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A Problem for More than Thirty Years: The “First A Problem for More than Thirty Years: The “First 
Order” CoilOrder” Coil--Stretch Transition in ExtensionStretch Transition in Extension

De Gennes 1974De Gennes 1974De Gennes, 1974De Gennes, 1974
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Before DeGennes’ work on the CoilBefore DeGennes’ work on the Coil--Stretch Stretch 
Transition…Transition…

It was well known that at a critical value of the 
flow strength for flows with “longitudinal 
gradients” (ie. extensional flows) that polymer 
dumbbell models exhibited a singularity in 
extension which could be relieved by includingextension which could be relieved by including 
the nonlinearity of the effective spring force.
Peterlin, Pure Appl. Chemistry, 12, p. 273 (1966) 
Takserman -Krozer J. Poly. Sci A 1 p. 2477 (1963) 

This singularity had already been postulated as 
being at the root cause for turbulent drag 
red ctionreduction.
Lumley, Ann. Rev. of Fluid Mech. 1, 367 (1969)
Indeed, DeGennes contribution was examining the known coil-stretch 
transition in light of Bruno Zimm’s results for hydrodynamic interactionstransition in light of Bruno Zimm s results for hydrodynamic interactions 
within a polymer chain. 
B.H. Zimm, J. Chem. Phys. 24, 269 (1956)



The “S” shaped curve and the Double Well The “S” shaped curve and the Double Well 
Potential….Potential….Potential….Potential….

Involves preaveragingInvolves preaveraging Does not involve preaveraging, Does not involve preaveraging, 
but other Boltzmann but other Boltzmann 

approximations…approximations…De Gennes, 1974De Gennes, 1974De Gennes, 1974De Gennes, 1974

Supporters
• Fuller and Leal 1980Fuller and Leal 1980• Fuller and Leal, 1980Fuller and Leal, 1980
•• Hinch, 1974Hinch, 1974
•• Tanner, 1975Tanner, 1975
Critics…..Critics…..
•• Fan and Bird, 1985Fan and Bird, 1985
•• Fan, Bird, and Renardy, 1985Fan, Bird, and Renardy, 1985
•• Wiest, Wedgewood, and Bird, 1988Wiest, Wedgewood, and Bird, 1988



Words from John Hinch 1974, 1977, 1992….Words from John Hinch 1974, 1977, 1992….
Hinch, E.J. 1974  Mechanical models of dilute polymer solutions for strong flows Hinch, E.J. 1974  Mechanical models of dilute polymer solutions for strong flows 
with large polymer deformations in Polymeres et Lubrification Colloques Internl.with large polymer deformations in Polymeres et Lubrification Colloques Internl.

d 0 4

with large polymer deformations in Polymeres et Lubrification Colloques Internl. with large polymer deformations in Polymeres et Lubrification Colloques Internl. 
du C.N.R.S. 233, 241du C.N.R.S. 233, 241--247.247. Birefringent Pipes (w/ Harlen, Rallison), Birefringent Pipes (w/ Harlen, Rallison), 

JNNFM 44, (1992)JNNFM 44, (1992)

Fextended
drag

Fcoiled
drag ~  Nk

0.4

ln Nk

Mechanical Models of Dilute Polymer Solutions inMechanical Models of Dilute Polymer Solutions inMechanical Models of Dilute Polymer Solutions in Mechanical Models of Dilute Polymer Solutions in 
Strong Flows, Phys. Of Fluids, 20, (1977)Strong Flows, Phys. Of Fluids, 20, (1977)

Odell & Keller 1987 1988Odell & Keller 1987 1988Odell & Keller 1987,1988Odell & Keller 1987,1988
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Stresses in dilute solutions of Bead-Nonlinear-Spring 

Words from Roger Tanner….Words from Roger Tanner….

St esses d ute so ut o s o ead o ea Sp g
Macromolecules. III. Friction Coefficient Varying with 
Dumbbell Extension, Transactions of the Society of 
Rheology, 19:4 557-582 (1975) 

“Corresponding to the two stable equilibrium p g q
positions we expect two humps in the distribution 
function (really two potential wells)… where the bead 
has to ‘leak’ from one well to another to achievehas to leak  from one well to another to achieve 
permanent equilibrium, these processes may take a 
very long time.”



Words from Bob Bird….Words from Bob Bird….
Configuration-Dependent Friction Coefficients and Elastic Dumbbell 
Rheology, JNNFM, 18 pp. 255-272 (1985) (w/ Fan and Renardy)

Comment #1

Comment #2

Comment #3

SEESEE

[29] E.J. Hinch, Private Communication



A Further Complication: High Molecular Weights Needed for A Further Complication: High Molecular Weights Needed for 
Large Drag RatiosLarge Drag Ratios
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Bruno ZimmBruno Zimm
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Comment by Hatfield & Quake after 
simulating polymers of 20 Kuhn 
steps “Dynamic Properties of an

(Slender body theory, 
Batchelor 1971) steps Dynamic Properties of an 

Extended Polymer in Solution” PRL, 
82 (1999)

“Thus the notion that extended polymers 
have longer relaxation times is inconsistenthave longer relaxation times is inconsistent 
with our calculations… We conclude that 
hysteresis exists only in the highly idealized 
case of an infinite length polymer”



C.M.Schroeder, H. Babcock, E.S.G. Shaqfeh, S. Chu  Observations of Polymer 
C f ti H t i i E t i l Fl S i 301 1515 1519 (2003)

Hysteresis Experimentally Demonstrated in 2003Hysteresis Experimentally Demonstrated in 2003

Conformation Hysteresis in Extensional Flow, Science, 301, 1515-1519 (2003)
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Hysteresis: Extended and Coiled States Hysteresis: Extended and Coiled States 
at De=0.45 for SAME MOLECULE 1300at De=0.45 for SAME MOLECULE 1300 μμm DNAm DNAat De 0.45 for SAME MOLECULE 1300 at De 0.45 for SAME MOLECULE 1300 μμm DNAm DNA

After 13 strain unitsAfter 13 strain unitsStep downStep down After 13 strain unitsAfter 13 strain unitsStep downStep down

Step upStep up QuickTime?and a
Microsoft Video 1 decompressor

100 μm

Microsoft Video 1 decompressor
are needed to see this picture.

Strain over course of movie = 12.5Strain over course of movie = 12.5

Experimental time approx 1 hourExperimental time approx 1 hourExperimental time approx. 1 hourExperimental time approx. 1 hour



Transient Fractional Extension for beadTransient Fractional Extension for bead--spring chainsspring chains
with 124 beads, Nwith 124 beads, Nk,s k,s = 80, and h* = 0.16= 80, and h* = 0.16
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Schroeder, C., E.S.G. Shaqfeh, and S.Chu, The Effect  of Hydrodynamic Interactions on 
the Dynamics of DNA in  Extensional Flow: Simulation and Single Molecule 
Experiment, Macromolecules, 37, pp. 9242-9256 (2004)



Simulating the Hysteresis with Brownian Simulating the Hysteresis with Brownian 
Dynamics and Comparison to ExperimentDynamics and Comparison to Experimenty p py p p

Schroeder, C., E.S.G. Shaqfeh, and S.Chu, The Effect  of Hydrodynamic Interactions on 
the Dynamics of DNA in  Extensional Flow: Simulation and Single Molecule 
Experiment, Macromolecules, 37, pp. 9242-9256 (2004)
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Simulating Hysteresis with Brownian Dynamics Simulating Hysteresis with Brownian Dynamics 
for Pol st renefor Pol st renefor Polystyrenefor Polystyrene

Not “Extra-terrestrial Molecular Weights !



DeGenne’s Framerwork :  Variable Drag DumbbellDeGenne’s Framerwork :  Variable Drag Dumbbell

Extensional Flow
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Developing the Model using Computer SimulationDeveloping the Model using Computer Simulation
Beck, V.A. and E.S.G. Shaqfeh, ``Ergodicity-Breaking and the Unravelling Dynamics of a Polymer in Linear 

and NonLinear Extensional Flows'', J. Rheol. 51(3), pp. 561-574 May/June (2007)
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Parameterizing the Model: Drag Force (ILC Chains)Parameterizing the Model: Drag Force (ILC Chains)
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are needed to see this picture.

MD Simulations
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Average Extension after 1100 Relaxation Times

Model is Quantitative (ILC Chains)Model is Quantitative (ILC Chains)
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Brownian Dynamics Does Show Transition StatesBrownian Dynamics Does Show Transition States

De=0.485De=0.485
NNkk=9280=9280
h*=0 3h*=0 3h =0.3h =0.3

QuickTime?and a
 decompressor

are needed to see this picture.



Model Demonstrates CModel Demonstrates C--S Depends on the Time you wait….S Depends on the Time you wait….

Inverse Langevin Chain Nk = 1600; h*=0.5
1100 relaxation times 1100 & 110 relaxation times
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… Because the chains “hop” over an energy barrier… Because the chains “hop” over an energy barrier

Inverse Langevin Chain N = 1600; h*=0 5
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Hysteresis Loop Depends on Chosen DeHysteresis Loop Depends on Chosen De

Ergodicity Breaks at a Fixed Deborah Number !Ergodicity Breaks at a Fixed Deborah Number !



Rheological ConsequencesRheological Consequences



The CoilThe Coil--Stretch Transition:Stretch Transition:
Molecular IndividualismMolecular Individualism

Perkins et al., Smith et al. , Science(1995,1997), Larson et al. (1999)

De Gennes, “Molecular Individualism”, 1997De Gennes, “Molecular Individualism”, 1997



Pure RotationalPure Extensional

Mixed FlowsMixed Flows
Pure Rotational 
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Pure RotationalPure Extensional

Mixed FlowsMixed Flows
Pure Rotational 
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Dynamics of a DNA Molecule inDynamics of a DNA Molecule in Mixed flows :Mixed flows :
Steady Average Extension(rescaled)Steady Average Extension(rescaled)

Simulations and Experiments seem to agree, so what’s the rub ??

Fuller et al (1980)
Deα = ?γ τ α

Babcock, H., R. Teixeira, J. Hur, E.S.G. Shaqfeh, and S. Chu, 
``Visualization of molecular fluctuations near the critical point  
of the coil-stretch transition in polymer elongation'', 
Macromolecules 12 pp. 4544-4548 (2003)

Fuller et al. (1980)



Dynamics of a DNA MoleculeDynamics of a DNA Molecule in in Mixed flows :Mixed flows :
Experimental Chain Trajectories and Configurational FluctuationsExperimental Chain Trajectories and Configurational Fluctuations

Experimentally  one sees stretch and  Experimentally  one sees stretch and  
collapse near the critical point if the collapse near the critical point if the 

Weissenberg number is small enough !Weissenberg number is small enough !
Babcock, H., R. Teixeira, J. Hur, E.S.G. Shaqfeh, and S. Chu, 
``Visualization of molecular fluctuations near the critical point  
of the coil-stretch transition in polymer elongation'', 
Macromolecules 12 pp. 4544-4548 (2003)



Hysteresis in Mixed Flows: Not Just Deα
Hoffman, B., E.S.G. Shaqfeh, `The Dynamics of the Coil-Stretch Transition for Long, Flexible Polymers 
in Planar Mixed Flows', J. Rheol. 51(5), pp. 947-969 (2007)
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All Deα
1600 Deα = ?γ τ α



Fluctuations Created by Convective DispersionFluctuations Created by Convective Dispersion

De=0.6    Nk=800
α=1.0

α=0.05

QuickTime?and aQuickTime?and a
mpeg4 decompressor

are needed to see this picture.



Correct “Projected Model” Includes Drift and TaylorCorrect “Projected Model” Includes Drift and Taylor--DispersionDispersion

FLUCTUATION INDUCED !

1β =
1−α

α



Comparison of BD to Projected Model (1Comparison of BD to Projected Model (1--D Boltzmann D Boltzmann 
Distribution)Distribution)

Stretched State !



Transition Kinetics: Still first order but….Transition Kinetics: Still first order but….



Transition Rates from Markov TheoryTransition Rates from Markov Theory



Conclusion: The Coil to Stretch Transition after 30+ Years…Conclusion: The Coil to Stretch Transition after 30+ Years…

DeGennes ( Hinch Tanner ) was rightDeGennes ( Hinch Tanner ) was rightDeGennes (… Hinch, Tanner….) was right DeGennes (… Hinch, Tanner….) was right 
about the qualitative aspects of the coilabout the qualitative aspects of the coil--stretch stretch 
transition for purely extensional flows and transition for purely extensional flows and 
extension dominated mixed flows Remarkableextension dominated mixed flows Remarkableextension dominated mixed flows. Remarkable. extension dominated mixed flows. Remarkable. 
BRAVO!BRAVO!

El t th t h d f b th hEl t th t h d f b th hElements that are perhaps new and unforeseen by these researchers:Elements that are perhaps new and unforeseen by these researchers:

Ergodicity BreakingErgodicity Breaking
Role of Conformational (Critical) NonEquilibrium FluctuationsRole of Conformational (Critical) NonEquilibrium Fluctuations( ) q( ) q
NonLinear FlowsNonLinear Flows

More to do in the areas of:More to do in the areas of:

Beck, V.A. and E.S.G. Shaqfeh, ``Ergodicity-Breaking 
and Conformational Hysteresis in Polymer Dynamics 
Near a Surface Stagnation Point'', J. Chem Phys. 124, 
094902 (2006)

Rheological consequencesRheological consequences
Connecting Molecular Connecting Molecular 

Individualism &Individualism &

094902 (2006)

Individualism & Individualism & 
HysteresisHysteresis

33--D Mixed FlowsD Mixed Flows



Drag Reduction Basics: Skin Friction Reduction Drag Reduction Basics: Skin Friction Reduction 
by Polymer Additivesby Polymer Additives

Addition of few ppm of a high molecular weight polymer to a turbulent flow can 
result in large (up to 80%) reduction of skin friction drag (Toms effect 1949)

Skin friction drag in turbulent flows is up to 10 times larger than in laminar flows

WATER + 30ppm PEO

result in large (up to 80%) reduction of skin friction drag (Toms effect, 1949)

WATERWATER

(Bailey F.E. & Koleske J.V., 1973) 

Applications are generally “internal” flows - new applicatons for “external” flows



Drag Reducing Materials (Structure, Size, Concentration)

4 5
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PEO( t )

Mw

6 104 5 106

C (ppm)
2 500

Model %DR
Rem ~O(10 4  - 10 5) : Channel Flows

• PEO(water)

• PAAm(water)

• (PAA)(water)bi
lit

y

6•104 - 5•106

4•105 - 1.5•107

8 106

2 ~ 500

3 ~ 250

35

# Kuhn steps
400 ~ 80,000

7 ~ 85• (PAA)(water)

• PS(toluene)

• Xanthan gum

fle
xi

b 8•106

7•105 - 2•107

35
1 ~ 2,000

2•106 10 ~ 2,400

7  85

Semiflexible
6 K h t

Fibers
g

(water)
C (ppm)

• asbestos
d aspect ratio

30-40nm 40,000
Model

Brownian 100 ~ 300

2 10 10  2,400 6 Kuhn steps

• nylon 20μm 100 ~ 350 RodNon-Brownian 
Rod

100 ~ 10,000
%DR : 10 ~ 60CommentsComments
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by flow



… and even DNA…



Turbulent Drag Reduction: Flow Field Basics in Turbulent Drag Reduction: Flow Field Basics in 
ChannelsChannels

Re =
Umeanh

ν
h Viscous

Buffer layer

y/h = 1e-4

y/h = 1e-3

h Viscous 
sublayer

Virk, 1975

(S i i &Whit JFM 2000)
Maximum 
Drag Reduction 
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Asymptote

Polymer
Solutions

(Sreenivisan&White, JFM, 2000)
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∂u
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Turbulent Drag Reduction FundamentalsTurbulent Drag Reduction Fundamentals
White (Hydrogen bubbles): 

l d
Coherent structures in turbulent flow

Streaks 
Bursts

Quasi-streamwise vortices

low speed

“Sweeps” and “ejections”
Relation to skin friction 

R 200
Red: high shear stress; orange sweep, blue ejection

Soldati and Marchioli, 2001

Re=5000, y+=2.7 Reτ = 200

Hunt, Wray, and Moin, 1988

Q = 0.5



A BRIEF Overview Prior ResearchA BRIEF Overview Prior Research
Warholic,Massah, Hanratty ‘97 DuBief et al 2003Polymers

Experiments
• Virk (1975): Descriptive 

statistics 

Warholic,Massah, Hanratty 97 DuBief et. al. 2003

Scaling Arguments
•• Lumley: Timescales and Lumley: Timescales and 

CoilCoil--StretchStretch
•• deGennes (and Tabor):deGennes (and Tabor):

Increasing 
d  •• deGennes (and Tabor): deGennes (and Tabor): 

EnergyEnergy
Uncoupled simulations
• Massah, Kontomaris, 

Schowalter, Hanratty (‘92)

drag 
reduction

Declines 
in HDR

, y ( )
• Massah and Hanratty 

(1993,1997)
– FENE-PM

Coupled simulations

Tiederman et al. 1985

• Beris et al (1997)
– FENE-P
– Re=1890, small 

extensibility, hi conc.
– Flow statistics onset Wi– Flow statistics, onset Wi, 

streaks
Present… Sureshkumar, Beris, Handler ‘97



Three General Classes of TheoryThree General Classes of Theory
Regarding Turbulent Drag ReductionRegarding Turbulent Drag ReductionRegarding Turbulent Drag ReductionRegarding Turbulent Drag Reduction

L l 1969Lumley 1969:  
The coil to stretch transition of the polymers by the turbulent flow gives rise to and increased 
extensional viscosity and a thickening of the buffer layer near the channel/pipe wall. 

D G ( d T b ) 1986

 decompressor
are needed to see this picture

DeGennes (and Tabor) 1986
Strain is in general not enough to create a coil-stretch transition. Elasticity of the polymers 
modifies the Kolmogorov scales and small-scale turbulent kinetic energy is absorbed by the 
polymers and radiated away in the form of shear waves.Qu c e a d a

decompressor

Ryskin (1987), Orlandi (1995), Procaccia et al. (2001+), Iaccarino & Shaqfeh (2007)
The polymer stretch in the near wall region creates an added shear viscosity which scales 

ith di t f th ll d i th l l R ld b d b d i th b ff

 decompressor
are needed to see this picture.

with distance from the wall, reducing the local Reynolds number and broadening the buffer 
layer  decompressor

are needed to see this picture
Ryskin, G. 1987 Turbulent drag reduction by polymers: A Quantitative Theory, PRL 59(18) 

Note: Hinch’s 1974 & 1977 papers were nearly entirely directed at how to use 
Lumley’s ideas to describe turbulent drag reduction



Large Scale Simulaton

DR=0% DR=60% DR=28% 

SVortical structures weaker and  Streaks coarsen
Similar results now available by Khomami, Akhavan, Hunt, Beris, etc. Predictions can be 
qualitative and even quantitative agreement with expt…w/ one big caveat…



Reynolds shear stress and Polymer stressReynolds shear stress and Polymer stress

Evolution of the stresses with increasing drag reductionEvolution of the stresses with increasing drag reduction

Warholic, Hanratty, et al. (1999)’s observation of zero-Reynolds shear stress 
means that polymer need to produce  more shear stress than Reynolds 

Similar results now available by Khomami, Akhavan, Hunt, Beris, etc. Predictions can be 
qualitative and even quantitative agreement with expt…w/ one big caveat…

p y p y
stress



Stretch in Upwashes and Downwashes: LDR and HDRStretch in Upwashes and Downwashes: LDR and HDR

DR=28%; We = 70; L=30 MC
Vorticity Polymer stretch

DR=60%; We = 120; L=100 LC

Polymer stretch

y

z 64 x 129 x 32 384 x 151 x 192z 64 x 129 x 32 384 x 151 x 192 
Dubief, Y.,C.M. White, V.E. Terrapon, E.S.G. Shaqfeh, P. Moin, and S. K. Lele, ``On the coherent drag 
reducing and  turbulence enhancing behavior of polymers in wall flows'', J. Fluid Mech 514, pp. 271-
280 (2004)



Characterization of the Velocity Gradients in NewtonianCharacterization of the Velocity Gradients in Newtonian
Turbulent Channel FlowTurbulent Channel Flow

5 mode FENE chain 
(5000 dumbells)Wi or We  =  λ ?γ w

Exponentially stretched PDF
D >  0

De Gennes, 1974De Gennes, 1974

M l l P t

(5000 dumbells)γ w

b =  Dimensionless Maximum Extensi
Molecular Parameters  

b=3,750 ~ 1M Mw PS (NK=1,250)  
(Have completed 50 bead Kramers’ chains but (Have completed 50 bead Kramers’ chains but 
qualitative difference)qualitative difference)

Contours of Real Part of

D = (27 /4)R2 + Q3 = 0
D <  0

Contours of Real Part of
the Eigenvalue

Re=5000 : h+=Reτ=298 , Wi=35.5,
8.17>=< Wγ&



Now in the drag reduced flow….. First a look at the statisticsNow in the drag reduced flow….. First a look at the statistics

Newtonian Polymer (30%DR)

L = 100, Wi = 120, 
Re = 5000, β = 0.99
Polymer (57%DR)

Terrapon, V.E., Y. DuBief, P. Moin, E.S.G. Shaqfeh, and S.K. Lele, J. Fluid 
Mech. 504, pp. 61-71 (2004)

Contours of Real Part of
Flow characteristics are qualitatively similar : 
Dominant flow that with largest real part of the

eigenvalue is BIAXIAL straining flow 
(Q<0 R>0)

Contours of Real Part of
the Eigenvalue

(Q<0, R>0)



Conditionally Averaged Lagrangian Time Histories of Polymer StretchConditionally Averaged Lagrangian Time Histories of Polymer Stretch

Remean = 5000,  Wimean =1,1.5,3.0,6 
         Wi+ =11,16,34,68

Total strain in Total strain in 
Leadup behavior 1Leadup behavior 1--22

Terrapon, V.E., Y. DuBief, P. Moin, E.S.G. Shaqfeh, and S.K. Lele, 
``Simulated polymer stretch in a turbulent flow using Brownian

Original uncoupled results by Massah & Hanratty but different interpretation…

Simulated polymer stretch in a turbulent flow using Brownian 
dynamics'’, J. Fluid Mech. 504, pp. 61-71 (2004)



SimulatedSimulated Mechanism of Drag Reduction with Mechanism of Drag Reduction with 
Flexible PolymersFlexible PolymersFlexible PolymersFlexible Polymers

Extraction of energy around vortices by associated biaxial 
extensional regions

Modified near-wall regeneration cycle

Biaxial straining flows shown inBiaxial straining flows shown inBiaxial straining flows shown in Biaxial straining flows shown in 
turquoise turquoise ---- Q = Q = --2.32.3

Vortices shown in gray -- Q = 1.9

Dubief, Y., V.E. Terrapon, C.M. White, E.S.G. Shaqfeh, P. Moin, and S. K. 
Lele, ``New answers on the interaction between polymers and vortices in 
turbulent flows'', Flow, Turbulence  and Combustion, 74 pp. 311-329 (2005)



Mechanism consistent with the “Waleffe” ModelMechanism consistent with the “Waleffe” Model

Stone, Roy, Larson, Waleffe, Graham, Phys. Of Fluids, 2004

…again the “culprit” is the biaxial extensional flows between vortices



Models based on the concept of “viscosification” via turbulentModels based on the concept of “viscosification” via turbulent

“Simple” Models for Turbulent Polymer Flows“Simple” Models for Turbulent Polymer Flows
(Based on the microstructural mechanism)(Based on the microstructural mechanism)

•Ryskin (1987) introduced the Yo-Yo model
•Orlandi (1995) introduced incr viscosity based on the Q criterion

Models based on the concept of viscosification  via turbulent Models based on the concept of viscosification  via turbulent 
fluctuationsfluctuations

Orlandi (1995) introduced incr. viscosity based on the Q criterion
•Procaccia & coworkers (2001+) introduced a simple linear viscosity model. 
•Our model correlates the viscosity with the turbulent kinetic energy 

Polymer  to Newtonian viscosity ratio in
DNS of a channel flow at Reτ=395 Weτ~40

Comparison of the various model with a
fully coupled DNS/FENEP calculation



The caveat… direct comparisons of numerical The caveat… direct comparisons of numerical 
simulations to data are still “phenomenological”simulations to data are still “phenomenological”

Curve Fit to the“best” available data. (Summary of work by 
Kalashnikov, Solomon, Larson, McKinley, etc. for PEO)

But we can work with well characterized 
solutions and then connect to well vetted 
numerical models…



Conclusion II: The Coil to Stretch Transition after 30+ Years…Conclusion II: The Coil to Stretch Transition after 30+ Years…

DeGennes 1974 paper had a bigger impact onDeGennes 1974 paper had a bigger impact onDeGennes 1974 paper had a bigger impact on DeGennes 1974 paper had a bigger impact on 
TDR research than Tabor & DeGennes 1986, TDR research than Tabor & DeGennes 1986, 
however, the latter did identify the fact that a full however, the latter did identify the fact that a full 
coilcoil--stretch transition is not the main workhorsestretch transition is not the main workhorsecoilcoil--stretch transition is not the main workhorse stretch transition is not the main workhorse 
in TDR.in TDR.

El t th t h ld f th id f D G & L lEl t th t h ld f th id f D G & L lElements that are perhaps a meld of the ideas of DeGennes & Lumley Elements that are perhaps a meld of the ideas of DeGennes & Lumley 

Biaxial extensional flows (preferentially the “upwashes”) viscosify or Biaxial extensional flows (preferentially the “upwashes”) viscosify or 
“dissipate” turbulent energy in the buffer layer “dissipate” turbulent energy in the buffer layer (Lumley(Lumley--like)like)p gy yp gy y ( y( y ))

Events are 1Events are 1--2 strain which cause viscosification 2 strain which cause viscosification (Tabor & DeGennes)(Tabor & DeGennes)

More to do in the areas of:More to do in the areas of:

Quantitative connection between rheology and Quantitative connection between rheology and 
microstructural dynamics (e.g. Yomicrostructural dynamics (e.g. Yo--Yo model not needed?)Yo model not needed?)

Polymer viscosity or Reynolds Stress models are promisingPolymer viscosity or Reynolds Stress models are promising
MDR (P l t i d t b l ?)MDR (P l t i d t b l ?)MDR (Polymer sustained turbulence?) MDR (Polymer sustained turbulence?) 


