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In micro-channels, the flow of viscous liquids e.g. water, is laminar due to the low Reynolds number
in miniaturized dimensions. An aqueous solution becomes viscoelastic with a minute amount of
polymer additives; its flow behavior can become drastically different and turbulent. However,
the molecules are typically invisible. Here we have developed a novel visualization technique to
examine the extension and relaxation of polymer molecules at high flow velocities in a viscoelastic
turbulent flow. Using high speed videography to observe the fluorescein labeled molecules, we
show that viscoelastic turbulence is caused by the sporadic, non-uniform release of energy by the
polymer molecules. This developed technique allows the examination of a viscoelastic liquid at the
molecular level, and demonstrates the inhomogeneity of viscoelastic liquids as a result of molecular
aggregation. It paves the way for a deeper understanding of viscoelastic turbulence, and could
provide some insights on the high Weissenberg number problem. In addition, the technique may
serve as a useful tool for the investigations of polymer drag reduction.

Viscoelastic liquids consist of macro-molecules i.e. polymers, typically suspended in a solvent. In our
daily lives, the flow of viscoelastic liquids in confined conduits is prevalent e.g. air-conditioning chillers,
waste water and crude oil pipelines, hemodynamics etc. At low Reynolds numbers (Re < 1), these liquids
can generate flow instabilities in the absence of inertial forces and cause the usual laminar flow in the
micro-channel to become turbulent, i.e. viscoelastic turbulence!. Under such conditions, the Deborah
number (De), which describes the relative importance of elastic forces to viscous forces, takes precedence
as the critical parameter that governs the stability of the flow field”. Over the years, viscoelastic instabil-
ities have been reported in many configurations e.g. contraction-expansion flows*?, cross-slot flows*>,
T-channel flows®, and Taylor-Couette flows”®. The possibility of generating turbulence at low Re also
motivated rapid progress in micro-channel mixing applications**-'2

It is fundamental to understand how these small quantities of polymer molecules, which cause the
solution to become viscoelastic, could result in such significant changes to the flow behavior. However,
the molecules are typically invisible, and the bulk behavior of a viscoelastic solution is usually deduced by
observing the motion of tracer additives, with the implicit assumption that the solution is homogenous.
It would be interesting to directly observe the behavior of polymer molecules causing the turbulent flow.
Such observations may also provide insights on the underlying mechanisms of polymer drag reduction’?
in energy conservation applications e.g. oil pipelines'* and air-conditioning systems'® etc.

To gain insights on the behavior of the invisible polymer molecules in viscoelastic flows, some studies
have employed the use of fluorescently stained DNA probes!®-'°. The probes were seeded into the vis-
coelastic liquids, which consisted of unstained monodispersed'®!? or polydispersed!®-'® polymer mole-
cules. Besides observing the conformations of the DNA probes, the molecular extensions were measured
and used to deduce the elastic stresses'® generated by the unstained monodispersed DNA molecules.
However, the stained tracer molecules have different contour lengths and relaxation properties?, and
are not representative of the host molecules. In addition, the DNA probes and monodispersed DNA
viscoelastic liquids are costly for the investigation of large scale flows.
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Here, we present a high-speed molecular imaging technique for the visualization of molecular confor-
mation changes, i.e. stretching and relaxation, which are directly related to the amount of stored elastic
energy in the polymer molecules. This technique involves fluorescein labeling of polymer molecules so
that they appear visible under illumination tailored to the specific wavelength of the fluorescent dye.
Using a high speed camera to capture images at up to 1,000 frames per second (FPS), polymer molecular
conformations at high flow velocities can be observed directly. The molecular conformation changes can
be correlated to the state of the flow field, i.e. laminar or turbulent flow, which was quantified using the
conventional seeding method via Particle Image Velocimetry (PIV).

In contrast to the studies based on DNA probes, the polymer molecules in the current study do not
act as probes for elastic stresses; they are very much part of the solutions. As such, observations were
made directly on the solution component, which is the cause of its elastic nature. In addition, the con-
formation changes in DNA probes were studied at much lower recording rates (up to 100 FPS'®), and the
high speed observations attained in the current study has not been reported. More importantly, it should
be highlighted that the current study is on the investigation of a typical and representative polydispersed
viscoelastic polymeric liquid.

Results

Flow configuration. A 3-stream contraction-expansion micro-channel design® was employed for the
investigation. The inlet consists of a highly viscoelastic main-stream liquid, enveloped by two side-stream
liquids of lower elasticity. This configuration was reported to produce chaotic flow and enhanced mixing.
Supplementary Fig. S1 shows the 2-D schematic diagram of the micro-channel. Here, the investigation
focuses on the flow field downstream of the contraction where turbulence occurs.

Test fluids. Polymer molecules were labeled with a fluorescent dye i.e. fluorescein isothiocyanate
(FITC), so that they were visible when illuminated at the excitation wavelength of the dye. Polyacrylamide
(PAA, 5 X 10°-6 x 10°g/mol, Sigma Aldrich) was used as the base polymer. PAA was modified and labe-
led with FITC molecules along its backbone to obtain fluorescein-labeled partially hydrolyzed poly-
acrylamide (phPAA-FITC), via a fluorescein labeling procedure (refer to Methods section). This provided
high enough intensity for the polymer molecules to be observed under high flow velocities. The
main-stream and side-stream liquids consisted of 1.5wt% and 0.1 wt% phPAA-FITC in DI water respec-
tively. To facilitate the conventional PIV measurements, polystyrene particles (5pm, Thermo Scientific)
were seeded to the liquids (0.1wt%), and the flow field was quantified in a separate experiment.
Experimental runs at two representative flow rates are presented i.e. 1ml/h (Re=0.003, De=41.46,
U=10.014m/s) and 10ml/h (Re=0.217, De = 414.6, U = 0.146 m/s). Here, U represents the mean velocity
of the main-stream liquid in the contraction. The Raman spectroscopy tests, fluid rheological properties
and calculation of flow parameters i.e. Re and De, have been included in the Supplementary Information
(Supplementary Fig. S2; Supplementary Table S1; Supplementary Notes).

Experimental details. The conformations of the phPAA-FITC molecules were dynamically tracked
under epi-fluorescence illumination at De=41.46 (1ml/h) and 414.6 (10ml/h). Here, the observed
phPAA-FITC molecules were polymer aggregates; this occurs naturally even at dilute concentrations®?2.
Details of the molecular imaging setup have been included in the Methods section. To avoid any blurring
effects near the contraction, analyses of the polymer molecules were only carried out from some dis-
tance (8 =0.1-1.5mm) away from the contraction, with § defined in Supplementary Fig. S1. An ellipse
fitting algorithm was applied on the polymer molecules to obtain the major-axis (3) and minor-axis (o)
respectively. Here, the aspect ratio of the polymer molecule is defined as 3/c.. To observe the degree of
relaxation of the molecules, (3/0)yormalizea Was obtained by normalizing the aspect ratio at each §, with
that at = 0.1 mm. Hence, a larger change in (3/ct),o;malized COrresponds to a larger release of stored elas-
tic energy. Figure 1 shows the normalized aspect ratio i.e. (3/0)normatizes» Of PPPAA-FITC molecules with
respect to 0, at De=41.46 and De=414.6 respectively. For clarity, only 5 phPAA-FITC molecules were
plotted for each flow rate. Separately, conventional PIV was also employed to quantify the flow field, and
to facilitate the correlation of the polymer conformation changes to the state of the flow field. Details of
the PIV measurements have been included in the Supplementary Notes.

Aspect ratio. At De=41.46, no significant changes in molecule aspect ratio can be observed and
(B/A) normalized fluctuates about unity (=20.9-1, Fig. 1). This indicates little stretching of the molecules in
the contraction; there is negligible relaxation of the polymer molecules and hence insignificant release
of stored elastic energy subsequently. As expected, the PIV results indicate a laminar flow state with
negligible turbulent intensities (Fig. 2).

In contrast, at De =414.6, a significant decrease in molecule aspect ratio can be observed, whereby
(B/A) normalized T€duces to a range of ~20.5-0.8 at the end of the recording window (Fig. 1). This indicates
that the molecules were significantly stretched in the contraction, which allowed subsequent relaxation of
the molecules with a corresponding release of the stored elastic energy. The molecule relaxation occurred
randomly and sporadically. This resulted from the inhomogeneity of the bulk liquid due to the forma-
tion of polymer aggregates, which were also not uniformly distributed in the solution. In addition, the
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Figure 1. Comparative analyses of the polymer stresses released at low and high Deborah numbers.
(a) Polymer relaxation, represented by the normalized ratio of the major-axis (3) to the minor-axis (o), over
axial distance (6 =0.1-1.5mm). 3 and o were obtained by fitting an ellipse using a MATLAB algorithm.
Open and closed symbols represent polymers captured at De =41.46 and 414.6 respectively. Significant
relaxation occurs at De=414.6 only. Inserts show the relaxation of polymer molecule 9 at §=0.1 mm (b)
and 1.0mm (c) respectively, with a reduction in area (=33.6%), at De =414.6.
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Figure 2. Normalized mean velocity profiles and turbulent intensities. Data were obtained at § = 0.3 mm
for De=41.46 and 414.6. Closed symbols correspond to velocity profiles while open symbols correspond to
turbulent intensities. The velocity profile exhibits a central peak for De =414.6, providing evidence that the
fluid has not relaxed completely. Such high turbulent intensities observed at De=414.6 are typically only
reported at high Reynolds numbers*?%,

extent and rate of relaxation varied among the individual molecules (Fig. 1). These caused the flow field
to become turbulent, characterized by high turbulent intensities (Fig. 2), which were not observed when
Newtonian liquids were used (refer to Supplementary Fig. S3 and Supplementary Notes). Such turbulent
characteristics are typically only observed at high Reynolds numbers in large channels?*. Furthermore,
the power spectra of the axial velocity fluctuations revealed a power law decay with a slope ~—3 (Fig. 3).
This is quantitatively similar to the observations reported in literature!® for viscoelastic turbulent flows.

At De=414.6, most of the molecular relaxation occurs before 6 =0.4mm (Fig. 1). This agrees well
with the PIV results showing a diminished peak in the mean velocity profile at 6 = 0.3 mm, indicating
the almost complete release of elastic stresses in the main-stream liquid (Fig. 2). It should be highlighted
that the extensional stresses in the molecules have almost been completely released at  =1.4-1.5mm,
because (3/0t)ormalizea Teached a stabilized value and does not change significantly beyond § = 0.6 mm
(see Fig. 1). For both flow rates (De=41.46 and 414.6), the average aspect ratio approached a similar
value (3/a=1.8) at § = 1.4-1.5mm, which is 20% higher than that of molecules measured under static
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Figure 3. Power law decay in viscoelastic turbulence. Power spectrum of the velocity fluctuations at

8 =0.3mm along the channel mid-line (see Supplementary Fig. S1) at De=414.6. The data were acquired
at 2000 Hz over 38seconds. Short recording times resulted in few data points below 1 Hz, hence only data
above 1Hz are shown. The decay originates at 26 Hz, close to the characteristic time (1/X\.=3.76 Hz,
where X\, is the extensional relaxation time, see Supplementary Information) of the main-stream fluid i.e.
an indication that ‘large eddies’ are dependent on the fluid relaxation properties. This is in contrast to the
previous experimental observations'’, where power law decays originate at lower frequencies, i.e. <1Hz.

conditions (3/a=1.5). This is due to molecular stretching as a result of shear stresses within the flow.
The static measurements of the unstressed phPAA-FITC molecules have been included in the Methods
section and Supplementary Information (Supplementary Fig. S4; Supplementary Table S2).

Molecular size. The captured images of a phPAA-FITC molecule (see Fig. 1, molecule 9) at
De = 414.6 are included in Fig. 1b (6 = (P0.1 mm) and Fig. 1c (8 = (P1.0 mm) respectively. Due to the
extensional stresses in the contraction, the observed area of the polymer molecule decreased 33.6% on
exit from the contraction as compared to the average area at § = 1.4-1.5mm. Details of the computa-
tion can be found in the Methods section. We further analyzed 20 molecules, each at De =41.46 and
414.6 respectively, and found the area of each molecule decreased by an average of 4.8% in the former,
and 15.1% in the latter.

Discussion

The changes in molecular area and (3/a)ormalized Observed can be directly attributed to the release of
stored elastic energy in the stretched polymer molecules. The much larger change in area and aspect
ratio at De=414.6 is due to the larger extensional stresses at this higher flow rate in the contraction,
which resulted in significant release of elastic energy subsequently. Thus, the non-uniform and sporadic
release of energy by the polymer molecules resulted in turbulent flow, showing that viscoelastic solutions
are not homogenous as dictated by their bulk properties. This inhomogeneity effect occurs as a result of
molecular aggregation, and is typically neglected in the investigations and modeling of viscoelastic liquid
flows. For an in-depth understanding of the flow dynamics of a viscoelastic solution, the aggregation of
polymer molecules could be important.

In summary, many liquids are viscoelastic e.g. blood, mucus, polymeric suspensions, surfactants etc.
Understanding the role of the elastic component of the liquid, i.e. the polymer molecules in this inves-
tigation, will pave the way for an in-depth understanding and explanation of viscoelastic turbulence. In
addition, the developed technique could be used as a tool for investigations on polymer drag reduction,
and provide insights on alleviating the high Weissenberg number problem?.

Methods

Micro-channel design. Supplementary Fig. S1 shows a schematic diagram of the micro-channel,
which was fabricated by etching a bottom silicon layer using Deep Reactive Ion Etching (DRIE), and
subsequently bonding it to a top Pyrex glass layer via anodic bonding. The micro-channel consists of 3
inlets and 1 outlet. The test liquids were pumped into the micro-channel by high force precision pumps
(KDS-410) via glass syringes (Hamilton Gastight). The main-stream liquid (black) is highly viscoelastic,
while the side-stream liquid (blue) has lower elasticity. As the liquids flowed towards the outlet, they were
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forced to accelerate through a sudden contraction (8:1:8). The micro-channel has a depth of 180 um, and
PIV measurements were taken at the mid-plane i.e. 90 pm.

Fluorescein labeling. Fluorescein isothiocyanate isomer I (FITC, Sigma Aldrich, Product number
F7250, N eycitation = 492 M, N ¢pission = 518 nm) is a molecule that emits fluorescence at the specified excita-
tion wavelength, and consists of an isothiocyanate group. It has been reported that isothiocyanate groups
react with nucleophilic (OH) groups, and FITC was successfully tagged to PEO?**?”. However, there is
only one hydroxyl group at each PEO chain end; thus, observing the conformation of the FITC labeled
PEO molecule would not be possible. In addition, the molecule would not be able to emit sufficient flu-
orescence for high speed visualization. Hence, partially hydrolyzed polyacrylamide (phPAA), which has
more nucleophilic bonding sites for FITC labeling along the molecular chain, was chosen as a suitable
target. phPAA was obtained by alkaline hydrolysis of polyacrylamide (PAA, 5 x 10°-6 x 10°g/mol, Sigma
Aldrich, Product number 92560).

Firstly, PAA (5g) was dissolved in DI water (100g) and gently stirred for 5hours. Next, hydrolysis
was achieved by adding 35.2g of sodium hydroxide stock solution (2g of NaOH in 50g of H,O) to the
PAA mixture at 60 °C, while gently stirred for 48 hours to ensure a maximum degree of hydrolysis®®. This
concentration was calculated based on a 1:2 ratio between NaOH and the maximum number of amide
groups that can be hydrolyzed in PAA, i.e. 50% hydrolysis. Ammonia gas was released as a reaction
byproduct (detected with a pH indicator). The resulting phPAA was subsequently extracted via precipi-
tation (1 ml phPAA mixture to 10 ml of anhydrous ethanol). This precipitation step can be repeated until
the desired amount of phPAA is obtained. The phPAA was dried at 50°C, and kept in a desiccator at
30% relative humidity for 2 days.

Next, phPAA was dissolved in DI water (1wt% phPAA) and gently stirred for 5 hours. The mixture
was subsequently cooled down to 4°C, and 2 parts of fluorescein isothiocyanate stock solution (100 mg
of FITC in 10ml of anhydrous ethanol) was added to 10 parts of the phPAA mixture. The mixture was
gently stirred and incubated in the dark for more than 8hours. During the incubation, carboxyl and
hydroxyl groups reacted with isothiocyanate groups to form thiourethane links with the fluorescein.
The tagged phPAA molecules (phPAA-FITC) were subsequently extracted via a second precipitation
step (1ml phPAA-FITC mixture to 10ml of anhydrous ethanol). Similarly, this precipitation step can
also be repeated until the desired amount of phPAA-FITC is obtained. The precipitant was rinsed with
anhydrous ethanol to remove excess free FITC molecules, and stored in a desiccator at 30% relative
humidity for 7 days.

Raman Spectroscopy. PAA, phPAA, and phPAA-FITC were dissolved in DI water and cast onto a
flat aluminum film mounted on a glass slide. The films were then kept in a desiccator at 30% relative
humidity for 7 days, to remove excess water. A Raman microscope (Renishaw inVia) with a grating spac-
ing of 1800 lines/mm was used to obtain the Raman spectrum via a HeNe laser source (P=50 W max,
XA =633nm). The laser was focused onto the polymer films using a 50X objective lens (Leica Plan Epi,
NA =0.75), and the resulting spectrum was obtained using a laser power of 25 W, over 5 accumulations.

Supplementary Fig. S2 shows the normalized spectra for PAA, phPAA, and phPAA-FITC. A mul-
tipoint baseline routine was used to remove background signal, and the spectra was normalized to
the CH, Raman band (2900-2940 cm™!). In comparison to the PAA spectrum, the phPAA spectrum
showed a drop in the amide I band (C= O stretch, 1550-1770cm™!), and attenuation of the peaks at
the amide A band (N-H stretch, ~3190cm™!) and amide B band (N-H stretch, ~3340cm™!). These
changes are due to hydrolysis. As compared to the phPAA spectrum, the phPAA-FITC spectrum
showed a rise in the C=S band (C=S§ stretch, ~1180cm™), and a drop in the peak of the O-H
band (O-H stretch, ~3420cm™"). In addition, no peaks could be observed in the isothiocyanate band
(stretch, 2020-2100 cm ') of the phPAA-FITC spectrum. These provide evidence of successful reaction
between the FITC and phPAA molecule. Hence, by exciting the FITC molecule at the appropriate
wavelength i.e. Neiation = 492 n1m, the phPAA-FITC molecule having multiple FITC groups along its
molecular chain, can then be observed.

Molecular imaging setup. A monochrome high speed camera (Photron Fastcam SA5, 32 Gb, sen-
sor pixel size=20x 20pm), was used to capture 8-bit sequential images of the micro-channel flow.
The micro-channel was placed on a Nikon microscope (Nikon Eclipse Ti), and illuminated by a white
mercury light source. A 10X Nikon microscope lens (Plan Fluor, NA=0.17, DOF ~9pm) was used for
magnification, such that one image pixel corresponds to 2 x 2 pm.

The phPAA molecules could not be detected under white light. For their observation, the Nikon B-2A
filter configuration (Neycitation = 450-4901nm, X pission = 500nm) which corresponds closely to the FITC
excitation and emission wavelengths, was used. The recording speeds at De = 41.46 and De = 414.6 were
125 FPS and 1000 FPS respectively. Only polymer molecules that remained in focus were examined,
while out of focus data were discarded. Exposure times were set to 0.2ms. For analyses of molecular
conformations, a MATLAB algorithm was used to fit an ellipse onto the perimeter of the polymer mole-
cules, and the major axes (3) and minor axes () were obtained for calculating the aspect ratio i.e. 3/c.
Note that no particles were added to the viscoelastic liquids for the aspect ratio analyses.
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Molecular size measurement. To avoid any blurring effects due to the high speed of the polymer
molecules upon exiting the contraction, analyses were only carried out from §=0.1-1.5mm. Based on
measurements of the relaxed polymer molecules i.e. from § =1.4-1.5mm, the nominal sizes of the pol-
ymer molecules were 33 x 18 um (/= 1.8). This is close to the average size of the unstressed polymer
molecule, i.e. 32 x 22 pm (3/a = 1.5), which was obtained by measuring /21000 polymer molecules under
static conditions. It should be noted that the size of a single PAA molecule? (5 x 10°g/mol) is ~1-2pm,
and the larger molecular size observed is the result of molecular aggregation*?2. Supplementary Table
S2 shows the size distribution of the molecules, which has been subcategorized into 100 pm? incremental
size ranges. Within each size range, the number of counts has been included, together with the average
and standard deviation of the size, major-axes and minor-axes. The average aspect ratio i.e. 3/a=1.5,
does not vary significantly across the various size ranges. A histogram plot of the distribution is shown
in Supplementary Fig. S4.

Subsequently, (3/0)normalizea Was calculated by normalizing the aspect ratio at each 9, with that at
0=0.1mm. For each flow rate, (3/0)0rmalizea 15 largest at 8 =0.1mm because of the highly extended
state of the polymer upon exiting the contraction, i.e. highest stored elastic energy. The area change in
molecules was computed based on (Ag,. — Ainitia)/ (Afna)> Whereby Ag . was the average area (obtained
from the ellipse fitting algorithm) computed from & =1.4-1.5mm, and A;;;, was computed near the
contraction from 6 =0.1-0.2mm.

References

1. Groisman, A. & Steinberg, V. Elastic turbulence in a polymer solution flow. Nature 405, 53-55, doi: 10.1038/35011019 (2000).

2. Gan, H. Y,, Lam, Y. C,, Nguyen, N. T, Tam, K. C. & Yang, C. Efficient mixing of viscoelastic fluids in a microchannel at low
Reynolds number. Microfluid Nanofluid 3, 101-108, doi: 10.1007/s10404-006-0109-4 (2007).

3. Rodd, L. E., Cooper-White, J. ., Boger, D. V. & McKinley, G. H. Role of the elasticity number in the entry flow of dilute polymer
solutions in micro-fabricated contraction geometries. Journal of Non-Newtonian Fluid Mechanics 143, 170-191, doi: 10.1016/j.
jnnfm.2007.02.006 (2007).

4. Xi, L. & Graham, M. D. A mechanism for oscillatory instability in viscoelastic cross-slot flow. Journal of Fluid Mechanics 622,
145-165, doi: 10.1017/50022112008005119 (2009).

5. Haward, S. J., Ober, T. J., Oliveira, M. S. N., Alves, M. A. & McKinley, G. H. Extensional rheology and elastic instabilities of a
wormlike micellar solution in a microfluidic cross-slot device. Soft Matter 8, 536-555, doi: 10.1039/c1sm06494k (2012).

6. Soulages, J., Oliveira, M. S. N,, Sousa, P. C., Alves, M. A. & McKinley, G. H. Investigating the stability of viscoelastic stagnation
flows in T-shaped microchannels. Journal of Non-Newtonian Fluid Mechanics 163, 9-24, doi: 10.1016/j.jnnfm.2009.06.002 (2009).

7. Groisman, A. & Steinberg, V. Mechanism of elastic instability in Couette flow of polymer solutions: Experiment. Physics of Fluids
10, 2451-2463 (1998).

8. Latrache, N., Crumeyrolle, O. & Mutabazi, I. Transition to turbulence in a flow of a shear-thinning viscoelastic solution in a
Taylor-Couette cell. Physical Review E—Statistical, Nonlinear, and Soft Matter Physics 86, doi: 10.1103/PhysRevE.86.056305
(2012).

9. Groisman, A. & Steinberg, V. Efficient mixing at low Reynolds numbers using polymer additives. Nature 410, 905-907, doi:
10.1038/35073524 (2001).

10. Li, E C. et al. Creation of very-low-Reynolds-number chaotic fluid motions in microchannels using viscoelastic surfactant
solution. Experimental Thermal and Fluid Science 34, 20-27, doi: 10.1016/j.expthermflusci.2009.08.007 (2010).

11. Tatsumi, K., Takeda, Y., Suga, K. & Nakabe, K. Turbulence characteristics and mixing performances of viscoelastic fluid flow in
a serpentine microchannel. Journal of Physics: Conference Series 318, doi: 10.1088/1742-6596/318/9/092020 (2011).

12. Grilli, M., Vazquez-Quesada, A. & Ellero, M. Transition to turbulence and mixing in a viscoelastic fluid flowing inside a channel
with a periodic array of cylindrical obstacles. Physical Review Letters 110, doi: 10.1103/PhysRevLett.110.174501 (2013).

13. Toms, B. A. Some observations on the flow of linear polymer solutions through straight tubes at large Reynolds numbers. Proc.
Ist Intl. Congr. on Rheol. 2, 135-141 (1948).

14. Burger, E. D., Munk, W. R. & Wahl, H. A. Flow increase in the trans alaska pipeline through use of a polymeric drag-reducing
additive. JPT, Journal of Petroleum Technology 34, 377-386 (1982).

15. Takeuchi, H. Demonstration test of energy conservation of central air conditioning system at the Sapporo City Office Building—
Reduction of pump power by flow drag reduction using surfactant. Synthesiology English edition 4, 136-143 (2012).

16. Gerashchenko, S., Chevallard, C. & Steinberg, V. Single-polymer dynamics: Coil-stretch transition in a random flow. Europhysics
Letters 71, 221-227, doi: 10.1209/epl/i2005-10087-1 (2005).

17. Bonn, D., Ingremeau, F, Amarouchene, Y. & Kellay, H. Large velocity fluctuations in small-Reynolds-number pipe flow of
polymer solutions. Physical Review E—Statistical, Nonlinear, and Soft Matter Physics 84, doi: 10.1103/PhysRevE.84.045301 (2011).

18. Ingremeau, F & Kellay, H. Stretching polymers in droplet-pinch-off experiments. Physical Review X 3, doi: 10.1103/
PhysRevX.3.041002 (2013).

19. Liu, Y. & Steinberg, V. Single polymer dynamics in a random flow. Macromolecular Symposia 337, 34-43, doi: 10.1002/
masy.201450304 (2014).

20. Liu, Y., Jun, Y. & Steinberg, V. Concentration dependence of the longest relaxation times of dilute and semi-dilute polymer
solutions. Journal of Rheology 53, 1069-1085, doi: 10.1122/1.3160734 (2009).

21. Hecker, R., Fawell, P. D. & Jefferson, A. The agglomeration of high molecular mass polyacrylamide in aqueous solutions. Journal
of Applied Polymer Science 70, 2241-2250 (1998).

22. Gomes, M. P. S. & Costa, M. Determination of the critical concentration of partially hydrolyzed polyacrylamide by potentiometry
in an acidic medium. Journal of Applied Polymer Science 128, 2167-2172, doi: 10.1002/app.38310 (2013).

23. Tamano, S., Itoh, M., Inoue, T., Kato, K. & Yokota, K. Turbulence statistics and structures of drag-reducing turbulent boundary
layer in homogeneous aqueous surfactant solutions. Physics of Fluids 21, doi: 10.1063/1.3103884 (2009).

24. Japper-Jaafar, A., Escudier, M. P. & Poole, R. J. Laminar, transitional and turbulent annular flow of drag-reducing polymer
solutions. Journal of Non-Newtonian Fluid Mechanics 165, 1357-1372, doi: 10.1016/j.jnnfm.2010.07.001 (2010).

25. Keunings, R. On the high Weissenberg number problem. Journal of Non-Newtonian Fluid Mechanics 20, 209-226,
doi: 10.1016/0377-0257(86)80022-2 (1986).

26. Kelly, M. S. & Santore, M. M. The role of a single end group in poly(ethylene oxide) adsorption on colloidal and film polystyrene:
complimentary sedimentation and total internal reflectance fluorescence studies. Colloids and Surfaces A: Physicochemical and
Engineering Aspects 96, 199-215, doi: 10.1016/0927-7757(94)03055-5 (1995).

SCIENTIFIC REPORTS | 5:16633 | DOI: 10.1038/srep16633 6



www.nature.com/scientificreports/

27. Rebar, V. A. & Santore, M. M. A Total Internal Reflectance Fluorescence Nanoscale Probe of Interfacial Potential and Ion
Screening in Polyethylene Oxide Layers Adsorbed onto Silica. Journal of colloid and interface science 178, 29-41, doi: 10.1006/
j€is.1996.0089 (1996).

28. Zeynali, M. E. & Rabbii, A. Alkaline hydrolysis of polyacrylamide and study on poly (acrylamide-co-sodium acrylate) properties.
Iranian Polymer Journal 11, 269-275 (2002).

29. Nishio, I, Sun, S. T., Swislow, G. & Tanaka, T. First observation of the coil-globule transition in a single polymer chain. Nature
281, 208-209, doi: 10.1038/281208a0 (1979).

Acknowledgements
J.T. wishes to thank Nanyang Technological University for awarding him the Nanyang President’s
Graduate Scholarship for carrying out the investigation.

Author Contributions
J.T., C.PL. and Y.C.L. conceived the research. ].T. and C.P.L. carried out the experiments and analyses.
All authors contributed to the preparation of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Tai, ]. et al. Visualization of polymer relaxation in viscoelastic turbulent
micro-channel flow. Sci. Rep. 5, 16633; doi: 10.1038/srep16633 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16633 | DOI: 10.1038/srep16633


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Visualization of polymer relaxation in viscoelastic turbulent micro-channel flow

	Results

	Flow configuration. 
	Test fluids. 
	Experimental details. 
	Aspect ratio. 
	Molecular size. 

	Discussion

	Methods

	Micro-channel design. 
	Fluorescein labeling. 
	Raman Spectroscopy. 
	Molecular imaging setup. 
	Molecular size measurement. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Comparative analyses of the polymer stresses released at low and high Deborah numbers.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Normalized mean velocity profiles and turbulent intensities.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Power law decay in viscoelastic turbulence.



 
    
       
          application/pdf
          
             
                Visualization of polymer relaxation in viscoelastic turbulent micro-channel flow
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16633
            
         
          
             
                Jiayan Tai
                Chun Ping Lim
                Yee Cheong Lam
            
         
          doi:10.1038/srep16633
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16633
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16633
            
         
      
       
          
          
          
             
                doi:10.1038/srep16633
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16633
            
         
          
          
      
       
       
          True
      
   




