures the
concentration-dependent variation of extensional relaxation
time.
Free surface flows of polymer solutionsunderlying drop

formation and liquid transfer in jetting and printing,1b,4,6

dripping,1b,4b,8 and microfluidic drop/particle production9
involve the formation of columnar necks that spontaneously
undergo capillary-driven instability, thinning, and pinch-off.
The progressive self-thinning of the neck is often characterized
by self-similar profiles and scaling laws that depend on the
relative magnitude of capillary, inertial, and viscous stresses for
simple (Newtonian and inelastic) fluids.1b,4 Macromolecular
stretching and orientation in response to extensional flow field
within the thinning columnar necks (recently visualized using
DNA solutions10) leads to extra viscoelastic stresses that change
the thinning and pinch-off dynamics.1b

Pioneering studies by Schümmer and Tebel11 as well as
Entov, Yarin, and collaborators12 developed the idea of
characterizing capillary-driven thinning for evaluating the role
of added polymers in terms of an extensional viscosity and an
extensional relaxation time. The extensional relaxation time, λE,
is distinct and often larger in magnitude than the value of
relaxation time obtained in oscillatory shear or stress relaxation
experiments.1,12 Such extensional rheometry measurements are
realized in several prototypical geometries:1b,8 (I) Dripping,
where the pinch-off results from an interplay of gravitational
drainage and capillarity.8,13 (II) Jetting, where convective
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